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Abstract approved:

Approximately 18 square miles are included in the

study area which lies 17 miles southwest of the town of

Dillon, Montana.

Strata exposed in the area include metamorphic,

sedimentary, and volcanic rocks ranging in age from

Precambrian to Recent. The Paleozoic and Mesozoic section

is approximately 8000 feet thick and includes

conglomerates, sandstones, siltstones, shales, cherts,

carbonates, and andesite flows and tuffs. These rocks are

divided into 18 formations. Cenozoic strata include basalt

flows and volcaniclastic rocks, unconsolidated gravels,

alluvium, colluvium, and landslide deposits.

The study area, located on the western edge of the
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Paleozoic-Mesozoic Cordilleran cratonic shelf, was

dominated by marine sedimentation in shallow to moderate

water depths from Middle Cambrian to Late Jurassic time.

Eustatic sea level changes, and epeirogenic movements on

the shelf and in adjacent areas, acted alone or in concert

to effect numerous episodes of subaerial exposure and

erosion on the shelf during this period.

Cretaceous rocks consist of thick accumulations of

syorogenic conglomerates and sandstones of the Beaverhead

Formation. These rocks reflect increasing diastrophism on

the cratonic shelf and within the adjacent geosyncline to

the west.

Laramide deformation culminated within the study area

in Late Cretaceous time, forming large, north- to

northwest trending folds and the low angle, east-verging

Tendoy and Indian Head thrust faults. These thrust faults

are thought to involve both the Phanerozoic sedimentary

strata and the underlying Precambrian metamorphic

basement. Volcanic activity, in the form of andesite flows

and tuffs, closely followed the period of maximum

deformation.

An extensional tectonic regime, which resulted in

normal faulting and the formation of block-faulted ranges

and subsiding basins, developed in the study area during

Oligocene time and continues to the present. The faulting

was accompanied, probably in Eocene time, by basaltic

volcanic activity.
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THE BEDROCK GEOLOGY AND STRATIGRAPHY OF THE

NORTHERN PARTS OF THE .ARMSTEAD

AND MADIGAN GULCH ANTICLINES,

BEAVERHEAD COUNTY, MONTANA

INTRODUCTION

Location and Accessibility

The study area is located in Beaverhead County,

Montana, 17 miles southwest of Dillon, Montana. Eighteen

square miles were mapped, including segments of the Eli

Springs and Dalys 7 1/2 minute quadrangles. The Madigan

Gulch and Armstead anticlines are arcuate,

northwest-trending structures that form the northernmost

segment of the Tendoy Range. Twenty miles to the north

lies the Pioneer Range, a composite pluton of Cretaceous

and Tertiary age (see Figure 2). The Blacktail Range to

the east is a Laramide uplift of Precambrian and

Paleozoic rocks. The Tendoy Range to the south consists

of faulted and folded Paleozoic, Mesozoic, and Tertiary

rocks. The present physiography of this range is the

result of Tertiary uplift along both the east and the

west flanks. To the west is the Tertiary Horse Prairie

basin.

Access to the study area is fair at best,

consisting of an unimproved ranch road which begins on
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the west side of Clark Canyon Lake, one mile south of

Clark Canyon Marina. This road leads north up the

Precambrian core of the Armstead anticline, climbs west

over the Madigan Gulch anticline, and joins the Horse

Prairie-Bannack road four miles south of Bannack. High

crowns, talus, and washouts are common and the road may

become impassable in wet weather. A four-wheel drive

vehicle is recommended. Jeep roads from the Lowell

Hildreth and Chaffin ranches provide access to the

easternmost part of the study area.

Topography and Geomorphology

The topography of the study area is dominated by a

series of ridges and swales developed on alternating

resistant and non-resistant vertical to overturned

strata. The eastern flank of the Arinstead anticline, a

six mile long, northwest-trending linear band of these

strike ridges and swales, is known as Henneberry Ridge.

Major ridge-forming units include the Flathead, Pilgrim,

Jefferson, Mission Canyon, and Quadrant Formations. The

Wolsey and Three Forks Formations, and portions of the

Amsden and Big Snowy Formations, form grassy swales. Good

outcrops of the latter rocks are rare to non-existent.

Steep cliffs and rugged ridges characterize the steeply

dipping Mission Canyon Formation on the east flanks of

both the Armstead and Madigan Gulch anticlines. The
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Quadrant Formation forms symmetrical, talus-covered

ridges where steeply dipping. Talus veneer and abundant

juniper on these ridges make study of the Quadrant

sandstones difficult.

The area to the east of the Armstead anticline is

underlain by gently dipping Quadrant, Phosphoria, and

Dinwoody Formations, forming a broad, poorly defined

northward extension of the Grayling syncline. Rolling,

grass-covered hills characterize this area and outcrops

are generally limited to the steep sides and floors of

intermittent stream channels. The antidip slope of the

Quadrant Formation on the eastern flank of the Grayling

syncline forms continuous 200 foot high cliffs. A narrow

bench at the base of these cliffs marks the contact

between Pennsylvanian Amsden limestones and underlying

Cretaceous Beaverhead conglomerates along the trace of

the Tendoy thrust fault.

At the southern limit of the study area, an

east-dipping, flat-topped remnant of unconsolidated

Tertiary gravels forms a thin unconformable veneer over

the folded rocks of the Armstead anticline and adjacent

Grayling syncline. A small slump on the east flank of

the Madigan Gulch anticline in the northwest corner of

Section 4, T.9 5, R.11 W, involves conglomerates and

sandstones of the Beaverhead Formation and argillaceous

limstones of the Dinwoody Formation. The slump is

revegetated, but unmodified features, such as steep toe



margins and a well defined pull-away scarp, indicate a

Recent origin.

No major rivers transect the study area, but small

streams and gullies are quite numerous. Spring Gulch and

Cedar Creek are subsequent streams which drain the

southwest corner of the study area. They flow through

steep canyons and gullies incised in the Precambrian

rocks of the core of the Armstead anticline. Differential

erosion of these weakly resistant rocks has resulted in

the marked topographic inversion of this anticline. The

north-northeast-flowing Madigan Gulch and Eli Springs

streams also are subsequent. They flow through

near-vertical Paleozoic strata, parallelling weak rocks

and transecting resistant ones. Both streams drain into

Grasshopper Creek, an antecedent tributary of the

Beaverhead River. All streams in the study area are

intermittent, although springs in the northwest corner of

Section 28, T.8 S., R.11 W., the southeast corner of

Section 3, T.9 S., R.11 W., and the southeast corner of

Section 6, T.9 S., R.lO W. provide perennial flows to

short segments of stream channels.

The maximum relief of the study area is 1990 feet.

Elevation ranges from 5520 feet along the Beaverhead

River to 7510 feet on the eastern flank of the Madigan

Gulch anticline. Vegetation is dominated by range grass,

sagebrush, and juniper. Stands of pine and spruce do

occur on areas underlain by Quadrant sandstones, and on
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high, north-facing slopes underlain by Mission Canyon

limestones.

Purpose

The purposes of this study are: to prepare a

detailed map of the bedrock geology, to construct

balanced structural cross sections, to examine the rocks

in outcrop, hand sample, and thin section, to determine

the depositional and diagenetic histories, and to

reconstruct the geologic history of the area.

Investigative Methods

Field

Field mapping commenced on June 15, 1982, and was

completed on September 20, 1982. Additional studies of

the Amsden and Big Snowy Formations were made from July

15 to July 22, 1983.

Data were plotted in the field on U.S. Geological

Survey 7 1/2 minute topographic maps enlarged to a scale

of 1:12,000, and later transferred to a base map of the

same scale. The locations of 183 field stations,

coordinated with rock samples, field notes, and

photographs, were plotted on a separate map. Aerial

photos, to a scale of 1:29,000, were obtained from the



U.S. Geological Survey; these assisted in the analysis of

large-scale structural and stratigraphic features.

Bedding attitudes were measured with a Brunton

compass. Stratigraphic sections were measured by using a

Jacob's staff and Abney level, or by using a 50 foot

steel tape.

Field description of rocks was assistedby using a

lox hand lens. A Geological Society of America Rock-Color

Chart was employed to standardize rock colors. Tentative

sand size, sorting, and roundness parameters were

determined in the field using a reference sand gauge. The

crude distinction of calcite and dolomite was determined

in the field using a solution of 10% hydrochloric acid.

Laboratory

Rock samples were examined under a standard

binocular dissecting microscope and 75 selected samples,

ranging in age from Cambrian to Tertiary, were selected

for thin sectioning. Analyses of these thin sections were

made using a Zeiss binocular microscope.

The calcite and dolomite content of selected

carbonates was determined using the carbonate staining

procedure outlined by Bouma (1969).

Conodonts and fish remains were extracted from

limestones of the Big Snowy and Amsden Formations by

dissolving crushed samples in a solution of 90% formic



acid, sieving the residue, and extracting the phosphatic

remains using standard heavy mineral separation

techniques. Fish remains were identified by Mr. Michael

Hansen of the Ohio State Geological Survey. Multiple thin

sections of foraiuinifera-bearing Conover Ranch and

Lombard limestones were made to provide numerous properly

oriented cross sections. Foraminifera were identified by

Dr. Charles Ross of Gulf Oil Corporation. An articulated

crinoid calyx collected from the Big Snowy Formation was

identif led by Dr. Gary Lane of Indiana University.

The classification of carbonate rocks used in this

study is that of Folk (1962). Sandstones are classified

according to the system of Williams, Turner, and Gilbert

(1954)

Previous Work

The first scientists to explore southwestern

Montana were Lewis and Clark, who camped near the present

day Clark Canyon Lake. The first geological studies of

the area were made by the Hayden Survey and published in

1872. Members of this survey recognized the Armstead

anticline and assigned a Precambrian age to the core

rocks.

A reconnaisance study of the geology of

southwestern Montana was made by Douglass in 1905.

Investigations of phosphatic oil shales and phosphate
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rock in the Permian Phosphoria Formation were the first

detailed stratigraphic studies conducted in the area

(Bowen,1917; Condit,19l9). A geologic map of

undifferentiated Paleozoic rocks in southwestern Montana

was compiled by Lambert in the 1920's; this map later was

incorporated into the Preliminary Geologic Map of Montana

(Andrews, Lambert, and Stoss, 1944)

The late 1940's and 1950's saw an increased

interest in the mineral and petroleum potential of

southwestern Montana and a corresponding expansion in

geological investigation. Sloss (1950) analysed the

influence of tectonism on Paleozoic sedimentation in

Montana, and Klepper (1950) made a geologic

reconnaissance of parts of Beaverhead and Madison

counties. During the same period, Sloss and Moritz (1951)

produced detailed studies of the Paleozoic stratigraphy

of southwestern Montana, and Moritz (1951) summarized the

Triassic and Jurassic stratigraphy of the area. Lowell

and Kiepper (1953) described the synorogenic Beaverhead

Formation of southwestern Montana and recognized the

importance of this unit for interpreting the tectonic

history of the area.

During the summers of 1947 and 1948, R. Scholten,

K. A. Keenmon, and W. 0. Kupsch conducted field

investigations in southwestern Montana and presented the

results in doctoral theses for the University of

Michigan. They then compiled their results in a paper on
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the geology of the Lima region (Scholten, Keenmon, and

Kupsch, 1955), which includes the southwestern corner of

Beaverhead county. An excellent synthesis of

stratigraphy, structure, and geologic history, this paper

provided a framework for subsequent studies and remains a

standard reference to date.

A map of the Bannack-Grayling area was compiled by

Lowell in the 1940's but was not published until 1965.

His map includes the area studied by this author. The

present study was initiated to define structural and

stratigraphic details which were not noted on this early

map.

McMannis (1961) summarized the depositional and

structural history of western Montana. Huh (1968)

documented stratigraphic changes in the Mississippian

System across the Wasatch Line (Kay, 1951), a linear

"hinge line" or transition zone which separated the

Paleozoic craton on the east from the Cordilleran

miogeosyncline on the west. Maughan and Roberts (1967)

published the results of a detailed study on the Big

Snowy and Amsden Groups in Montana. These authors

employed regional correlation and paleontology to clarify

the Late Missippian to Early Pennsylvanian depo-tectonic

setting of Montana , and to document the stratigraphic

position, and characteristic, of the

Mississippian-Pennsylvanian boundary. Sando, Mamet, and

Dutro (1969) reviewed the brachiopod-coral zonation
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scheme for Mississippian rocks in Montana, Idaho, Utah,

and Wyoming and established an equivalent foraminifera

zonation for the same area. Brachiopod-coral,

foraminifera, and conodont zones were used by Gutschick,

Sandberg, and Sando (1980) to synchronize the

Kinderhookian to middle Meramecian history of the

Cordilleran shelf from Nevada to Montana.

Scholten continued his work on sedimentation and

tectonics in Idaho and Montana, and his paper on the

structural framework and oil potential of southwestern

Montana (Scholten, 1967) summarized the Cretaceous and

Tertiary structural history of the region and regarded

the oil potential as poor. Ryder and Scholten (1973)

studied the lithology, origin, and tectonic significance

of the Beaverhead conglomerates. They were able to

identify two discrete source areas for these deposits: a

local source of Paleozoic clasts in the

Blacktail-Snowcrest arch and ancestral Beaverhead Range,

and a more distant source of Precambrian quartzite clasts

on the northeast side of the Idaho batholith. Ramspott

and Scholten (1968) proposed a tectonic model wherein the

fold and thrust belt east of the Idaho batholith formed

as crustal shortening compensated for down-flank

gravitative spreading of f a regional uplift centered on

the Idaho batholith. Ruppel (1978) and Skipp and Hait

(1977) proposed different tectonic models for the

development of the fold and thrust belt.
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In 1981, the Montana Geological Society published

a guidebook on southwestern Montana which contains an

excellent summary of the regional structure and

stratigraphy of the western Montana overthrust belt

(Peterson, 1981). In this same publication, Hildreth

(1981) detailed the biostratigraphy of Mississippian

rocks along the southeast flank of the Armstead

anticline, and was the first author to document the

presence of the Big Snowy Formation in this area. Two

other studies of special interest in this guidebook are

Achuff's (1981) structural analysis of faulting and

folding in Small Horn Canyon, and Hammon's (1981) study

of the Tendoy thrust fault. Achuff described an unusual

thrust fault with an east-to-west displacement opposite

the regional structural grain, and Hammons provided

strong evidence that the Tendoy thrust, historically

thought to be a high angle reverse fault, is, in the

southern Tendoy Range, an overthrust.

Sandberg, Gutshick, Johnson, Poole, and Sando

(1982) utilized thickness, lithofacies, and

paleogeographic maps, and biostratigraphy , to detail the

Middle Devonian to Late Mississippian history of the

overthrust belt region from Nevada to Montana. Two major

transgressive-regressive marine cycles were identified,

separated by a period of continental stability.

Snee and Sutter (1979) published K-Ar dates for

andesites from the southern part of the Pioneer Range,
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and Chadwick (1983) detailed the chronology and

structural setting of volcanism in southwestern Montana.

Both of these studies include radiometric dates from

volcanic rocks in the present study area. These dates are

especially important in that they put close constraints

on the minimum age of thrusting and folding.

The number of structural investigations in

southwestern Montana increased in the 1980's, in part

because of renewed interest in the oil potential of the

region and in part because of the evolution of new

t-heories regarding the structure of the Cordilleran fold

and thrust belt. Schmidt and Garihan (1983) summarized

the geologic development of the basement-cored uplifts in

southwestern Montana, and suggested that the structural

features of both the thrust belt and adjacent foreland

formed in response to the same west-to-east compressive

forces. DuBois (1982) studied Precambrian crystalline

rocks in thrust sheets overlying Paleozoic sedimentary

rocks in the northern Tendoy Range. This study documented

the existence of thrusting below the "thin-skinned"

sedimentary cover, and added to an increasing body of

knowledge on the importance of basement-rooted

compression as a mechanism of thrust emplacement. Perry,

Bostick, Wardlaw, and Maughan (1983) published the

results of an extensive study on the structure and burial

history of the thrust belt and foreland in southwestern

Montana. These authors proposed extending the margin of
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the thrust belt eastward to include their inferred

sub-Snowcrest thrust fault beneath the

Blacktail-Snowcrest uplift, and theorized that the

intersection of the thrust belt and foreland trends in

this area may have formed untested structural traps for

hydrocarbons. Ruppel, Schmidt, Wallace, and Lopez (1983)

defined at least five major thrust plates in west-central

Montana and east-central Idaho. They employed

stratigraphy, distinctive patterns of faulting and

folding , and radiometric dating, to clarify the

structural relations within and between these-plates.



THESIS AREA STRATIGRAPHY

Flathead Formation

Nomenclature

The Flathead Formation was named by Peale (1893)

for exposures of quartzose sandstones and the overlying

shale in the vicinity of Three Forks, Montana. Weed

(1899) described the Cambrian section from the Little

Belt Mountains, Montana, and included basal sandstones as

well as overlying shales and limestones in the Flathead

Formation there. He also described the Cambrian rocks

from Yellowstone National Park, but restricted the

Flathead there to the basal quartz sandstone. Many of the

Cambrian sections in Montana were remeasured and emended

by Diess (1936), and he restricted the Flathead Formation

to include only the basal arenaceous part of the section

underlying the shales of the Wolsey Formation. Diess's

nomenclature has been followed by all subsequent authors.

Distribution and Topographic Expression

The Flathead Formation crops out in a narrow band

along the western edge of the study area (see Plate 1).

It overlies Precambrian granites, quartzo-feldspathic

gneisses, marbles, schists, and nietaquartzites occupying

the core of the Armstead anticline. This unconformable



17

Figure 3.

Vertical beds of the Middle Cambrian Flathead
Formation on the east flank of the Armstead
anticline. Covered interval to the left (west) is
underlain by Archean metamorphic rocks. Covered
interval to the right (east) is underlain by the
Middle Cambrian Wolsey Shale.



contact, at most places obscured by soil, can be seen in

the center of Section 11, T.9 S., R.11 W., where the

Flathead is in contact with a grayish orange pink

(lOR8/2), slightly foliated, highly weathered granite.

Dips in the Flathead are near vertical to

slightly overturned. It is extremely resistant, and forms

a distinctive, northwest-striking linear rib

approximately 110 feet wide, offset by 12 left-lateral

strike-slip faults. Displacement along these faults

ranges from 10 to 450 feet.

Thickness and Lithology

The Flathead Formation thickness in the study

area, measured from the first occurrence of Wolsey

Formation float to the Precambrian contact, is 153 feet.

Diess (1936) measured 160 feet at Three Forks, Montana,

243 feet on Belt Creek in the Little Belt Mountains,

Montana, and 93 feet on Crowfoot Ridge, in the northwest

corner of Yellowstone National Park. The Flathead is 137

feet thick in the Centennial Mountains (Moran, unpub.

M.S. Thesis, 1971), 123 feet thick at Ashborough Canyon

in the Tendoy Range and 20 feet thick farther south at

Kate Creek in the Tendoy Range (Scholten, Keenmon, and

Kupsch, 1956).

The Flathead is dominated by thin- to

thick-bedded, medium- to coarse-grained, vitreous quartz
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arenites. The base is marked by a three foot thick,

normally graded, pebble to very fine pebble quartz

orthoconglomerate. This is the coarsest part of the

section, but thin beds and lenses of pebbly sand and

pebble conglomerate are common throughout. These coarser

layers also have distinct fining upward trends. The

degree of cementation in the Flathead is inversely

proportional to grain size; the medium- to fine-grained

sands are tightly cemented, whereas the coarser sands and

conglomerates range from moderately cemented to friable

and porous. The color of the Flathead sandstones is

highly variable, on fresh surfaces ranging from very

light gray (NB) to grayish orange pink (5YR7/2) to very

dark red (5R2/6). The color differences result from

varying amounts of hematite concentrated in intergranular

spaces and along fractures. Thin, hematite-rich

laminations are quite common in the lower part of the

section. Internal stratification is dominated by plane

bedding and trough cross-stratification, with lesser

amounts of undulatory bedding. Numerous low-angle

reactivation surfaces less than two feet in height were

observed truncating trough cross-stratified sets in one

outcrop. Some beds are massive and structureless; if any

primary stratification existed in these beds, it is no

longer visible and may have been destroyed by

bioturbation.

The top of the Flathead Formation is marked by
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blackish red (5R2/2) to very dark red (5R2/6), flaggy,

fine- to very fine-grained sandstones. Abundant hematite,

with lesser amounts of liiuonite, occur as pore fillings

and small nodules and give these sandstones a distinct

metallic luster. These sandstones become thinner bedded,

finer grained, and more micaceous up section, grading

into the green shales and glauconitic sandstones of the

Wolsey Formation. The best exposures of these beds are

located along the small tributary of Cedar Creek in the

northwest 1/4 of section 13, T.9 S, R.11 W..

Two samples of the Flathead Formation were studied

in thin section. The first, WG-4, is a pale red (5R6/2),

structureless, supermature quartz arenite, containing 98%

subrounded to well-rounded quartz, 1/2% muscovite, and

trace quantities of well-rounded zircon and tourmaline,

leucoxene, and orthoclase altered to sericite. The quartz

is nearly 100% monocrystalline and mostly non-undulatory.

Apatite inclusions are common in the quartz. Grain sizes

range from 0.09-0.55 mm. (very well-sorted) and average

0.30 mm. (medium sand). No clay matrix was observed. Well

developed authigenic quartz overgrowths have filled most

pore spaces. They are optically continuous with parent

grains and have plane compromise boundaries with

adjoining overgrowths. These overgrowths likely formed as

silica precipitated from trapped connate sea water during

shallow burial. The absence of sutured grain boundaries

precludes pressure solution as a source of silica. The
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Figure 4.

Photoniicrograph of well-sorted, medium-grained
supermature quartz arenite. Note the euhedral
quartz overgrowths (0) on the well-rounded quartz
grain (center). Crossed nicols. Sample WG-lO,
Flathead Formation, east flank of the Armstead
anticline.
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studies of Sibley and Blatt (1976) support this

conclusion. Hematite, which filled some pore spaces and

coated grains prior to overgrowth development, imparts

the red coloration to this sample. Porosity makes up less

than 1/4%.

The second sample of the Flathead studied in thin

section (WG-lO) is a moderate yellowish brown (1OYR5/4),

plane laminated, supermature quartz arenite, which

contains 99% well-rounded to very well-rounded quartz,

with traces of well-rounded zircon and tourmaline,

muscovite, inicrocline, hematite and limonite. Small

amounts (<1/2%) of clay matrix also are present. The

quartz grains are 75% monocrystalline and non-undulatory,

24% monocrystalline and undulatory, and 1%

polycrystalline and undulatory. Inclusions of zircon,

apatite, and biotite occur in the monocrystalline grains.

The polycrystalline undulatory grains have sutured

subunit boundaries suggestive of a gneissic or

metaquartzitic source. Grain sizes range from 0.15 to 1.8

mm. (well sorted) and average 0.44 mm. (medium sand).

Authigenic quartz overgrowths are common and similar to

those in WG-4. Some overgrowths display euhedral

terminations, and none display the rounded terminations

typical of quartz grains reworked from older sandstones.

Porosity is very low in this sample also.



23

Age and Correlation

A Middle Cambrian age was assigned to the Flathead

by Hanson (1952). Bell and Middleton (1978) state that

"Regional stratigraphic evidence suggests an early Middle

Cambrian age with the unit becoming younger to the east".

Chaudhuri and Brookins (1969) reported a 550 In.y. (Middle

Cambrian) date from presumed authigenic glauconite in the

Flathead Formation in Montana.

No fossils were found in the study area. The

intense reworking and winnowing of the Flathead sands by

wave and current action destroyed any fossil debris which

may have existed there. Regionally, fossils are very rare

in the Flathead. Miller (1936) reported finding the

inarticulate brachiopod Lingulis sp., and Diess (1936)

recovered crinoid stems, trilobite fragments, and

brachiopods from the Crowfoot Ridge section of the

Flathead in Yellowstone National Park. Trace fossils,

however, are quite common in the Flathead and include

Skolithos (Boyd, 1966), Chorophiuin, Diplocraterion,

and Cruxiana (Bell, 1970).

The Flathead is the basal unit of the Cambrian

System and can be correlated through Montana, Wyoming,

and parts of Idaho.
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Depositional Environment

The Flathead Formation is a classic example of a

transgressive coastal sand sheet. It was deposited on the

stable cratonic shelf in Montana, to the east of the

miogeosynclinal trough lying in extreme western Montana

and adjacent Idaho. The sea advanced eastward from the

miogeosyncline during the early Middle Cambrian (Lochman

1972). During Middle Cambrian time, three distinct

lithofacies belts existed which extended in a north-south

line along the western United States shelf: an outer

detrital belt, a middle carbonate belt, and an inner

detrital belt (Robinson, 1960). The Flathead sands, and

the shales and sands of the Wolsey Formation, represent

the inner detrital facies. The Pilgrim Formation

represents the middle carbonate facies.

Bell and Middleton (1978) distinguished two rock

units in the Flathead Formation of the Wind River Basin,

Wyoming: a lower cross-stratified unit cut by large

channels, and an upper plane-bedded unit. The lower unit

is arkosic at the base, and Shaw (1957) suggested that

this interval had a fluvial origin. The remainder of the

lower unit is thought to have been deposited in tidal and

shallow sub-tidal environments (Tankard and Hobday,

1977). Bell and Middleton (1978) suggest that the upper

unit originated as intertidal terrace and beach deposits.

In the study area, the Flathead appears to have
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Figure 5.

Laminated quartz arenite from the lower Flathead
Formation. Individual laminations accentuated by
concentrations of hematite. Exposed just north of
the Henneberry Ridge road on the east flank of the
Armstead anticline.



been deposited in a complex, high energy, nearshore

marine environment. It is dominated by plane laminated,

medium, coarse, and pebbly sands. Trough cross-stratified

medium, coarse, and pebbly sands, and thin beds and

lenses of pebbly conglomerate, also are common. The plane

laminated sands probably were deposited in the swash zone

to immediately seaward of the surf zone. These areas

correspond to the inner and outer planar zones of Dupre

and Clifton (1979) for non-barred coastlines. The trough

cross-stratified sands are typical of deposition in the

surf zone and swash-surf transition zone, equivalent to

the inner rough zone of Dupre and Clifton. The pebbly and

pebbly sand layers probably accumulated as laminated lags

along the seaward edge of the inner rough zone, and as

both lags and in megaripples in the surf and surf-swash

transition zones.

The coarseness of the Flathead sands, coupled with

the lack of large-scale foreset bedding and reactivation

surfaces, precludes an aeolian origin for any of the

Flathead Formation in the thesis area.



Woisey Formation
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The Wolsey Formation was named by Weed (1900) for

green shales conformably overlying the Flathead

sandstones and underlying the Meagher limestones near

Wolsey, Meagher County, Montana. This outcrop was later

covered by railroad construction, and Diess (1936)

designated exposures at South Hill, Belt Park, Montana,

as the type section for the Wolsey Formation. He listed

the following characteristics as typical of the Wolsey in

Montana and Yellowstone National Park: a lower sequence

of soft, greenish shales with intercalated thin-bedded,

flaggy, rusty brown sandstones; a middle unit dominated

by green, paper-thin, inicaceous shales; and an upper part

consisting of chocolate to maroon brown shales with

numerous interbeds of drab gray, crystalline limestone.

Distribution and Topographic Expression

The Wolsey Formation forms a continuous,

northwest-trending, grass- and sagebrush-covered swale

between the Flathead and Pilgrim Formations along the

eastern flank of the Armstead anticline (see Plate 1).

The Wolsey is mostly non-resistant, and exposures are

small and widely separated, making detailed stratigraphic



Figure 6.

Cambrian section on the east flank of the Arrnstead
anticline. Grassy swale between the Middle
Cambrian Flathead Formation (juniper-covered
ridge, center) and the Upper Cambrian Pilgrim
Formation (sparsely vegetated hills, right) is
underlain by the Middle Cambrian Wolsey Formation.
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analysis difficult.

Thickness and Lithology

The Wolsey Formation in the study area, measured

from the first occurrence of Wolsey float to the basal

outcrops of Pilgrim Formation dolomite, is 200 feet

thick. The Wolsey section was measured using only one

bedding attitude correction, and this 200 foot figure,

although not exact, is believed to be a close

approximation. Regional-ly, Diess (1936) measured 179 feet

of Wolsey near Half Moon Pass, in the Big Snowy

Mountains, Montana, 150 feet on Crowfoot Ridge in

Yellowstone National Park, and 354 feet in Nixon Gulch

east of Logan, Montana. Scholten (1955) measured 152 feet

of Wolsey in the Blacktail Range to the east of the study

area, and Lowell (1960) made an estimate of 150 feet for

the Wolsey Formation in the Bannack Grayling area.

The Wolsey Formation is gradational from the

underlying Flathead Formation, and this author places the

formational contact in the study area at the first

occurrence of green shale and/or green, glauconitic

sandstone interbeds in the fine-grained, hematite-rich

sandstones of the upper Flathead Formation.

Float surveys in the study area indicate that the

Wolsey Formation is chiefly grayish green (1OGY5/2),

finely fissile shale, with subordinate amounts of
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interbedded, fine-grained sandstones and siltstones. The

sandstones are thin-bedded, and many are rich in

hematite, limonite, and glauconite. At an exposure

located along the steep sides of Cedar Creek, in the

extreme northeast corner of section 14, T.9 S., R.11 W.,

grayish green (J.OGY5/2) shales are interbedded with

flaggy, dusky red (5R3/4), hematitic sandstones and light

olive gray (5Y6/J.) to yellowish green (1OGY3/2)

glauconitic sandstones. Some of the glauconitic

sandstones are extensively burrowed and display abundant

tracks, trails, and fecal mounds on bedding surfaces;

most contain limonite as stains and pore fillings. No

carbonates were noted in the Wolsey Formation of the

study area.

The sample of the Wolsey Formation selected for

thin-section study (WG-8) is a submature, fine-grained,

light olive gray (5Y6/l), ripple cross-laminated,

glauconitic quartz arenite . The ripple laminations are

accentuated by concentrations of glauconite, and although

imprints of burrows or fecal mounds are present on the

lower surface, the sample is not bioturbated. It contains

70% sub-angular to subrounded quartz, 15% glauconite, 3%

unaltered microcline, 3% unaltered plagioclase, 2%

muscovite, 2% unaltered orthoclase, and 4% matrix.

Porosity makes up roughly 1% of the sample. The quartz is

dominantly monocrystalline and non-undulatory. Grain size

varies from 0.05 mm. to 0.25 mm. (very well-sorted), and
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Figure 7. 5

Photoxnicrographs of fine-grained, submature,
glauconitic quartz arenite. Subangular to
subrounded quartz (q), glauconite (g), microcline
(in), muscovite (mu), and zircon (z) grains (upper
photo, plane light). Note amber colored matrix
(ma) of quartz and feldspar silt, limonite, and
hematite (lower photo, crossed nicols) . Sample
WG-8, Wolsey Formation float, east flank of the
Armstead anticline.
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averages 0.13 mm. (fine sand). The matrix is a yellowish

orange, semi-opaque mixture of clay, calcite, quartz and

feldspar silt, limonite, and hematite. The fact that much

of this matrix is concentrated along the margins of

spar-filled fractures suggests that a secondary,

post-fracturing diagenetic process was an important

matrix producer. Only about half of the matrix in this

sample appears to be of primary depositional origin. The

glauconite occurs as rounded pellets which have a

granular texture. These appear to have been reworked by

wave or current activity, as evidenced by the

well-rounded shape and the fact that they are

concentrated into glauconite-rich laminations in ripples.

This sample is moderately well cemented, and displays two

stages of cementation: an early stage of quartz

overgrowth formation, and a later stage of calcite

cementation which fills fractures and replaces some of

the earlier quartz cement. The matrix not only provides

cohesion between grains but acts as a cement as well.

Age and Correlation

Regionally, fossils are quite common in the

Wolsey, with trilobites and brachiopods being the most

abundant remains recovered. Diess (1936) identified two

persistent faunal zones in the middle and upper part of

the Wolsey shales and also found abundant fossils in
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intercalated limestone lenses throughout the formation.

Several species of the trilobite genus Kootenia, and

Zacanthoides sp. characterize the lower zone, and

small, weakly furrowed Glyphaspis dominates the upper

zone. Many limestone lenses contain the trilobite

Bolaspis labrosuin. These fossils all indicate a Middle

Cambrian age for the Wolsey.

Lowell (1960) reported finding trilobite remains

in glauconitic sandstones of the Wolsey in the

Bannack-Grayling area. This author searched the study

area carefully, and although trace fossils are very

abundant, only one poorly preserved trilobite thorax was

recovered from a glauconitic siltstone.

The Wolsey is the second unit of the Cambrian

system in western Montana and northwestern Wyoming.

Depos itional Environment

The Wolsey Formation was deposited in a much lower

energy environment than the underlying Flathead

Formation. As the Middle Cambrian shoreline transgressed

eastward, the waters deepened and deposition of high

energy littoral sands slowly gave way to the deposition

of finer sands, silts and clays.

Glauconite is widespread throughout the Wolsey

Formation and provides important clues to the

depositional environment. This mineral is a poorly
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structured, potassium- and iron-rich micaceous clay which

forms from the alteration of detrital clay minerals. The

abundance of this mineral in the Wolsey suggests

deposition on the middle to outer shelf in a shallow

(<250 meters) environment of fairly low turbulence, with

a low sedimentation rate, and a slightly reducing bottom

environment. The glauconite in the Wolsey commonly takes

the form of rounded pellets with a grainy texture. These

pellets probably originated as the fecal debris of

burrowing organisms. In many cases, these pellets have

been reworked with quartz sand to form the glauconitic

arenites, such as WG-8, which are common in the Wolsey.

The numerous sand beds in the Wolsey represent periods of

higher energy deposition on the shelf during large storm

events, or possibly during short periods of lowered sea

level when currents were strong enough to move sand

outward on to areas of the shelf normally dominated by

slow deposition of silts and clays.



Pilgrim Formation

Nomenclature
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The Pilgrim Formation was named by Weed (1900) for

exposures of gray limestone and dolomite, with basal

limestone conglomerates separated by thin shale layers.

He described the formation along Pilgrim Creek, near Fort

Benton, Montana, but he did not specify a type section.

Deiss (1936) designated exposures of gray to tan

limestone, buff dolomite, and interbedded

intraformational limestone conglomerates along the north

side of Dry Wolf Creek, in the Little Belt Mountains,

Montana, as the type locality of the Pilgrim Formation.

Peale (1893) described thick sequences of dark

gray, mottled tan or buff, thick-bedded, oolitic

limestones from near Three Forks, Montana, and he named

these beds the "Mottled Limestones". Deiss (1936)

recognized later that these "Mottled Limestones"

comprise the lower-middle and upper parts of the Pilgrim

Formation in south-central Montana and in Yellowstone

National Park. Sloss and Moritz (1951), following the

ideas of Emrnons and Calkins (1913) and Lochman and Duncan

(1944), suggested that the name Hasmark Formation be used

for these limestones at Three Forks and for correlative

Upper Cambrian limestones and dolomites in southwestern

Montana. Subsequent authors, including Scholtenet

al.(1956), Hildreth (1981), and Clark (1986),



have retained the name Pilgrim, and for the sake of

consistency this author does so as well.

Distribution and Topographic Expression

The Pilgrim Formation forms a continuous ridge

inuuediately upsection from the Wolsey Formation swale

along the eastern flank of the Armstead anticline (see

Plate 1). This ridge is characterized by little or no

soil cover or vegetation and exposures of Pilgrim rocks

are abundant. Some excellent exposures occur where south-

to southwest-trending gulches intersect the ridge in the

extreme southeast corner of Section 11, T.9 S., R.11 W.

The Pilgrim is displaced along seven minor left

lateral strike-slip faults with displacements of less

than fifty feet, and along two larger, roughly parallel

left lateral faults which strike east through the

northern half of Section 11, T.9 S., R.11 W. and have a

combined displacement of 450 feet.

Dips in the Pilgrim range from 54° east to vertical

in the southern part of the study area, and from vertical

to 51° overturned to the west in the northern part of the

area near the nose of the Armstead anticline. Along

strike-slip faults, drag folding has reduced dips on the

northern sides of the faults and overturned the strata on

the southern sides.
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Figure 8.

Steeply east-dipping exposures of the Upper
Cambrian Pilgrim Formation (left center) on the
east flank of the Armstead anticline. Contact of
the Pilgrim and the Upper Devonian Jefferson
Formation trends northward across the small hill
in the center of the photo (arrow). Swale
underlain by the Wolsey Formation can be seen in
the left background.
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Thickness and Lithology

The Pilgrim Formation thickness in the study area,

measured from exposures of dolomite just up section from

Wolsey Formation float to the center of a thin swale

separating Pilgrim dolomites from Jefferson dolomites, is

308 feet. Deiss (1936), who measured 402 feet of Pilgrim

at Three Forks, Montana, 661 feet in the Big Snowy

Mountains, and 172 feet on Crowfoot Ridge in Yellowstone

National Park, stated that the average thickness of the

Pilgrim in west-central Montana is 310 feet. Scholten,

Keenmon, and Kupsch (1956) estimated a thickness of 225

feet for the Pilgrim in Ashbough Canyon to the east of

the study area. The Pilgrim thins southward and is absent

at Kate Creek in the southern Tendoy Range (Scholten et

al., 1956).

The Pilgrim Formation in the study area is chiefly

dolomite, with lesser amounts of doloniitic shale;

limestones are notably lacking. It is divisible into five

units on the basis of bedding thickness, color, and

lithology. These are, from base to top:

1. a lower unit, 117 feet thick, of medium- to

thick-bedded, very pale orange (1OYR8/2) to grayish

orange (1OYR7/4) sucrosic dolomite, at the base of which

occur a few beds of dark yellowish brown (1OYR4/2)

fine-grained dolomite with a distinctive "salt and

pepper" texture;



2. a unit, six feet thick, of interbedded,

thin-bedded, moderate red (5R5/4), sucrosic, vuggy

dolomite and pale yellowish orange (1OYR8/6) shaly

dolomite which displays fine laminations on weathered

surfaces;

3. a unit, 38 feet thick, of thin- to

medium-bedded, pale yellowish brown (1OYR6/2) coarsely

crystalline dolomite;

4. a unit, 30 feet thick and mostly covered, of

greenish gray (5GY6/l) shaly dolomite;

5. an upper unit, 60 feet thick, of medium-- to

thick-bedded, grayish pink (5R8/2) to yellowish gray

(5Y8/l) sucrosic dolomite.

The closest thing to the actual contact between

the Pilgrim and the overlying Jefferson Formation is

located in the southeast corner of Section 11, T.9 S.,

Rh W. Here, a small exposure of thin-bedded, light

olive gray (5Y6/l), finely crystalline dolomite crops out

near the center of a 10 foot wide covered interval

separating dark petrohiferous Jefferson dolomites from

yellowish gray Pilgrim dolomites.

The Pilgrim Formation lies conformably on the Park

Shale throughout much of Montana and in Yellowstone

National Park, but in the study area it lies

disconformably on the Wolsey Formation. During the late

Middle Cambrian and early Late Cambrian, local areas

along the cratonic shelf in southwestern Montana became
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positive elements, with resulting non-deposition or

erosion (Sloss, 1950). The study area was the site of a

positive area during this time, a fact that explains the

absence of the Middle Cambrian Park Shale and Meagher

Limestone here. Although the contact between the Pilgrim

and Wolsey has been described as an angular unconformity

along the southeast flank of the Armstead anticline by

Hildreth (1981), this author could find no evidence of

tectonism-induced angularity in the study area.

In outcrop and in hand sample, the Pilgrim

Formation is unrevealing, but in thin section it offers a

wealth of detail. Two thin sections of it were carefully

studied. The first (WG-103) was taken from the base of

the lower unit. It is a dark yellowish brown (1OYR4/2),

finely sucrosic, thoroughly doloinitized oosparite. In

addition to oolites, a diverse group of other carbonate

grains are present, including biotic fragments, coated

grains, pellets, and intraclasts. The oolites average

0.28 mm. in diameter, and some display recognizable

concentric structure, whereas others are recognized by

shape only. Some oolites have nuclei of single crystal

carbonate grains which were probably echinoderm

fragments. Coated grains are irregular in shape and most

have only a thin rind of concentric calcite coating. The

biotic fragments, dominantly of trilobites and

echinoderms, are well-rounded and have well developed

niicrite envelopes. The pellets are ovoid
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1 nun.

Figure 9.

Photomicrograph of doloinitized oosparite. Oolites
(0), peloids (p), coated grains (cg), glauconite
(g), and quartz grains (q). Note preserved ndcriterims on carbonate grains (mr) and clear dolomitewhich has replaced the original sparry calcite
cement (C). Plane light. Sample WG-l03, lower
Pilgrim Formation, east flank of the Arinsteadanticline.
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and granular, and many contain small amounts of

glauconite. Glauconite also occurs rarely as discrete

ovoid pellets. The intraclasts are irregularly shaped,

homogeneous micritic fragments with rounded edges.

Quartz, microcline, and orthoclase make up 15% of the

rock and give it a speckled, salt-and-pepper texture.

These clastic particles are angular to sub-rounded and

range in size from coarse silt to medium sand. Most

feldspar grains are partially replaced by dolomite.

Intercrystal and fracture porosity make up roughly 1/2%

of this sample.

The second thin section sample (WG-13) was

collected from near the top of the second Pilgrim unit.

It is a light olive gray (5Y6/l), thoroughly dolomitized

oosparite. The dolomite is dominantly subhedral to

anhedral and fine-grained (crystals average 0.15 mm.),

with some zones and small veins of coarse-grained, zoned,

euhedral, limpid dolomite. Ghost particles, which are

identifiable primarily on the basis of shape, are

dominanantly oolites with a few shell fragments and

coated grains. A few glauconite grains and a trace of

fine quartz sand and coarse quartz silt make up the

remainder of this sample. The oolites are readily

visible, being slightly darker than the surrounding

cement, and average 0.35 nun. in diameter. Some have vague

outlines of remanent concentric structure, and a very few

have discernible outlines of carbonate nuclei. Biotics
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Photomicrographs of dolomitized grains. Oolite
(upper photo) displays remnant concentric
structure, and calcite nucleus replaced by
dolomite rhoxnbs. Micritic intraclast (lower photo)
bears rounded edges indicative of current
transport. Plane light. Sample WG-l03, lower
Pilgrim Formation, east flank of the Armstead
anticline.
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Photomicrograph of clear, zoned dolomite rhoxnbs
filling vuggy porosity. Plane light. Sample WG-13,
middle part of the Pilgrim Formation, east flank
of the Armstead anticline.
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are identifiable by the irregular shape and dark,

micritized rims. Glauconite occurs as an admixture with

micritic dolomite in ovoid, pellet-like grains. The light

color of the dolomite in interparticle areas suggests

that it originated as sparry calcite cement. Porosity is

low (<1/2%) and is limited to telogenetic vug porosity.

The coarse-grained, zoned dolomite rhoittbs fill what

appears to have been vuggy porosity. It is likely that

this now filled porosity formed during the post-Pilgrim,

pre-Jefferson hiatus, with dolomitization of the Pilgrim

occurring after this hiatus and possibly coinciding with

dolomitization of the Jefferson carbonates.

Age and Correlation

The Pilgrim Formation was assigned a Late Cambrian

age by Deiss (1936). More specifically, Hanson (1952)

established a Dresbachian (early Late Cambrian) age for

the Pilgrim. Late Cambrian trilobites reported from the

Pilgrim in Montana include Tricrepicephalus

tripunctatus, Elvinia cf.roemeri, and Bynumia euinus.

No fossils were found in the Pilgrim of the study area;

dolomitization has destroyed most all of the fossil

remains that were once present there, leaving only the

ghost grains and shadows seen in thin section as evidence

that any ever existed.



The Pilgrim is equivalent to the Hasmark Formation

in Montana, and can be correlated to the St. Charles and

Nounan Limestones of southeastern Idaho and to the Devils

Glen Dolomite of northwestern Montana (Sloss and Moritz,

1951). It is the basal Late Cambrian unit in central and

southwestern Montana.

Depositional Environment

At the beginning of Late Cambrian time, the study

area, which had been emergent during the late Middle

Cambrian, was again submerged, and sedimentation of the

Pilgrim carbonates began.

The presence of numerous oolites and coated grains

strongly suggests that the Pilgrim was deposited in

shallow, temperate,well-agitated marine waters. Oolites

and coated grains are known to be forming today only in

temperate, shallow seas, particularly in areas of high

tidal velocity such as along the western margin of the

Grand Bahama Bank (Bathurst, 1975) and in tidal

channels(khors) connecting sabkhas to the Persian Gulf

(Picha, 1978). On the Grand Bahama Banks, oolites do not

appear to be actively forming in water deeper than two

meters. The Pilgrim contains intraclasts which are also

are an indicator of shallow water deposition. Intraclasts

originate as cohesive but unhithified carbonate mud

(micrite) deposited under low energy conditions, which is
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later eroded by strong storm- or tidal-generated currents

and redeposited as discrete micrite clasts. The abundance

of clear sparry cement, now dolomite spar; the well

rounded and well sorted grains; and the scarcity of

micrite matrix - all support the conclusion that much of

the Pilgrim Formation is a well washed, high energy

deposit.

Most of the Pilgrim dolomites in the study area

likely accumulated as shallow offshore carbonate shoals

along the western edge of the Cambrian cratonic shelf.

Oolites and coated grains formed in high energy, shallow

areas along these shoals, while micrite muds accumulated

in limited, low energy areas to the east of these shoals

or to west of them in deeper waters. Large storm or tidal

events occasionally eroded these muds, forming

intraclasts, which were then deposited on the shoals

along with oolites, coated grains, and some shell debris.

Micrite pellets, some of which are glauconitic, probably

originated as fecal pellets deposited in areas of low

energy and low sedimentation rate of f the edges of the

shallow shoals. Some of these pellets were then reworked

and deposited with oolites on the shoals.

The unit of greenish gray, shaly inicritic dolomite

in the upper part of the Pilgrim represents a lower

energy depositional site, possibly on a shallow shelf in

the lee of the carbonate shoals, characterized by the

accumulation of carbonate mud. Conversely, these muds may



have been deposited during a period of elevated sea level

when the area, normally characterized by high energy

carbonate shoals, was submerged below wave base.



Jefferson Formation

Nomenclature
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The Jefferson Formation was named by Peale (1893)

for exposures of brown, fetid dolomite near Three Forks,

Montana. The type locality is now considered to be an

outcrop on the north side of the Gallatin River near

Logan, Montana. At this locale, and at others in central

Montana, Sloss and Laird (1946,1947) recognized a lower

limestone member and an upper dolomite member in the

Jefferson Formation. Sandberg and Hammond (1958) elevated

the Jefferson to group status in the Williston Basin and

central Montana, but it retains a formational rank in

southwestern Montana.

Distribution and Topographic Expression

The Jefferson in the study area has a topographic

expression similar to that of the Pilgrim Formation, and

the two combine to form a northwest-trending,

rounded-crested ridge approximately 900 feet wide along

the eastern flank of the Armstead anticline (see Plate

1). The Jefferson Formation is characterized by thin, and

in places nonexistant soil cover, with sparse range grass

being the dominant vegetation. Good outcrops are

abundant, and excellent exposures are located where
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southwest-trending gulches draining Henneberry Ridge

intersect the Jefferson Formation in the extreme

southeast corner of Section 11, T.9 S., R.11 W., and in

the northwest corner of Section 13, T.9 S., R.11 W.

The Jefferson Formation also forms a steep knob in

the southeast corner of Section 3, T.9 S., R.11 W., 500

feet east of Eli Springs. This knob consists of strongly

overturned beds of intensely fractured Jefferson

dolomite, in which the fractures have been filled with

bright white calcite spar. This spar comprises about 30%

of the volume of the Jefferson at this locality, and

imparts a distinctive reflectivity to the outcrop which

shows up clearly on aerial photographs.

Most of the left lateral faults which displace the

Cambrian section on the eastern flank of the Armstead

anticline die otit in the Jefferson Formation or in the

overlying Three Forks Formation. The exceptions are two

nearly parallel faults located in the northwest corner of

Section 11, T.9 S., R.11 W., which offset the Jefferson

approximately 625 feet, and a smaller fault in the

northwest corner of Section 33, T.8 S., R.11 W., which

cuts across the nose of the Armstead anticline and

offsets the Jefferson approximately 30 feet.

0Dips in the Jefferson Formation, which average 80

E in the southern part of the study area, steepen and

overturn northward towards the nose of the Armstead

anticline, reaching a maximum overturn of 54°W along the
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Eli Springs gulch.

Thickness and Lithology

The Jefferson Formation in the study area,

measured from the center of a ten foot covered interval

separating outcrops of Pilgrim and Jefferson Formations,

to the first occurrence of float from the Three Forks

Formation, is 585 feet thick. Scholten, Keenmon, and

Kupsch (1956) measured 150 feet of Jefferson at Ashbough

Canyon in the Blacktail Range, Sloss and Moritz (1951)

measured 205 feet along Targhee Creek in the Centennial

Range, and Hildreth (1981) recorded 550 feet on the

southeast part of the Armstead anticline. The Jefferson

averages several hundred feet thick in southwestern

Montana, thins and is locally absent to the southwest in

an area centered on the Beaverhead and southern Tendoy

Ranges, and then thickens markedly to the west and

southwest, attaining a maximum thickness of 3,000 feet in

the Lost River Range of east-central Idaho (Scholten and

Hait, 1962)

In many areas of southwestern Montana, the

Jefferson Formation includes a lower limestone member and

an upper dolomite member. The limestone member is

variable in thickness, and it is absent from the Devonian

section at Ashbough Canyon, as well as from the southeast

part of the Armstead anticline (Hildreth, 1981) and from
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the present study area. The dolomite member was deposited

across all of southwestern Montana, whereas the limestone

member was deposited only on those more negative parts of

the pre-Jefferson erosion surface which were inundated in

the early Late Devonian (Scholten, Keenmon, and Kupsch,

1956) during the Taghanic onlap (Sandberg et al., 1983).

Where present in southwest Montana, the limestone member

consists of dense dolomitic limestone which is gray or

yellowish near the base and becomes dark brown upsection.

The dolomite member is typically dark gray to brown to

black, fetid, sucrosic dolomite. Thin evaporite-solution

breccia zones are present locally, particularly near the

top of the formation.

The Jefferson Formation in the study area is

dominated by medium- to thick-bedded, brownish gray

(5YR4/l) to olive black (512/1), sucrosic dolomite. It is

rich in hydrocarbon residues and gives of f a strong fetid

odor from fresh surfaces. A 155 foot thick interval of

thinner bedded, lighter colored, and less petroliferous

dolomite is present in the middle part of the section.

Thin intervals of very thin-bedded, flaggy, yellowish

gray (5Y8/l) to grayish orange (1OYR4/2) dolomite are

common. Some of these thin-bedded doloniites near the top

of the section are finely laminated.
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BRECCIAS

Breccias are common throughout the Jefferson, and

three distinct types were recognized. The most abundant

type is a clast-supported breccia composed of angular,

unsorted clasts of sucrosic Jefferson dolomite set in a

matrix of white calcite spar. These are tectonic in

origin and are equivalent to the type A breccias of

M'Gonigle (1983) from the Jefferson Formation of the

Maiden Peak area, located southwest of the present study

area.

The second type of breccia is matrix-supported,

and consists of angular to rounded clasts of sucrosic

Jefferson dolomite floating in a matrix of white calcite

spar. A laterally extensive breccia of this type is

present immediately below the top of the Jefferson

Formation in the study area. The origin of this breccia

is unclear. It is similar to M'Gonigle's type C breccias

and likely formed by either evaporite solution, or by the

evaporite hydration/dehydration mechanism mentioned by

M'Gonigle (1983) and outlined by Grabau (1960).

A third type of breccia occurs 45 feet below the

top of the Jefferson on the 6,500 foot contour in the

northwest corner of Section 13, T.9 S., R.l1 W.. Here, a

sequence of finely laminated dolomites, several inches in

thickness, is disrupted along strike into brecia zones

consisting of tan, finely laminated, bent and broken,

rectangular-shaped dolomite clasts set in a matrix of
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Figure 12.

Tectonic breccia in the Upper Devonian Jefferson
Formation. Poorly sorted angular fragments of
sucrosic, strongly petroliferous dolomite set in a
matrix of white calcite spar. Exposed along Eli
Springs gulch, east flank of the Armstead
anticline.
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brownish gray dolomite and subordinate white calcite

spar. This breccia is an excellent example of a flat

pebble, or intraformational conglomerate. Such

conglomerates are depositional in origin and typically

form in the high intertidal or supratidal zones where

cohesive, algal laminated micritic carbonate sediment

becomes desiccated during subaerial exposure. This

cracked and shrunken sediment may be retransported for

short distances as discrete clasts, or it may remain in

situ. In either case, micritic carbonate sediment

eventually infiltrates the pore spaces, forming the

matrix of these intraforinational conglomerates. M'Gonigle

reported one such depositional breccia from the lower

part on the Jefferson Formation in the Maiden Peak area.

Three thin sections of the Jefferson Formation

from the study area were examined. The first sample

(WG-l6) is an intensely fractured, olive black (5Y2/l),

finely crystalline, fetid lithographic dolomite. The

dolomite crystals are subhedral to anhedral and average

0.09 mm. Hydrocarbon residues are concentrated as dark

patches along stylolites and fractures. Most fractures

are filled with clear, subhedral to euhedral calcite

crystals; a very few are filled with quartz. Fracture and

solution-enlarged fracture porosity comprises roughly 2%

of the sample.

The second sample examined in thin section (WG-19)

is an intensely fractured, olive gray (5Y4/l), finely
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Photomicrograph of laminated lithographic
dolomite. Thin laminations of dark
cryptocrystalline dolomite alternate with thicker
laminations consisting of clearer, finely
crystalline dolomite. Note concentration of
hydrocarbon residues along stylolite (arrow, upper
center). Plane light. Sample WG-19, upper
Jefferson Formation, east flank of the Armstead
anticline.
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laminated, fetid lithographic dolomite. The laminations

are planar to gently undulating, and consist of thin

layers of cryptocrystalline dark dolomite alternating

with thicker layers of clearer, finely crystalline

dolomite. Fractures are filled with clear calcite

crystals, and hydrocarbon residues are common along

stylolites. Well developed fenestral pore spaces are

completely filled with clear, euhedral, zoned dolomite

rhombs. Porosity is limited to fracture porosity and

comprises about 1% of the sample.

The third sample examined is (WG-35) a

clast-supported tectonic breccia taken from strongly

overturned beds of Jefferson along the southeast side of

Eli Springs gulch. It consists of fractured clasts of

olive black (5Y2/l) and moderate yellowish brown

(1OYR5/4) sucrosic dolomite set in a matrix of white,

coarse-grained calcite spar. The clasts are angular and

range in size from one millimeter to four centimeters.

The fracture filling calcite, which is subhedral and

averages 0.65 mm., makes up 30% of the rock. Hydrocarbon

residues are concentrated along intercrystal boundaries,

fractures, stylolites, and along some clast margins. The

stylolites evidently formed after both fracturing and

fracture filling, as they transect clasts, fractures, and

calcite matrix. The formation of this breccia is

attributed to local tensile stresses, developed during

folding in regions of strong overturning, which fractured



and "opened up" the dolomite, forming a network of

tension fractures which later were filled with calcite

spar.

Age and Correlation

According to Scholten and Hait (1962), the

Jefferson Formation ranges in age from Middle to Late

Devonian in the region west of the Beaverhead Range, but

is wholly Late Devonian in the Tendoy, Blacktail, and

Beaverhead Ranges. Middle Devonian strata, specifically

the lower part of the limestone member, reappear to the

east in the Gravelly Range. Sandberg et al, (1983)

reported that the top of the Jefferson Formation west of

the Beaverhead Range is Famennian in age, making it five

million years younger than the top of the Jefferson to

the east of this range. Their conclusion was based on the

presence of a Frasnian conodont fauna, containing

Palmatolepsis gigas semichatovae, 37 feet below the top

of the Jefferson Formation at the type section near

Logan, Montana. This same fauna is found 1,150 feet below

the top of the Jefferson at Hawley Mountain, Idaho, where

the top of the Jefferson contains conodont fauna of the

Famennian Upper Pal]natolepsis marginifera Zone.

Although no fossils were found in the Jefferson of

the study area, the formation does contain good fossil

faunas at some localities. Conodonts are present in some
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areas and provide the most reliable dating method. The

Ashbough Canyon section is reported to be the best fossil

locality in southwestern Montana. Scholten, Keenmon, and

Kupsch (1956) reported finding the brachiopods Spirifer

sp. and Leptaena rhomboidalis there, as well as the

tabulate coral Aulopora. The stroinatoporoids

Cladopora and Stromatopora, and the tabulate corals

Favosites and Coenites, have been recovered from the

Jefferson Formation in Idaho (Scholten and Hait, 1962).

The Jefferson Formation of the study area is

equivalent to the Birdbear and DuperowForniations of

eastern Montana, and can be correlated to the Guilmette

Formation, Devils Gate Limestone, and the lower member of

the Pilot Shale in eastern Nevada and western Utah

(Sandberg et al.,l893).

Depositional Environment

The Jefferson Formation was deposited on a stable

carbonate platform which covered much of the western

United States during the Frasnian and early Famennian.

The lowermost strata originated as peritidal deposits,

while the bulk of the formation was deposited as shallow

subtidal carbonate sediments (Sandberg and Poole, 1977).

The widespread distribution of the Pandorinellina

insita conodont biofacies in the Jefferson supports a

shallow water origin (Sandberg et al., 1983). Evaporitic,



peritidal to supratidal conditions existed over much of

southwestern Montana during the latter stages of

Jefferson deposition, as evidenced by widespread

evaporite solution breccias and/or anhydrite beds near

the top of the formation.

In the study area, dolomitization and diagenesis

have obscured most evidence pertaining to specific

depositional environments in the Jefferson Formation.

However, near the top of the formation, the finely

laminated micritic dolomites, an apparent

evaporite-solution breccia, and a horizon of

intraformational conglomerates, point to deposition of

this part of the Jefferson in a restricted, evaporative,

sabkha-like setting. The planar to gently undulatory fine

laminations, present in some thinner beds and in the

clasts of the intraformational conglomerates, are algal

in origin. Logan (1961) studied modern algal

stromatolites from the restricted waters of Shark Bay,

Australia. He found that unbroken, planar (stratiform)

stromatolites like those in the upper Jefferson Formation

are forming only in the low energy, supratidal zones of

Shark Bay. As outlined earlier in the discussion on

Jefferson breccias, the clasts in the intraformational

conglomerates probably formed as algal laminated

carbonate sediment was subaerially exposed and desiccated

in the supratidal zone.



Three Forks Formation

Nomenclature
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The Three Forks Formation was named by Peale

(1893) for exposures of shale near Three Forks, Montana.

Sloss and Laird (1951) proposed exposures on the north

side of the Gallatin River, near Logan, Montana, as the

formal type locality. The Three Forks Formation in

Montana is divided into three members, which in ascending

order are the Logan Gulch, Trident, and Sappington

Members. The Logan Gulch Member consists of pastel-hued

doloiuitic shales and siltstones, and yellowish gray and

grayish red argillaceous shale and limestone breccias.

The Trident Member consists of a lower unit of medium

gray to dark yellowish orange dolomitic limestone, and an

upper unit of massive, fossiliferous, argillaceous

limestone. The Sappington Member was divided by Gutschick

(1964) into a basal laminated black shale and chert unit,

overlain by an algal-sponge biostromal limestone, which

is in turn overlain by a lower, medium gray impure

siltstone unit, a middle, greenish gray laminated shale

unit, and an upper, ripple marked and cross-stratified,

pale yellowish orange siltstone and sandstone unit.

Gutshick thought the Sappington to be both Devonian and

Mississippian in age (upper Fainennian to Kinderhookian),

and considered it a separate formation from the Three

Forks. Subsequent authors, most recently Sandberg et



al. (1983), have concluded that the Sappington is entirely

upper Famennian in age, and include it in the Three Forks

Formation.

Distribution and Topographic Expression

The Three Forks Formation in the study area is

very non-resistant and forms a continuous grass- and

sagebrush- covered swale between the Jefferson and

Lodgepole Formations along the eastern flank of the

Armstead anticline (see Plate 1). Careful searching

revealed no outcrops of the Three Forks Formation in the

entire area, and interpretations of the formation here

had to be made on the basis of float surveys.

Thickness and Lithology

The thickness of the Three Forks Formation in the

study area, measured from the first and last occurrences

of Three Forks float in the swale between the Jefferson

and Lodgepole Formations, is approximately 350 feet. This

figure should be considered quite tentative, as dips from

adjacent beds of Lodgepole and Jefferson Formations had

to be used to correct the thickness for bedding

attitude.

In southwestern Montana, the Three Forks is quite

variable in thickness. Sloss and Moritz (1951) recorded
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115 feet at Ashbough Canyon in the Blacktail Range,

Honkala (1949) reported 238 feet in the Centennial region

southeast of the study area, and Sloss and Laird (1947)

measured 150 feet at the type locality near Logan,

Montana, northeast of the study area.

Varicolored, dolomitic siltstones and silty shales

are the most commonly encountered float from the Three

Forks Formation in the study area. These are flaggy to

fissile, range in color from moderate reddish orange

(10R6/6) to moderate pink (5R6/6) to pale yellowish brown

(1OYR6/2), and some display prominent liesegang rings.

These siltstones and shales litter the lower part of the

Three Forks swale. Float derived from stratigraphically

above these siltstones and shales consists of limestone

breccia, dolomite, fossiliferous limestone, and laminated

chert. The limestone breccia is grayish orange (1OYR8/2)

to pale yellowish brown (1OYR7/4), and is composed of

subangular laminated micrite fragments in a matrix of

calcite spar. The dolomite is moderate brown (5YR4/4) to

grayish orange pink (5YR7/2), fine-grained, and contains

numerous quartz silt grains. The fossiliferous limestone

is a moderate yellowish brown (1OYR5/4) biomicrite

containing abundant crinoid stems and ossicles. The chert

is black in color, has fine gray laminations, and occurs

as small square chips.

The dolomitic siltstones and shales, and the

limestone breccia, compose the Logan Gulch Meimber of the
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Three Forks Formation. Hildreth (1981) described an

incomplete section of the Logan Gulch Member from the

southeast part of the Armstead anticline, where 16 feet

of varicolored siltstone and shale are overláin by 78

feet of limestone breccia. The laminated chert is derived

from the basal part of the uppermost unit of the Three

Forks, the Sappington Neither. No evidence of black shale,

which occurs interbedded with the laminated chert in the

lower Sappington throughout much of southwestern Montana

(Gutschick, Lane, and Rodriguez, 1977), was found in the

study area. The absence of black shale in float is not

suprising considering the deep weathering of the Three

Forks in the study area. The fine- grained dolomite and

biomicrite are typical of neither the Logan Gulch nor

Sappington Members, but are similar to lithologies

described from the Trident Member, which is the middle

unit of the Three Forks Formation. Sandberg et al.(1983),

on their regional thickness and lithofacies maps of the

Three Forks Formation, show approximately 30 feet of

fossiliferous and pelletal limestone belonging to the

Trident Member in the vicinity of the study area.

However, this area on their map has few data points and

is close to the zero edge of the Trident. Hildreth (1981)

found no evidence of the Trident in the southeast part of

the Ariustead anticline. She attributed the absence of the

Trident Member to pre-Sappington erosional truncation.

This author suspects that at least a thin remnant of the
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Trident Member is present in the study area, but its

existence cannot be firmly established on the basis of

the limited evidence available.

The contact between the Three Forks and Jefferson

Formations in southwestern Montana has been described as

conformable by Sloss and Moritz (1951), Scholten,

Keenmon, and Kupsch (1956), and by Hildreth (1981). The

precise contact between the Three Forks and the Jefferson

is not exposed in the study area. Aerial photographs show

no relief, or truncation of beds, on the top of the

Jefferson, suggesting at least a concordant relationship

between the two formations here.

Within the Three Forks Formation, the Trident

Member, where present in southwestern Montana, lies

conformably on the Logan Gulch Member. The contact

between the Trident and Sappington Members is marked by

an erosional unconformity in southwestern Montana

(McMannis,l962). According to Sandberg et al.(1983), the

middle Famennian transgressive cycle responsible for

deposition of the Trident Member was followed by a period

of short-lived epeirogenic uplifts, such as the southern

Beaverhead Mountains uplift along the Montana-Idaho

border. Regression associated with these uplifts produced

an erosional unconformity between the middle Famennian

Trident Member and the upper Famennian Sappington Member.

Two thin sections of the Three Forks Formation

were studied in detail. The first (WG-24) is a sample of



limestone breccia from the Logan Gulch Neither and

consists of light olive gray (5Y6/l), laminated micritic

dolomite clasts set in a matrix of coarser grained,

grayish orange (1OYR5/4) calcite. The dolomite clasts are

angular, range in size from 0.25 millimeters to two

centimeters, and are composed of alternating layers of

dark, micrite-sized (1-3 microns) dolomite crystals and

lighter colored, inicrospar- to pseudospar-sized (5-40

microns) dolomite crystals. The dark laminations average

0.15 millimeters in thickness, whereas the lighter

laminations are slightly thicker, averaging 0.25

millimeters. The matrix surrounding the clasts consists

of equigranular, subhedral to euhedral calcite polyhedra

which average 0.06 millimeters. This matrix is cloudy

with inclusions of insoluble residues. Insoluble residues

are also concentrated along clast margins.

The second thin section of the Three Forks

Formation studied (WG-24) is a grayish orange pink

(5YR7/2) silty dolomite which may be from the Trident

Member. The dolomite occurs in two distinct forms: as

very small (average 0.03 millimeters), brownish, zoned

euhedral rhombs, which comprise 75% of the sample, and as

slightly darker colored, finely pelletal (individual

pellets average 0.09 millimeters) micritic dolomite,

which comprises 12% of the sample. Quartz silt makes up

15% of the sample. The quartz is angular,

monocrystalline, and dominantly non-undulatory. Some
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Photomicrograph of limestone breccia. Angular,
laminated inicritic dolomite clast set in a matrix
of equigranular, subhedral to euhedral calcite
polyhedra. Clast consists of alternating layers of
dark, inicrospar-sized dolomite crystals and
lighter colored, pseudospar-sized dolomite
crystals. Note concentration of insoluble residues
(arrow) along the clast margin. Plane light.
Sample WG-23, float from the Logan Gulch Member of
the Upper Devonian Three Forks Formation, east
flank of the Armstead anticline.



grains display inclusions of apatite and rutile,

indicating an origin from acid igneous or metamorphic

rocks. Fractures are filled with opaque pyrolusite and

clear, subhedral calcite. Porosity is roughly 3%, and

consists of combined eogenetic interparticle,

intercrystal (dolomitization), fracture, and telogenetic

vug porosity.

Age and Correlation

The Middle Devonian to Late Mississippian

depositional history of the western United States was

resolved into two major transgressive-regressive cycles

by Sandberg et al.(1983). These cycles represent long

term, major sea level fluctuations, during which numerous

lower amplitude sea level oscillations occurred. The

Three Forks Formation was deposited during the regressive

phase of the first cycle, and ranges in age from middle

to upper Famennian (Late Devonian).

The Late Devonian can be divided into 27 standard

worldwide conodont zones (Sandberg, 1979.; Sandberg et

al.,1983). These are high resolution zones, which,

according to the calculations of Ziegler (1978), have

timespans of 0.3 to 0.6 million years. Sandberg et

al. (1983) were able to interpret and date Middle to Late

Devonian events, in millions of years before or after the

Devonian-Carboniferous boundary, using a 0.5 million year



timespan for the Late Devonian conodont zones. According

to these authors' conclusions, deposition of the Logan

Gulch Member of the Three Forks Formation took place in

the period from 5.0 to 4.5 million years before the

Devonian-Carboniferous boundary, a period which in Europe

is represented by the Lower Scaphignathus velifer Zone.

This is one of three Upper Devonian conodont zones which

has not yet been identified in the United States. The

absence of this zone is likely because the time of this

Lower Scaphignathus velifer Zone was a regressive

period characterized by continental erosion and localized

evaporite deposition in the western United States

(Sandberg et al.,1983). A short transgression, which

followed deposition of the Logan Gulch Member, produced a

narrow seaway which stretched from western Canada through

western Montana, eastern Idaho, central Utah,

southeastern Nevada and southern Arizona. The Trident

Member of the Three Forks Formation, assignable to the

Middle and Upper Scaphignathus velifer Zone, was

deposited in this seaway in the period from 4.5 to 3.5

million years before the Devonian-Carboniferous boundary

(Sandberg et al.,1983). Another short transgression

occurred in the period from 2.5 to 1.5 million years

before the Devonian-Carboniferous boundary, and was

followed by continued regression which continued to the

systemic boundary. The lower black shale and chert of the

Sappington Member were deposited during this brief
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transgression at the time of the Upper Polygnathus

styriacus Zone. The upper limestone, siltstone, and

sandstone of the Sappington were deposited during the

closing stages of the Late Devonian regressive cycle,

from the time of Lower Bispathodus costatus to

Siphonodella praesulcata Zone (Sandberget al.,1983).

The Three Forks Formation is recognized over most

of Montana and parts of Idaho, Wyoming, North Dakota, and

South Dakota. The Logan Gulch Member is correlative with

the lower part of the Beirdneau Formation in southeastern

Idaho and northeastern Utah, and the Trident Member is

correlative with the lower member of the Pinyon Peak

Limestone in southwestern Utah and the upper part of the

Beirdneau Formation. The lower black shale and chert of

the Sappington Member are correlative with the basal beds

of the Leatham Formation in northern Utah (Sandberg et

al.,1983), the Ouray Limestone of Utah, Arizona, and

Colorado, and the upper member of the Pinyon Peak

Limestone. The limestone, siltstone, and sandstone of the

upper Sappington Member are correlative with the lower

tongue of the Cottonwood Canyon Member of the Madison

Limestone in Wyoming, the lower part of the Fitchville

Formation in central and western Utah, and the upper part

of the Dyer Dolomite in Colorado.
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Depositional Environment

The Logan Gulch Member of the Three Forks

Formation is thought to have been deposited in a large

evaporite basin which covered most of western Montana and

the southern parts of Saskatchewan and Alberta (Sandberg,

1965). The widespread distribution of dolomite,

anhydrite, and evaporite solution breccia in the Logan

Gulch supports the evaporite basin interpretation.

Sandberg and Poole (1977), following up on Sandberg's

(1970) idea that the Jefferson Formation in Idaho is

equivalent to the Jefferson and Logan Gulch Member of the

Three Forks in Montana, theorized that the upper part of

the Jefferson in Idaho was a limestone bank which formed

a barrier along the western edge of a lagoon in which the

upper part of the Logan Gulch was deposited.

The lower black shale and chert of the Sappington

Member are deep water deposits (Sandberg, 1976).

According to Sandberg et al.(1983), the rapidity of the

brief upper Famennian transgression which occurred during

the Upper Polygnathus styriacus Zone, coupled with

eustatic deepening and (or) crustal downwarping,

"permitted relatively deep water rocks, such as the lower

black shale of the Sappington Member of the Three Forks

Formation to be deposited far onto the craton." The upper

limestone, siltstone, and sandstone of the Sappington

Member were deposited in shallow marine to marginal
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niarine environments during the final regressive phase of

the Late Devonian eustatic cycle (Sandberg et al.,1983).



Lodgepole Formation

Nomenclature
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The Lodgepole Formation was named by Collier and

Cathcart (1922) for exposures of limestone in Lodgepole

Canyon, in the northern part of the Little Rocky

Mountains, Montana. These authors were the first to

elevate the Madison Formation (Peale, 1893) to group

status, and they divided it into two formations, the

lower one being the Lodgepole Formation and the upper one

being the Missthn Canyon Formation. Sloss and Hamblin

(1942) synthesized the nomenclatural framework for the

Madison Group, retaining the names Paine Shale and

Woodhurst Limestone of Weed (1899) as members of the

Lodgepole Formation. Currently, three members of the

Lodgepole Formation are recognized: they are, in

ascending order, the Cottonwood Canyon (Sandberg and

Kiapper, 1967), the Paine, and the Woodhurst Members.

At the type section in the northern Bighorn

Mountains near Lovell, Wyoming, the Cottonwood Canyon

Member consists of two tongues of dark shale and

siltstone, each of which has a basal conglomeratic lag

containing phosphatic nodules, coprolites, conodonts,

fish remains, and glauconite grains. The type section of

the Paine and Woodhurst Members is located on the Dry

Fork of Belt Creek in Cascade County, Montana. Here, the

Paine is composed of dark colored, thin-bedded, silty,
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argillaceous micrite containing 5% to 30% coarse

bioclastic debris and abundant chert nodules and lenses

(Sandberg and Kiapper, 1967). The Woodhurst is composed

of a cyclic sequence of alternating thin-bedded,

fine-grained shaly limestones and thicker bedded, coarser

grained, crinoidal and oolitic liiuestones (Sando and

Dutro, 1974). The type section of the Madison Group is

located on the north side of the Gallatin River, just

north of the town of Logan, in Gallatin County, Montana.

Distribution and Topographic Expression

The Lodgepole Formation in the study area crops

out in a wide belt along the eastern flank of the

Armstead anticline. This belt trends ma northwesterly

direction through Sections 2, 3, 11, 12, and 13 of T.9

S., R.11 W, and Sections 33 and 34 of T.8 S, R.11 W.. A

less extensive belt of Lodgepole Formation occurs on the

east flank of the Madigan Gulch anticline, in Sections 30

and 31 of T.8 S., R.11 W. (see Plate 1). Much of the

Lodgepole is covered with a thin soil which supports

sparse range grass and sagebrush, but good exposures can

be found scattered throughout both belts. The most

complete exposures of Lodgepole in the study area are

located along the sides of the Eli Springs Gulch in the

northeast corner of Section 3, T.9 S., R.11 W., and along

the sides of two unnamed gulches, one in the northwest
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corner of Section 3, T.9 S., R.11 W, and one in the

southwest corner of Section 34, T.8 S., R.11 W.

The Lodgepole is cut by two nearly parallel

left-lateral strike-slip faults, which trend east-west

through the northern half of Section 11, T.9 S., R.11 W.,

and have a combined displacement of roughly 500 feet.

The Lodgepole Formation has been folded to nearly

vertical or overturned along the entire length of the

Armstead anticline. Superimposed on this first order

folding are numerous smaller second order folds,

resulting in sharp changes in the attitude of Lodgepole

strata over short distances. The gentlest dips in the

Lodgepole are located along the axis of the Madigan Gulch

anticline, where they average 47°W. Conversely, the most

strongly overturned strata are located on the east flank

of the Armstead anticline, along Eli Springs Gulch, where

dips of 40°overturned to the west were recorded.

Thickness and Lithology

The contact between the Lodgepole Formation and

the underlying Three Forks Formation is not exposed in

the study area, but is marked at some localities by a

subtle slope break on the upsection side of the Three

Forks swale, and by the first appearance of float from

the Paine Member. The contact between the Lodgepole and

the overlying Mission Canyon Formation is gradational
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over a stratigraphic interval of roughly 100 feet. This

transition zone is characterized by very thick- and

irregularly bedded, cherty, crinoidal sparites, typical

of the Mission Canyon, interbedded with thin-bedded,

crinoidal sparites and shaly inicrites typical of the

Woodhurst Member of the Lodgepole.

The thickness of the Lodgepole Formation in the

study area, measured from the slope break on the

upsection side of the Three Forks swale, to the first

occurrence of very thick-bedded, crinoidal sparites

characteristic of the Mission Canyon Formation, is 1,260

feet. Although lithologies representing both the Paine

and Woodhurst Members are present in the study area, the

contact between the members could not be confidently

located. The combination of incomplete exposures and

lithologic similarities between the members makes the

distinction between them difficult at some localities.

The best estimate that this author could make is that the

Paine member is approximately 270 to 300 feet thick, and

the Woodhurst is approximately 960 to 990 feet thick. The

Cottonwood Canyon Member is absent from the study area.

The nearest reported occurrence of this unit is to the

northeast in the northern Bighorn Mountains, Montana,

where a very thin remnant of the upper tongue is present

(Sando, 1972).

Regionally, the Lodgepole is 729 feet thick at the

type locality on the Dry Fork of Belt Creek, where it
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includes two feet of the Cottonwood Canyon Member, 201

feet of the Paine Member, and 526 feet of the Woodhurst

Member (Sando and Dutro, 1974). The Paine is 225 thick,

and the Woodhurst is 300 feet thick, in the Little Belt

Mountains of central Montana (Smith, 1977). At Ashbough

Canyon, east of the study area, Huh (1968) measured 590

feet of the Paine member and 400 feet of the Woodhurst

Member. Scholten (1957) estimated that the Lodgepole was

500 to 800 feet thick in the Tendoy Range to the south of

the study area. Hildreth (1981) recorded 300 feet of the

Paine, and 800 feet of the Woodhurst Member, on the

southeast flank of the Armstead anticline.

PAINE MEMBER

The Paine Member in the study area is

characterized by rhythmically bedded, thin- to

medium-bedded, dark brownish gray (5YR4/l) micrites and

sparse biomicrites, and very thin-bedded, shaly,

argillaceous micrites. Most of the argillaceous micrites

are deeply weathered to a pale yellowish orange (1OYR8/6)

soil, leaving the interbedded biomicrites standing out in

relief. Some of the Paine biomicrites are petroliferous

and give off a fetid odor from fresh surfaces. Chert is

an important constituent of some of the Paine strata, and

occurs in two forms: as brown to black lenses and

nodules, and as fine-grained, incipient chert

disseminated throughout some beds. Beds which have
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resistant to weathering and respond in a manner quite

similar to dolomite when reacting to hydrochloric acid;

i.e., they effervesce strongly only when powdered.

Throughout the study area, the Paine displays a dense

network of fractures which range in size from microscopic

to a centimeter wide and are filled with white calcite

spar. Hildreth (1981) correlated 50 feet of strata at the

top of the Paine on the southeast flank of the Armstead

anticline with the shallow water facies noted by Smith

(1977) from the top of the Paine in central Montana. She

described these strata as being similar to, but lighter

colored than, the underlying deeper water micrites and

biomicrites. This shallow water facies was identified,

albeit tentatively, near the top of the Paine in the

study area as thin- to thick-, and irregularly bedded,

light brownish gray (5YR4/l) biomicrites with

intercalated cherty limestone lenses. The only outcrop of

this strata found in the study area is located in the

northwest corner of Section 3, T.9 S., R.11 W. Megascopic

allocheins are sparse in most of the Paine limestones;

where present, they are limited to small crinoid and

brachiopod fragments.

WOODHURST MEMBER

The Woodhurst Member is quite similar to the

Paine, but tends to be thicker bedded and somewhat



Figure 15.

Overturned, medium-bedded crinoidal biosparites,
upper part of the Woodhurst Member of the
Lodgepole Formation. Exposed on the west side of
Eli Springs gulch, east flank of the Armstead
anticline.



lighter colored than the Paine, and contains numerous

beds of coarse-grained, crinoidal biosparite. Brownish

gray biomicrites, and thin intervals of reddish and

yellowish shaly inicrite, are common in the lower

two-thirds of the Woodhurst. Biosparites become

increasingly common upsection, and dominate the upper

part of the member. These biosparites range in color from

light brownish gray (5YR4/l) to yellowish brown (1OYR6/2)

to light gray (N 7), and they develop a distinct pitted

texture on weathered surfaces. Some excellent exposures

of the upper Woodhurst biosparites are located along

either side of a shallow gulch in the center of Section

13, T.9 S., R.11 W. Here, the biosparites contain lenses

of medium gray (N 6) chert and dusky brown (5YR2/2)

dolomite. Crinoid fragments are the most abundant

inegascopic allochems in the Woodhurst biosparites, but

brachiopods and bryozoans are common as well.

Two samples of the Lodgepole Formation were

selected for thin section study. Sample WG-llOA, taken

from the middle of the Paine Member, is a dark yellowish

brown (1OYR4/2), sparsely fossiliferous biomicrite which

displays a few small crinoid ossicles on weathered

surfaces. Micrite comprises 50% of this sample, and the

remainder consists of matrix-supported, silt- to medium

sand-sized fossil fragments. The micrite is homogeneous

and structureless, and shows no evidence of neomorphism.

Identifiable fossil fragments include numerous small
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.5 mm.

Figure 16.

Photomicrograph of sparsely fossiliferous
biomicrite. Fine crinoid (C) and ostracode (0)
fragments and quartz silt (q) set in a matrix of
yellowish brown micrite. Note network of
subparallel, spar-filled fractures. Plane light.
Sample WG-11OA, middle part of the Paine Member of
the Lodgepole Formation, east flank of the
Armstead anticline.
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crinoid ossicles, and lesser numbers of thin-shelled

ostracodes and brachiopods. All of the fossil remains in

this sample are disarticulated and broken, and more than

half, with no recognizable shape or microstructures, are

unidentifiable. Much of the unidentifiable material

probably originated as fine aragonitic debris, such as

the shells of mollusks, which has undergone either

solution and later calcite filling, or neomorphism.

The second sample examined in thin section was

taken from the upper part of the Woodhurst Member. It is

a light olive gray (514/1), poorly washed biopelsparite

in which zones of spar-cemented biotics alternate with

micrite-rich zones. The biotics include roughly 40%

crinoid plates and ossicles, with lesser amounts of

brachiopod, ostracode, fenestrate bryozoan, and pelycypod

fragments. The micrite-rich zones are most common in

sheltered areas beneath large brachiopod fragments. The

grain size is highly variable and the rock as a whole is

poorly sorted. The brachiopod remains are quite diverse,

and include punctate, impunctate, and pseudopunctate

forms. Most are thick-shelled, with the exception of one

thin-shelled, strongly crenulated form. Ostracodes are

common and occur as disarticulated valves and as whole

tests filled with inicrite. Rare, spar-filled molds in the

micrite are recognized as pelycypods by their general

shape. The micrite, which contains some small, finely

disseminated fossil fragments, comprises 20% of the rock
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Figure 17.

Photomicrograph of poorly washed biopeisparite.
Finely crenulated impunctate brachiopods (b),
pellets (p), and echinoderm fragments (e). Note
clear syntaxial calcite overgrowths (o) on
echinoderm fragments. Plane light. Sample WG-109,
upper part of the Woodhurst Member of the
Lodgepole Formation, east flank of the Armstead
anticline.



and has recrystallized in small patches to microspar and

pseuodospar. It occupies discrete micrite-rich zones, as

well as filling the interior of ostracode tests and the

pores in bryozoan fronds and crinoid plates. Fine

sand-sized, peloidal material makes up roughly 7% of the

rock. Some of these peloids are skeletal particles which

have been micritized (Bathurst, 1966) by the boring

action of endolithic blue-green algae, as evidenced by

the irregular shapes and angularity. However, the

majority of the peloids are ovoid to round, and likely

originated as the feces of bottom dwelling, mud-ingesting

organisms. The peloids are concentrated with biotics in

the sparry zones and are notably lacking in the micritic

zones. The dominant cement in this rock is pore-filling,

subhedral calcite spar, which occurs as syntaxial

overgrowths on crinoid plates. Several of the brachiopod

shells are partially replaced by radiating chalcedony,

and quartz and chalcedony replace some of the crinoid

plates and ossicles. A network of parallel fractures

filled with calcite spar transects the sample. Many of

these fractures terminate against, or are offset by,

stylolites which formed after fracturing. Porosity is low

(<1%) and consists of reduced interparticle, and fracture

porosity.
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Figure 18.

.1

Photomicrograph of inicrite-rich zone in poorly
washed biopeisparite. Robust iinpunctate brachiopod
(i), smaller punctate brachiopod (p), neomorphosed
grains (n). Note micrite (m) preserved within the
canals of the punctate brachiopod and in the large
shelter pore betweeen the biotics. Plane light.
Sample WG-109, upper part of the Woodhurst Member
of the Lodgepole Formation, east flank of the
Armstead anticline.



Age and Correlation

An Early Mississippian (Kinderhookian) age was

assigned to the Lodgepole by Laudon and Severson (1953)

on the basis of crinoid collections, and by Sando and

Dutro (1960) on the basis of a faunal assemblage from the

Lodgepole in Three Forks area. In the 1960's, conodont

biostratigraphy emerged as the preferred method for

dating Upper Devonian and Lower Mississippian rocks.

Conodont zonation schemes for the Lower Mississippian

sequence, such as the Siphonodella zonation of Sandberg

and others (1978), and the post-Siphonodella zonation

of Lane, Sandberg, and Ziegler (1980) are useful both in

Europe and North America, and provide higher resolution

than the zonations of other fossil groups (Sandberg et

al.,l983). Early Mississippian conodont zones are

calculated to have an average timespan of 1.5 million

years (Sandberg, 1980).

The Cottonwood Canyon Member of the Lodgepole, as

discussed earlier, consists of two tongues. The lower

tongue, where present in extreme south-central Montana,

contains conodonts of the Lower Bispathodus costatus to

Siphonodella praesulcata Zones, indicating a late

Famennian (latest Devonian) age for this unit (Sandberg

and Poole, 1977). The upper tongue, although more widely

distributed than the lower one, is also limited in

Montana to the south-central part of the state. It
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contains conodonts of the Siphonodella sulcata,

Siphonodella duplicata, and Siphonodella sandbergi

Zones, indicating an early to middle Kinderhookian (Early

Mississippian) age (Sandberg and Kiapper, 1967., Sandberg

et al., 1983). The Paine Member of the Lodgepole

contains conodonts of the Lower Siphonodella crenulata

and Siphonodella isotichia - Upper Siphonodella

crenulata Zones, indicating a middle to late

Kinderhookian (Early Mississippian) age. Conodonts found

in the Woodhurst Member are assignable to the Gnathodus

typicus Zone, establishing an early Osagean (Early

Mississippian) age for this unit (Sandberg and Gutschick,

1980)

The Madison Group is one of the most areally

extensive stratigraphic units recognized in the western

United States. The Lodgepole Formation is present over

most of Montana, and parts of Wyoming, North and South

Dakota, and Utah. In addition, time-stratigraphic

carbonate equivalents to the Lodgepole occur in Arizona,

Nevada, Wyoming, Utah, California, Idaho, Colorado (Sando

and Dutro, 1974), Alberta, and Alaska (Oles, 1984).

Sandberg and others (1983) have identified many of these

lower Mississippian time-stratigraphic equivalents and

according to their correlations: (1) the lower tongue of

the Cottonwood Canyon is equivalent to the Sappington

Member (in part) of the Three Forks Formation in western

Montana and the lower part of the Fitchville Formation in.



Utah; (2) the upper tongue is equivalent to the upper

part of the Fitchville Formation, and the lower part of

the Madison Limestone in eastern and southern Wyoming;

(3) the Paine is equivalent to the Lodgepole Limestone in

northern Utah, the McGowan Creek Formation (in part) in

central Idaho, the lower, shallow water part of the Joana

Limestone in eastern Nevada, the Allan Mountain Limestone

(in part) of northwestern Montana, and the Redwall

Limestone (in part) of Arizona and southern Utah; and (4)

the Woodhurst is equivalent to the McGowan Creek

Formation (in part), the upper, deep water part of the

Joana Limestone, the Gardison Limestone in western Utah,

and the Leadville and Redwall Limestones (in part) in

Colorado and Utah.

Depositional Environment

In latest Devortian time, according to Sandberg et

al. (1983),

the Middle to Late Devonian eustatic cycle
ended with most of the Great Basin and Rocky
Mountain regions being low land areas, except
for scattered epeirogenic highlands, and with
only a shallow remnant of a once extensive sea
still existing in the Overthrust belt region.

The fine clastics of the lower tongue of the Cottonwood

Canyon Member of the Lodgepole Formation accumulated in

this narrow, northeast-trending seaway which extended

through western Wyoming into extreme southern Montana.
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in this same seaway during the early and middle

Kinderhookian (earliest Mississippian) when sea level was

at a low stand and the interior of the continent was

relatively free from epeirogenic movements (Sandberg et

al., 1983).

During the middle Kinderhookian, the first of two

major Mississippian transgressions began in the northern

Cordilleran region. Deformation associated with the

Antler orogeny raised an initial Antler welt in western

Idaho and central Nevada, which by late Kinderhookian had

developed into a substantial orogenic highland bordered

on the east by a deep flysch trough (Sandberg et

al.,1983). It was during this time that patterns and

rates of sedimentation along the western Cordillera

became strongly differentiated across the Wasatch Line.

This line, which runs roughly along the Montana-Idaho

border to the west of the study area, separated

predominantly carbonate deposition on the craton to the

east from deposition of predominantly clastics in deep

starved basins and a flysch trough to the west.

The middle Kinderhookian transgression occurred at

the remarkable rate of 20-40 centimeters/year, and

within a timespan of approximately 1.5 million years the

sea had spread 125-300 kilometers westward into the

Antler trough and 300-600 kilometers northeastward onto

the craton (Sandberg et al.,l983). The transgression was



accompanied by the development of a carbonate platform,

and by the late Kinderhookian a distinct shelf margin

separated light colored, now dolomitized platform

carbonates in Wyoming and southern Montana from dark,

fossiliferous, fine-grained, thin-bedded foreslope and

sparsely fossiliferous, basinal limestones in western

Montana, extreme western Wyoming, and eastern Idaho

(Gutschick et al.,l980). The platform carbonates are

represented by the lower dolomite member of the Madison

Limestone in Wyoming, the slope and basinal lixnestones

are represented by the Paine Member of the Lodgepole

Formation in western Montana.

The fine grain size, dark color, and thin beds of

the Paine in the study area reflect low energy

deposition, below wave base, in the Paine basin west of

the foreslope. ( A depth of 100 meters was estimated by

Sandberg et al.(1983) for the Paine basin in Montana). No

deep water, crinoid-bryozoan Waulsortian bioherms, such

as those reported from the Lodgepole in west-central

Montana by Smith, were recognized in the study area, and

the unit as a whole is sparsely fossiliferous. The

brachiopods and ostracodes present in the Paine of the

study area are thin-shelled delicate forms typical of a

low energy environment. These fossils, however, are

disarticulated and broken up, suggesting that they did

not originate in situ, but rather were eroded, possibly

during large storm events, from contemporaneous, slightly
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shallower carbonate sources to the east on the foreslope

and redeposited in deeper water to the west. The abundant

micrite in the Paine was likely derived from the

winnowing of contemporaneous shallower water carbonates

also (Smith, 1977).

By early Osagean time, the shelf margin

delineating the edge of the carbonate platform, and now

marked by the western limit of dolomitized shallow water

carbonates, had retreated southeastward into central

Wyoming, and deposition of the Paine carbonates in

Montana had ceased. The retreat of the shelf margin

resulted in the widening of the shelf and formation of a

broad clinoform ramp (Gutschick et al., 1980) of very low

slope. The interbedded biomicrites and crinoidal

biosparites of the Woodhurst Member were deposited on

this gently sloping carbonate ramp. The brachiopods from

the Woodhurst biosparites in the field area are

thick-shelled, robust or strongly crenulated forms, most

of which are broken and rounded. This suggests much

higher energy deposition than the Paine carbonates.

Hildreth (1981) reported that a brachiopod assemblage

collected from the Woodhurst on the southeast flank of

the Armstead anticline, and identified by Dr. Gordon

McKenzie, was indicative of relatively shallow water

within wave base. The source of the Woodhurst carbonates

is thought to have been the contemporaneous shallow-water

carbonates of the shelf margin and platform (Gutschick et
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al., 1980). The abundance of micrite in the Woodhurst

liiuestones can be attributed to periodic low energy

conditions on the ramp, a supply of micrite from the

shelf margin that periodically exceeded the rate of

winnowing on the ramp, or a combination of both factors.

The dominance of biosparites near the top of the

Woodhurst suggests a shallowing of water depth in the

study area towards the end of Woodhurst deposition. This

apparent shoaling can be explained by a sedimentation

rate which exceeded eustatic sea level rise, or by the

fact that the shelf edge had begun to prograde westward

at this time (Sandberg et al.,1983), in effect moving the

source of coarse carbonate debris closer to the study

area.
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Nomenclature
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The Mission Canyon Formation was named by Collier

and Cathcart (1922) for exposures of predominantly light

colored, thick-bedded, shallow water limestones overlying

the thin-bedded Woodhurst limestones in the Little Rocky

Mountains, Montana. The type locality is in Mission

Canyon, in the northern Little Rocky Mountains,

approximately one mile southeast of.St. Paul's Mission

(Knechtel, 1959). Pre-Jurassic erosion has truncated the

formation at the type locality, and the closest complete

section is on Route 89, 1.8 miles north of Monarch,

Montana. Here, the Mission Canyon is characterized by

thick-bedded to massive, gray to yellowish brown

fossiliferous limestone containing abundant chert lenses

and nodules; dolomitic zones are common near the base,

and a thick zone of solution breccia is present in the

middle of the formation (Sando and Dutro, 1974).

Distribution and Topographic Expression

The Mission Canyon Formation is the thickest

formation in the field area, and extensive exposures,

particularly of the upper third, are common. Along the

eastern flank of the Armstead anticline, the top of the

formation forms a northwesterly striking, near vertical
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20 to 50 foot high cliff above the non-resistant beds of

the Kibbey Sandstone. The lower two-thirds of the Mission

Canyon Formation in the Armstead anticline are

characterized by sagebrush- and range grass-vegetated

hills and ridges; outcrops of this part of the section

are typically exposed as flat pavements in areas of thin

soil cover. The most complete section of the Mission

Canyon in the study area is located along Eli Springs

Gulch, in the northeast corner of Section 3, T.9 S., R.11

W., and in the southeast corner of Section 34, T.8 S.,

R.11 W. (see Plate 1), where 980 feet of the formation

are exposed. The Mission Canyon-Woodhurst transition zone

is well exposed at this locality. Other well-exposed, but

less complete sections of Mission Canyon strata are

located on the nose of the Armstead anticline along the

western border of Section 28, T.8 S.,R.11 W., and along

the eastern flank of the Madigan Gulch anticline in the

eastern half of Section 31, T.8 S., Lii W..

The two major left-lateral strike-slip faults

which displace the lower Paleozoic section of the

Armstead anticline also displace the Mission Canyon. The

southernmost of these faults appears to branch into two

smaller displacement faults within the upper part of the

formation, in the northwest corner of Section 12, T.9 S.,

R.ii W.. Three other left-lateral faults of lesser

displacement also cut the Mission Canyon on the east

flank of the Arinstead anticline. The Indian Head thrust
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fault parallels the axis of the axis of the Armstead

anticline in the northwest corner of Section 33, T.8 S.,

R.11 W. This fault bisects the nose of the fold and

juxtaposes Mission Canyon in the hanging wall against

Mission Canyon and progressively younger formations

within the footwall in a down-plunge direction.

The Mission Canyon Formation is steeply dipping or

overturned along the eastern flanks of both the Armstead

and Madigan Gulch anticlines. Dips along the Armstead

increase from 60°E on the southern boundary of the field

area to a maximum of 60° overturned to the west in the Eli

Springs area, and then decrease to a minimum of 40°E on

the nose of the anticline. The Mission Canyon, because of

thick beds and a lack of shaly interbeds, did not develop

the strong second order folding prevalent in the

underlying Lodgepole and overlying Snowcrest Range Group.

Thickness and Lithology

The present study area has one of the thickest

reported accumulations of Mission Canyon strata in

Montana. The lower contact of this formation, as

previously mentioned, is marked by a transition zone from

the thin-bedded Woodhurst limestones to the thick-bedded

Mission Canyon limestones. The upper contact of the

Mission Canyon, concealed at most places, can be located

approximately by noting the first appearance in float of
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Transition zone between steeply dipping strata of
the Woodhurst Member of the Lodgepole Formation
and the Mission Canyon Formation. Note thin-bedded
limestones characteristic of the Woodhurst on the
left (west), which grade upward into thick- and
irregular- bedded cherty limestones characteristic
of the Mission Canyon on the right (east). Exposed
on the west side of Eli Springs gulch, east flank
of the Arinstead anticline.



the deep red calcareous sandstones of the overlying

Kibbey Sandstone. The thickness of the Mission Canyon,

measured from the first thick-bedded strata in the

Woodhurst-Mission Canyon transition, to the first

occurrence of Kibbey float, is 1,725 feet.

Regionally, the Mission Canyon is 850 feet thick

in Ashbough Canyon to the east of the study area (Huh,

1968), 656 feet thick northeast of the study area along

the Yellowstone River near Livingston, Montana (Roberts,

1966), and approximately 500 feet thick in the Centennial

Mountains southeast of the study area (Sloss and Moritz,

1951). Scholten et al.(l956) reported that the thickness

of Mission Canyon strata in the Lima region, south of the

Armstead anticline, ranges from 700 feet to 1,700 feet.

The Mission Canyon Formation in the study area is

dominated by thick- to very thick-bedded, bioclastic

limestones. These limestones range in color from light

gray (N5) to olive gray (5Y4/l) on fresh surfaces, and

contain numerous isolated nodules and lenses of chert.

The color of the chert varies both laterally and

vertically, with shades of olive black (5Y2/l), dark gray

(N3), brown (5YR3/4), white (N9), pink (5R7/4), and red

(5R5/4) being common. Discontinuous and irregular bedding

is a common and characteristic feature of the Mission

Canyon Formation; continuous bedding planes are rare and

careful searching is often necessary to locate suitable

measuring surfaces in these strata. Thin-bedded intervals



do occur within the lower two-thirds of the Mission

Canyon in the study area, but most are poorly exposed.

One such interval with adequate exposure is located in

the southeast corner of Section 34, T.8 S., R.11 W.,

where 29 feet of thin-bedded, flaggy, pinkish gray

(5Y8/l) micrites crop out.

Lithologically, the Mission Canyon is chiefly

well-washed biosparite, with subordinate amounts of

micrite, biomicrite, and poorly washed biosparite.

Several outcrops of brown, micritic dolomite were

observed near the top of the formation. In outcrop, the

Mission Canyon appears sparsely fossiliferous, with

isolated silicified bryozoan stems and solitary corals

being the only recognizable fossils. In thin section,

identifiable allochems include numerous echinoderm

fragments, as well as brachiopod valves and bryozoan

stems and fronds.

Two thin sections of the Mission Canyon limestones

were examined in detail. Sample WG-lO8 is a good

representative sample of most of the Mission Canyon

Formation. It is a well-washed echinoderm biosparite

containing 50% echinoderm, 15% bryozoan and 5% brachiopod

fragments. The brachiopods are thick-shelled impunctate

and pseudopunctate forms; one fragment of a phosphatic

brachiopod was also observed. Micrite comprises only 1%

of the sample and is confined to the sheltered areas
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Photomicrograph of well-washed echinoderm
biosparite. Well-rounded and well-sorted
echinoderm fragments (e) bearing clear syntaxial
calcite overgrowths comprise 80% of the slide.
Note micrite (m) preserved within the zooecial
chambers of bryozoan fragments (b). Plane light.
Sample WG-108, lower part of the Mission Canyon
Formation, east flank of the Armstead anticline.
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between biotics, the pores in echinoderm plates, and the

zooecial chambers of bryozoans. The biotics are

disarticulated, well-rounded, and quite well-sorted for a

carbonate, ranging in size from fine to coarse sand.

Porosity originally made up roughly 30% of this sample,

but has been reduced to less than 1% by clear syntaxial

calcite overgrowths on echinoderm fragments.

BRECCIAS

Breccia zones are common in the Mission Canyon

Formation of the study area, where two distinct genetic

types are recognizable: solution breccias related to the

solution of evaporite beds, with ensuing collapse of

overlying strata; and solution breccias related to

Meramecian exposure and karstification of the Mission

Canyon.

Solution and karst breccias have been reported

from the Mission Canyon of central and western Montana by

Berry (1943), Leonard (1946), Scholten et al.(l956),

Sando and Dutro (1974), and many others. The genesis of

these deposits has been examined in detail by Middleton

(1961), and Roberts (1961, 1966). Roberts described

laterally continuous evaporite-solution breccias near

Livingston, Montana. They consist of poorly sorted,

angular to subrounded limestone and angular chert

fragments set in a clayey siltstone matrix characterized

by illite clay. These breccias have poorly defined top
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boundaries and sharp, laterally continuous lower

boundaries. Karst breccias from the same locality have

similar clasts and matrix, but differ from the solution

breccias in that they fill upward-widening joints or

fractures instead of being laterally continuous, have a

matrix clay that is dominantly kaolinite, and have poorly

defined upper and lower boundaries.

The top of the Mission Canyon in the study area is

marked by a breccia zone roughly 60 feet thick. This

breccia zone forms a laterally continuous covered

interval stretching nearly the entire length of the

Armstead anticline in the study area. However, on the

nose of the anticline in the northern half of Section 28,

T.8 S., R.11W., this breccia zone is resistant and

well-exposed as a result of partial silicification. Here,

outcrops of silicified micrite, brown micritic dolomite,

and silicified limestone breccia are separated by covered

intervals of red soil littered with red siltstone and

silty shale fragments. Some relict bedding planes are

visible in the unbrecciated, silicified micrites.

Hildreth (1981) described a similar breccia from the

Mission Canyon on the southeast flank of the Armstead

anticline, and attributed its formation to the solution

of evaporite beds in the upper 100 feet of the Mission

Canyon, with subsequent collapse and crushing of the

overlying insoluble strata. Her conclusion is supported

by the documented presence of evaporite sequences in the
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upper Mission Canyon of southwestern Montana (Huh, 1968;

Roberts, 1966), the apparent sharp basal contact of the

breccia with underlying thick-bedded limestones, and the

laterally continuous nature of the breccia. Roberts

(1966) theorized that the evaporite solution breccias

formed during the Late Cretaceous or early Tertiary time

based on the restriction of these features to uplifts of

these ages. Sevrenson (1952) reported that the Cretaceous

Colorado Shale in the Little Belt Mountains of Montana

displays surf icial sinks and depressions related to

collapse of underlying solution zones in the Mission

Canyon, lending support to a Cretaceous age for the

formation of solution breccia beds in that area. However,

it is unlikely that evaporites in the Mission Canyon of

the study area could have persisted during the Meramecian

solution of carbonate beds at lower stratigraphic

horizons. For this reason, a Meramecian age,

contemporaneous with karstification, is favored for the

evaporite solution breccias within the Mission Canyon of

the study area.

Silicification of evaporite solution breccias in

the Mission Canyon, to this author's knowledge, is unique

to the Armstead anticline area. Hildreth (1981) suggested

that the devitrification of volcanic rocks supplied some

of the silica which replaces calcite in these breccias.

Cretaceous tuffs which crop out along the northeast

margin of the present study area may have acted as just
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such a source.

Karst deposits are common in the Mission Canyon of

western Montana and include collapse breccias which fill

collapsed caverns and solution channels. Karstification

of the Mississippian carbonate platform took place as a

result of epeirogenic uplift and lowered sea level during

middle Meramecian time, immediately after deposition of

the Mission Canyon (Gutschick, Sando, and Sandberg,

1980). Most of tne karst collapse breccias within the

Mission Canyon of the study area are poorly exposed.

Covered intervals marking the breccia zones are

characterized by a red soil littered with

hematite-stained fragments of Mission Canyon limestone,

angular chert, and blocks of breccia. The breccia

consists of subrounded, poorly sorted, silt- to

boulder-sized fragments of limestone set in a matrix of

red calcareous rock flour. The largest of these karst

breccia zones is located in the southeast corner of

Section 34, T.8 S., R.11 W., and the northeast corner of

Section 3, T.9 S., R.11 W.. It is roughly 130 feet thick,

parallels strike for several hundred feet on either side

of Eli Springs gulch, and then cuts down section to

within 200 feet of the base of the Mission Canyon on the

north side of the gulch. Near the base of this zone some

blocks of silicified breccia were found in float; this

was the only location in the study area where

silicification of karst breccia was noted. Karst breccias
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Strike-parallel karst solution breccia zone in the
Mission Canyon Formation on the east flank of the
Armstead anticline. Note isolated remnant of
unbrecciated limestone (arrow) in upper left
(upper photo). Close-up of solution breccia
showing poorly sorted, subrounded fragments of
limestone (L) and angular chert (C) set in a
matrix of red calcareous rock flour (lower photo)
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near the top of the Mission Canyon are associated with

linear covered intervals which appear to be solution

channels incised as much as 200 feet into the upper

surface of the Mission Canyon. Excavation in these

covered intervals reveals diverse lithologies including

moderate reddish orange (10R6/6) fissile calcareous

shale, siltstone, and poorly graded quartz sandstone

containing abundant limestone grains reworked from the

Mission Canyon. These rocks are similar to lithologies in

the overlying transgressive Kibbey Sandstone, and are

thought to represent the initial deposits of Kibbey

clastics which filled solution channels and joints in the

Mission Canyon. Similar karst features filled with Kibbey

clastics have been reported from the Mission Canyon in

Montana by Sloss and Hamblin (1942) and Walton (1946).

Two thin sections of breccias from the Mission

Canyon were examined. Sample WG-73 is a partially

silicified karst breccia taken from near the base of the

Mission Canyon. It consists of poorly sorted clasts of

medium gray (N8) completely silicified limestone set in a

matrix of moderate red (5R5/4) hematite-stained calcite.

The clasts are poorly sorted, ranging in size from 0.05

millimeters to 2.0 centimeters. Most of the larger clasts

are sharply angular, whereas the smaller clasts tend to

be subrounded to rounded. The silicified clasts were

originally bioinicrites, a conclusion that is demonstrated

by the shapes of echinoderm plates, crinoid ossicles,



106

I IFigure 22.
1 .

Photomicrographs of silicif led karst solution
breccia. Poorly sorted clasts of silicified
limestone cemented by optically continuous
hematite-stained calcite (upper photo, plane
light). Note preservation of biotics, including
echinoderm fragments (e) and bryozoan fronds (b)
as Inegaquartz in a matrix of chert (lower photo,
crossed nicols). Sample WG-73, lower part of the
Mission Canyon Formation, east flank of the
Arnistead anticline.
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bryozoan stems, and brachiopod and ostracode shells which

are beautifully preserved as megaquartz in a matrix of

chert. Micrite rims on these allochems have been

preserved as darker cOlored chert along the margins of

the grains. Hematite is concentrated along the margins of

clasts, and is finely disseminated throughout the calcite

cement. The cement occurs as cloudy, optically continuous

but gently undulatory crystals which cover wide areas of

the thin section. This calcite cement has partially

replaced some of the silicified clasts.

The diagenetic history of this karst breccia

appears to have included three major stages: an initial

brecciation stage, a silica replacement stage, and

finally a carbonate replacement stage. During the initial

brecciation stage, meteoric water, undersaturated with

respect to calcite, created a karst zone within the

Mission Canyon as it dissolved limestone along bedding

planes and fractures. With the subsequent collapse of

these karst features, porous breccias formed. With time,

changes in water chemistry resulted in pore solutions

which were undersaturated with respect to calcite and

oversaturated with respect to quartz, and the breccia

clasts were slowly dissolved, with chert replacing the

micrite and coarser quartz replacing the larger

allochems. The pore spaces between the clasts may have

remained open throughout these first two stages. During

the final diagenetic stage, pore solutions became



undersaturated with respect to calcite, which filled the

pore spaces and partially replaced some of the chert

clasts. The optically continuous nature of large zones of

this pore-filling calcite can be explained by slightly

oversaturated solutions and low nucleation rates,

resulting in the slow growth of large crystals.

Sample WG-77 is a silicified evaporite solution

breccia collected from near the top of the Mission

Canyon. In this sample, medium gray (N5), angular to

subrounded clasts of silicified limestone which range in

size from 6.0 millimeters to 50 millimeters are set in a

fine-grained, mottled grayish orange (1OYR7/4) to

moderate yellowish brown (1OYR5/4) silicified matrix. The

clasts were micrites and sparse biomicrites which are now

completely replaced by cloudy, cryptocrystalline to

microcrystalline quartz. The matrix consists of clearer,

microcrystalline quartz. The best evidence that the

clasts were originally fossiliferous limestones are the

distinct outlines of echinoderin plates that can be seen

in several clasts. These appear as equidiniensional,

rounded to square areas of clear chert set in a cloudy

chert matrix. Outcrops of brown micritic dolomite

adjacent to this breccia suggest the possibility that

some of the micritic clasts may have been dolomite prior

to silicification. This breccia formed by the dissolution

of beds of soluble strata (evaporites) and the subsequent

collapse of overlying insoluble beds. Waters
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undersaturated with respect to calcite (and probably

dolomite) and supersaturated with respect to silica,

infiltrated these porous breccia zones, dissolving the

clasts and replacing them with quartz. The pore spaces

were filled, apparently during the same time, with

clearer, somewhat coarser grained quartz.

Age and Correlation

Roberts (1966) assigned an Osagean and Meramecian

age to the Mission Canyon Formation near Livingston,

Montana, on the basis of crinoids, brachiopods, and

bryozoans. This author placed the Osagean-Merantecian

boundary at the base of a persistent evaporite-solution

breccia near the middle of the formation at this

locality.

In a comparison of a 12 zone coral-brachiopod and

15 zone foraminiferal biostratigraphic scheme for the

northern Cordillera of the United States, Sando, Mamet,

and Dutro (1969) assigned a middle Osagean to early

Meramecian age to the Mission Canyon Formation. The

foraminiferal scheme was found to provide higher

resolution than the megafaunal scheme for all

Carboniferous intervals with the exception of the

Kinderhookian. Within the foraminiferal scheme, the

Mission Canyon encompasses Zones 8, 9, 10, and 11, with

the Osagean-Meramecian boundary located between Zones 9
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and 10.

According to the Mississippian conodont zonation

scheme of Sandberg et al.(1983), the period of Mission

Canyon deposition began with a major transgression at the

beginning of the middle Osagean Scaliognathus

anchoralis-Doliognathus latus Zone and spanned a period

of appoximately 12 million years, ending with a major

regression and the development of a karst plain in the

middle Meramecian at the base of the Cavusgnathus Zone.

Hildreth (1981) collected the conodont Polygnathus

mehli from the Mission Canyon on the southest flank of

the Armstead anticline. This conodont is included in the

Scaliognathus anchoralis-Doliognathus latus Zone and

indicates a middle Osagean age.

The Mission Canyon, like the underlying Lodgepole

Formation, is an extensive unit which is present through

much of Montana, as well as parts of Wyoming, North and

South Dakota, Utah, and extreme eastern Idaho.

Correlative carbonate strata include the Cliffy Limestone

Member of the Madison Limestone in Wyoming, the upper

part of the Leadville Limestone in Colorado and eastern

Utah, the Deseret Limestone of central and western Utah,

the Brazer Dolomite of north-central Utah, the Castle

Reef Dolomite of northwest Montana, and the Little Flat,

Deep Creek, and upper part of the McGowan Creek

Formations of eastern Idaho (Sandberg et al., 1983). The

Cliffy Limestone, Brazer and Castle Reef Dolomites, and
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the Leadville Limestone are all fairly shallow water

carbonate platform deposits like the Mission Canyon. The

Deseret Limestone, Little Flat, and Deep Creek Formations

are thin, dark-colored, fine-grained carbonates deposited

on the floor or margins of the Deseret starved basin,

located immediately west of the carbonate platform. The

upper part of the McGowan Creek Formation was deposited

in a deep flysch trough located in central Idaho between

the Antler orogenic highland to the west and the Deseret

starved basin to the east (Sandberg et al., 1983).

The upper part of the Mission Canyon in western

Montana, where it contains beds of dolomite and

evaporite, or thick zones of evaporite-solution breccia,

can be correlated with the Charles Formation (Seager,

1942) of central and eastern Montana, a Meramecian

carbonate sequence which includes beds of red shale,

anhydrite, gypsum, and salt (Roberts, 1966).

Depositional Environment

Insights into the depositional environmment and

depositional geometry of the Mission Canyon Formation can

be gained by looking at the carbonate depositional model

of Rose (1976). In this model, a shallow marine

sedimentary prism accumulates along the flanks of a

subsiding continental margin, with subsidence increasing

outward from zero on the craton to a maximum value in a
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starved basin seaward of the shelf margin. Where sediment

accumulation rates exceed sudsidence, shallow water

carbonate sediments build up essentially to sea level,

and then are transported laterally away as well as

seaward towards deeper water. In this manner, an

expansive platform of shallow water carbonate rocks is

formed. According to Rose, at the point on the shelf

where subsidence exceeds carbonate production, the

carbonate platform stops thickening, and instead thins

quite abruptly into the deeper water of a starved basin.

This point of maximum carbonate accumulation is known as

the shelf margin. The location of the present study area

along the shelf margin of the Mission Canyon carbonate

platform explains why the formation is at a maximum

thickness here, is markedly thinner to the east, and is

not recognized a short distance to the west in Idaho,

where correlative rocks are much thinner and consist of

dark micritic limestone deposited on a deep water slope

between the shelf margin and a starved basin. This abrupt

change from thick, clean, shallow-water limestones to

thin, dark micrites, which marks the middle Osagean to

middle Meramecian shelf margin, stands out clearly on

isopach maps as a distinct band of bunched contours

stretching from extreme southwestern Montana through

eastern Idaho, central-western Utah, and southeastern

Nevada (Rose, 1976, Sandberg et al., 1983).

The clean, well-sorted and well-rounded
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characteristics of the Mission Canyon biosparites

indicate that they were deposited in a well-agitated,

open marine environment within wave base. Although

coral-algal reefs are often located at the shelf margin

(Rose, 1976), no evidence of reefs or other types of

bioherms was observed in Mission Canyon strata of the

study area. The biosparites likely accumulated as

skeletal carbonate sand sheets and shoals, while lesser

amounts of micrite and biomicrite were deposited in

deeper water seaward of the prograding shelf margin. The

finer grained rocks may also have accumulated on the

carbonate platform in localized deeper areas, or in the

lee of shoals or banks. The occurrence of intertidal to

supratidal micritic limestone, dolomite, and evaporite in

the upper part of the Mission Canyon throughout western

Montana is strong evidence that a very shallow sea with

restricted circulation conditions covered a large part of

the carbonate platform during the latter stages of

Mission Canyon deposition. Two factors which could have

contributed to the formation of restricted conditions on

the shelf are the regression which began near the end of

Mission Canyon deposition, and the presence of a

constructional ridge at the shelf margin which may have

limited circulation of water on and off the shelf (Rose,

1976).
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Snowcrest Range Group

Nomenclature

The Snowcrest Range Group was proposed by

Wardlaw and Pecora (1985) for the dominantly

carbonate Late Mississippian to Early Pennsylvanian

rocks of southwestern Montana which were previously

included in the Big Snowy Group and the Aiusden

Formation. The Snowcrest Range, located

approximately twenty five miles southeast of the

study area, is the type area for the group.

Three formations are recognized in the

Snowcrest Range Group. In ascending order, they are:

the Kibbey Sandstone, the Lombard Limestone, and the

Conover Ranch Formation. For a detailed

lithostratigraphic log of the Snowcrest Range Group,

readers are referred to Plate 3 at the back of this

manuscript.
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Steeply dipping strata of the Mississippian
Snowcrest Range Group (right center) exposed on
the east flank of the Armstead ariticline.
Formations are, from left to right, the Kibbey
(k), Lombard (1), and Conover Ranch (Cr). Cliffs
to the left are of Mission Canyon lixnestones. Note
the large solution zone (arrow) within the Mission
Canyon marked by the reddish, soil-covered
interval. Looking N.30 E..
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Kibbey Sandstone

Nomenclature

The Kibbey Sandstone was first proposed by Weed

(1899) for exposures of red sandstone along Belt Creek in

the Little Belt Mountains of central Montana. Scott

(1935) subsequently included the Kibbey as the basal

formation of the Big Snowy Group. In southwestern

Montana, the Kibbey has recently been reassigned to the

Snowcrest Range Group (Wardlaw and Pecora, 1985).

At the type locality, the Kibbey disconformably

overlies the Mission Canyon Formation and consists of 147

feet of reddish, argillaceous, gypiferous sandstone.

Closer to the study area at Bell Canyon in the Tendoy

Range, the Kibbey consists of 225 feet of yellowish

sandstone, siltstone, and mudstone (Sando, Sandberg, and

Perry, 1985).

Distribution and Topographic Expression

The Kibbey Sandstone is non-resistant throughout the

study area and forms distinct range grass- and

sagebrush-vegetated swales between the Mission Canyon

Formation and Lombard Limestone along the flanks of both

the Armstead and Madigan Gulch anticlines. Weathering of

the Kibbey sandstones underlying these swales imparts a
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distinct red soil coloration which is especially evident

when viewed from a distance or on color aerial

photographs.

Although samples of the Kibbey Sandstone are easily

collected from float, and with somewhat more difficulty

from gopher holes, only two isolated exposures were

located: one along the bed of Eli Springs Gulch in the

southeast corner of Section 34, T.8 S., R.11 W., where

fifteen feet of red, dolomitic sandstone and dolomite is

exposed; and one located along a small tributary of

Madigan Gulch in the northwest corner-of Section 28, T.8

S., R.11 W. where five feet of friable red sandstone is

exposed.

The Kibbey is offset along left lateral strike-slip

faults at three locations on the east flank of the

Armstead anticline (see Plate 1). Displacement of the

Kibbey strata across these faults ranges from ten to

fifty feet.

Thickness and Lithology

The Kibbey Sandstone is approximately 90 feet thick

in the study area. This figure was derived by float

survey between the Mission Canyon Formation and Lombard

Limestone with a correction for local bedding attitude

and is considered accurate to within only twenty feet or

so. The contact between the Kibbey and the underlying



Mission Canyon is interpreted to be unconformable within

the thesis area. This conclusion is based on two

observations: the presence of solution channels with up

to 200 feet of relief at the top of the Mission Canyon;

and samples of float from these channels which indicate

they are filled with calcareous sandstones containing up

to 20 percent clastic carbonate grains derived from

erosion of the underlying Mission Canyon limestones.

Similar relationships between the Kibbey and the Mission

Canyon Formation have been observed by Sloss and Hantblin

(1942) and Walton (1946).

Regionally, the Kibbey is a widespread unit present

throughout much of Montana, Wyoming, and North Dakota,

attaining a thickness of as much as 275 feet in the

central Williston Basin in North Dakota (Maughan and

Roberts, 1967). Within Montana the Kibbey is 240 feet

thick at Stonehouse Canyon on the northern flank of the

Big Snowy Mountains, 132 feet along the Missouri River

near the town of Lombard (Maughan, pers. comm., 1983),

and 225 feet thick at Bell Canyon in the Tendoy Range

(Sando, Sandberg and Perry, 1985).

The Kibbey Sandstone in the study area is chiefly

friable calcareous sandstone with lesser amounts of

dolomitic sandstone, dolomitic mudstone, and dolomite.

The sandstones range in color from pale red (5R6/1) to

greyish yellow (5Y8/4) and are dominantly thin-bedded,

poorly cemented, and friable. Dolomites and dolomitic



119

sandstones are restricted to the lower third of the

formation. The dolomitic sandstones are thin-bedded and

flaggy, and better cemented than the calcareous

sandstones. Dolomite, observed at only one location near

the base of the Kibbey (see Plate 3), is thin- to

medium-bedded, pale red (5R6/2), dense, and argillaceous.

The basal deposits of the Kibbey Sandstone, which

fill solution channels within the top of the Mission

Canyon Formation, display some unique lithologies not

present in the remainder of the formation. These include

calcareous siltstones containing varicolored mudstone

rip-up clasts (intraformational conglomerates), fissiLe

shales, and carbonate breccias consisting of poorly

sorted clasts of Mission Canyon limestone set in a matrix

of quartz and carbonate sand and silt. These breccias are

thought to represent regolithic material on the surface

of the Mission Canyon which was infiltrated by the

initial influx of Kibbey clastics.

Lithologically, the Kibbey sandstones are chiefly

poorly sorted quartz arenites which contain 70% to 80%

quartz, and 15% to 20% carbonate in the form of clastic

calcite or dolomitized grains and cement. Traces of

feldspar and well-rounded zircon and tourmaline were

observed, but ferromagnesium-bearing silicates are

noticably lacking. The presence of up to 3% hematite, in

the form of discrete grains and pore-fillings, imparts a

red coloration to the rocks. This abundant hematite is
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Figure 24.

Photomicrograph of poorly sorted calcareous quartz
sandstone which fills solution channels at the top
of the Mission Canyon Formation. Well-rounded to
angular monocrystalline (mq) and polycrystalline
quartz (pq), microcline (rn)1 and well-rounded
zircon (z). Note the numerous detrital carbonate
grains (C) rimmed by syntaxial calcite which were
derived from the biosparites of the Mission Canyon
Formation. Cement is hematite-stained anhedral
calcite. Crossed nicols. Sample WG-71, float from
the base of the Kibbey Sandstone, east flank of
the Armstead anticline.
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thought to represent the diagenetic alteration product of

unstable ferromagnesian minerals (ie: amphiboles,

biotite, pyroxenes etc.), and its presence helps to

explain the apparent enigma of the Kibbey being

texturally iitunature but mineralogically mature.

For a more detailed lithologic and petrographic

analysis of the Kibbey Sandstone, the reader is referred

to the Plate 3 (Stratigraphic Section - Snowcrest Range

Group) and the accompanying petrographic reports in the

Appendices.

Age and Correlation

The Kibbey was originally considered to be

Chesterian in age by Scott (1942) and Eaton (1962) on the

basis of a limited faunal evidence and gradational

relationships with overlying Chesterian formations. More

recent studies of regional stratigraphic relations by

Sando, Gordon, and Dutro (1975), of foraminifera in

strata overlying the Kibbey by Skipp (Maughan, pers.

comm., 1983) and of conodonts from the Kibbey by Wardlaw

(1985) support a Merainecian age for the entire formation,

with the possible exception of some early Chesterian beds

in the uppermost Kibbey of central Montana. In

southwestern Montana, the age of the overlying and

underlying formations, both at Bell Canyon (Wardlaw and

Pecora, 1985) and in the present study area, suggest a
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middle Merainecian age for the entire Kibbey Sandstone.

With the exception of the impressions of plant

material and leaves preserved on the surface of a

calcareous sandstone bed, no megascopic fossils were

observed in the Kibbey Sandstone within the study area.

Microscopically identifiable fossil remains are equally

as rare, with isolated masses of the filainentous algae

Girvanella being the the only fossils observed in the

thin sections of the Kibbey sandstones. No fossils were

observed in the Kibbey dolomites.

Regionally, fossils other than plant impressions are

very rare in the Kibbey Sandstone. To this author's

knowledge, the Merainecian conodonts recovered recently

from the Bell Canyon section by Wardlaw and Pecora (1985)

are the only verified marine fossils collected from the

Kibbey Sandstone.

The Kibbey Sandstone is correlative in part to the

Darwin Sandstone in Wyoming. Maughan (pers. comm., 1983)

observed intertonguing relationships between these two

formations at Miller's Butte, four miles west of the town

of Jackson, Wyoming. The Kibbey is also correlative in

part to the Meramecian Little Flat and Middle Canyon

Formations of eastern Idaho.
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Figure 25.

Photomicrograph of a mass of the filamentous blue
green algae GIRVANELLA preserved in a doloinitic
siltstone. Note the niicrite (in) which adhered to
the algal filaments and the clear dolomite (d)
filling the voids created when the filaments
decayed. Plane light. Sample WG-84, Kibbey
Sandstone, east flank of the Armstead anticline.
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Depositional Environment

The Kibbey Sandstone represents the initial

sediments deposited in a shallow sea which began

transgressing eastward over the cratonic karst plain

during Meramecian time. Sando, Gordon, and Dutro (1975)

interpreted the lowest part of the Kibbey to be estuarine

deposits and the remainder to be nearshore sands. Wardlaw

and Pecora (1985) suggest a probable lagoonal environment

for the Kibbey Sandstone. Maughan (pers. comm., 1983)

suggests that the Kibbey of southwestern Montana was

deposited in a sabhka-type environment which extended

from the continental shelf in southwestern Montana to the

Williston Basin in North Dakota and merged with fluvial

and aeolian environments (Darwin Sandstone) to the east

in Wyoming.

In the present study area, lack of adequate

exposures precludes any detailed determination of

depositional environments within the Kibbey Sandstone.

Restricted conditions are suggested by the presence of

doloiuitic rocks in the lower Kibbey and the lack of

marine fossils (with the exception of green algae, which

is common in restricted marine environments). Plant

fossils present in some calcareous sandstone beds are

more indicative of fluvial or deltaic origins. It is

likely that the Kibbey represents a variety of

environments which evolved as the Cordilleran sea
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transgressed eastward over the cratonic karst plain

during Meramecian time. The clastics which fill karst

features on the top of the Mission Canyon are probably of

fluvial origin. As the sea transgressed eastward,

deposition of sandstone and dolomite in restricted marine

conditions likely prevailed but gave way to deposition of

more open marine nearshore calcareous sands towards the

end of Kibbey time.



Lombard Limestone

Nomenclature
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Blake (1955) first proposed the name Lombard for a

carbonate facies of the Big Snowy Group in southwestern

Montana. This name was recently elevated to formation

status (Wardlaw and Pecora, 1985) and applied to rocks of

the Snowcrest Range Group which occur between the Kibbey

Sandstone and Conover Ranch Formation. The type section

of the Lombard is located in Section 7, T.4 N., R.3 E. on

the west flank of the Horseshoe Hills, fifty miles east

of the town of Butte, Montana. Here, the formation

consists of 163 feet of fossiliferous marine limestone

with minor shale, coal, and claystone.

Distribution and Topographic Expression

The Lombard Limestone is moderately well-exposed

throughout the study area. The upper and lower parts are

typically recessive and form grassy swales with small

isolated exposures. The middle part is more resistant and

forms a narrow band of vertically dipping beds along the

east flank of the Armstead anticline. This same pattern

of exposure is also present along the east flank of the

Madigan Gulch anticline.

The most accessible outcrops of Lombard are located
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in the southeast 1/4 of Section 12, T.9 S., R.11 W., just

east of the Heneberry Ridge jeep road. Approximately

fifty feet of the middle part of the Lombard is exposed

here on the north side of a steep gulch transecting the

flank of the Armstead anticline. The best exposures of

the Lombard are located along Eli Springs gulch in the

southeast 1/4 of Section 34, T.9 S., R.l0 W. Access

requires a one mile walk upsection along Eli Springs

Gulch from the end of the jeep road at Eli Springs (See

Plate 1). At this location, the stream has carved deeply

into the vertically dipping limestones at an oblique

angle and representative segments of the entire formation

are exposed. Nearly complete exposure in the creek bed of

the upper 120 feet offers a rare opportunity for 'hands

and knees' examination of the individual limestone beds.

The Lombard is offset by several strike-slip faults

on the east flanks of both the Armstead and Madigan Gulch

antjcj.jnes. Offset across these faults does not exceed

fifty feet, and in several cases a significant decrease

in offset was observed upsection within the Lombard. This

suggests assimilation of displacement within the

formation by local folding and bedding-plane slippage.

Thickness and Lithology

The thickness of the Lombard Limestone, measured

from the first occurrence of float from the
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Kibbey Sandstone to a siltstone bed marking the base of

the Conover Ranch Formation, is 424 feet. The section is

considerably thicker here than at the type locality,

where Wardlaw and Pecora measured 163 feet of Lombard

strata. These authors report thicknesses ranging from 160

to 410 feet across southwest Montana, making the present

study area the thickest reported accumulation of Lombard

strata in the region. South of the study area at Bell

Canyon in the Tendoy Range, the Lombard is 375 feet thick

(Sando, Sandberg, and Perry, 1985). Both the upper and

lower contacts of the Lombard are conformable in the

study area as well as throughout southwestern Montana.

Regionally, Wardlaw and Pecora (1985) reported two

informal units in the Lombard Limestone: a geographically

restricted lower unit consisting of poorly fossiliferous

lime-mudstone and packstone; and an upper unit of

skeletal lime-mudstone, wackestone, and packstone. The

lower unit is well-developed only in the southwesternmost

parts of the area, such as the Tendoy and Snowcrest

Ranges and the Pioneer Mountains.

In the present study area, both informal units of

Wardlaw and Pecora (1985) are recognizable and easily

distinguished on the basis of lithology, color, bedding

characteristics, and fossil content. The lower unit,

dominated by sparse biomicrites which are typically

thin-bedded and brownish grey (5Y4/l) in color, is

approximately 300 feet thick. The upper unit, dominated
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by fossiliferous biomicrites which range in color from

yellowish grey (5Y7/2) to greyish orange (1OYR7/4) and

are thin- to thick-bedded, is 112 feet thick.

Lithologically, the lower unit of the Lombard

consists of a sequence of micrites and sparse

bioniicrites. Many beds in the middle part of the unit are

separated by thin, yellowish-weathering shaly intervals.

The upper part of the unit contains numerous chert

nodules. Texture is typically homogeneous, with small,

isolated fossil fragments floating in a matrix of

micrite. Pelletal textures are also present, and

thin-section study of these pelletal rocks revealed fine

laminations in the micrite matrix accentuated by

concentrations of opaque organic residue. Fossils are

dominated by ostracodes, gastropods, brachiopods, and

foraminifera. These are typically delicate, thin-shelled

forms. Although articulated foraminifera and ostracodes

were observed, the majority of fossils are disarticulated

and broken. Many fossils display evidence of blue-green

algal borings in the form of micrite rims or total

micritizatjon. sparry calcite cements are rare and were

only observed filling small pores between pellets and the

tests of articulated ostracodes and foraminifera.

The upper unit of the Lombard is characterized by

fossiliferous to very fossiliferous biomicrites and rare,

poorly-washed biosparites. Macrofossils such as small

horn corals, dendroid corals, brachiopods, and bryozoan
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Figure 26.

Photonticrograph of biopelmicrite. Pellets,
peloids, thin ostracode fragments, and micritized
shell fragments. Matrix consists of micrite and
microspar. Note the early sparry calcite cement
which filled primary pores prior to significant
sediment compaction. Plane light. Sample WG-105,
lower part of the Lombard Limestone, east flank of
the Armstead anticline.
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Figure 27.

Photomicrograph of biomicrite displaying a perfect
transverse section through a trilobite carapace
(t). Note partial replacement of the large
echinoderm plate (upper left) by quartz (q).
Crossed nicols. Sample WG-139, upper part of the
Lombard Limestone, east flank of the Armstead
anticline.
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and echinoderin fragments are typically visible on bedding

surfaces. Chert nodules and thin chert stringers were

also observed in isolated beds throughout the unit.

The limestones of the upper unit are dominantly rich

in inicrite (1O%-60%) and vary from well-packed and

grain-supported to matrix-supported. Study of fossil

remains in thin sections reveals the presence of a

diverse biota: including impunctate, pseudopunctate, and

punctate brachiopods, tabulate dendroid corals,

ostracodes, pelycypods, gastropods, echinoderms,

fenestrate bryozoans, trilobites, foraminifera, red and

green algae, and fish teeth, bones, and scales. These

fossils, especially the larger forms and the echinoderms,

are characteristically disarticulated and broken. Broken

fossil fragments are dominantly angular, and rounding

fragment edges were only observed in one bed of poorly

washed biosparite. Neomorphism of micrite matrix to

microspar is a common feature of the upper Lonthard, and

varies from isolated patches of inicrospar and pseudospar

set in micrite to complete conversion of micrite to

microspar. Sparry calcite cement varies in abundance and

form, from rare intra-allochem and moldic pore fillings

in the matrix-supported biomicrites to abundant

pore-filling syntaxial overgrowths on echinoderm grains

in the poorly-washed biosparites. Medium quartz silt was

observed in the basal beds of the unit, where it

comprises up to 2% of the rock.



Figure 28.

V
). ..

.0

m

1 nun.

133

Photonticrograph of poorly washed biosparite.
Echinoderm plates (e), brachiopod (b) and
ostracode (o) fragments, and foraminifera (f)
cemented by clear calcite spar (c). Note the
patches of and grains of opaque hematite (h), and
the micrite (in) preserved in sheltered areas
between biotics. Plane light. Sample WG-146, upper
part of the Lombard Limestone, east flank of the
Armstead anticline.
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Figure 29.
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Photomicrograph of a micrite-rich zone in poorly washed
biosparite. Echinoderm plates (e), brachiopod spines (s),
and a large fragment of the brachiopod COMPOSITA sp.
(b) displaying an atypical prismatic shell structure.
Note the patches of clear calcite cement (c) filling
pores and the cores of brachiopod spines. Crossed nicols.
Sample WG-l46, upper part of the Lombard Limestone, east
flank of the Armstead anticline.
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Figure 30.
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Photoinicrograph displaying an articulated
ostracode set in a matrix of micrite and
microspar. Test is filled with a single crystal of
clear calcite. Note well developed geopetal fabric
within the ostracode. Plane light. Sample WG-l44,
upper part of the Lombard Limestone, east flank of
the Armstead anticline.



136

Bioturbation is a ubitquitous feature of the upper

unit of the Lombard and has probably resulted in nearly

complete destruction of any primary depositional

textures. Evidence of bioturbation includes the

characteristically homogenous texture of many samples

observed in thin section and the abundant sole markings

and burrows present on some bedding surfaces. Near the

base of the unit, several unusual, very large burrows

incised into the surface of an argillaceous biomicrite

bed are preserved as molds on the base of the overlying

bed. These burrows reach five feet in length, are sinuous

in shape, and consist of thick bulbous portions joined by

thinner narrow segments, with thin cylindrical segments

branching from the main burrow at high angles. They

display no preferred orientation or shape suggestive of

an origin by wave or tidal induced currents, or sediment

gravity flows, and are interpreted to be the result of

the bottom-feeding activity of a relatively large

vertebrate, probably a fish or shark. The burrows are

filled with a coarse-grained, tractive deposit of

normally graded carbonate debris. This indicates that the

animal responsible was active on the surface of the

underlying bed, rather than along the interface of the

two beds as is commonly the case with invertebrate

burrows.

For more details on the lithology and petrography of

the Lombard, the reader is referred to Plate 3
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Unusual, very large burrows exposed on the base of
a vertically dipping biomicrite bed in the Lombard
Limestone. These burrows are filled with coarse,
normally graded carbonate lag deposits, indicating
that the creatures responsible for the burrows
were active on the surface of the underlying bed
prior to deposition of the overlying one, rather
than along the interface of the two beds as is
often the case. Five foot Jacobs staff for scale.
Exposed in Eli Springs Gulch, east flank of the
Arinstead anticline.
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(Stratigraphic Section - Snowcrest Range Group) and the

accompanying petrographic reports in the Appendices.

Age and Correlation

Based on conodont samples collected form various

locations in southwestern Montana, Wardlaw and Pecora

(1985) assigned a late Meramecian to late Chesterian age

(Mamet Foraminifer Zone 15 to Mamet Foraminifer Zone 19)

to the Lombard Limestone. This determination is supported

by additional studies of corals and brachipods from the

Bell Canyon section where Sando, Sandberg, and Perry

(1985) collected specimens of late Meramecian age from

the lower half of the Lombard and Chesterian age from the

upper half.

Several beds within the Lombard Limestone contain an

abundant foraminifera fauna. Numerous thin-sections of

these foraminiferal biomicrites were prepared and sent to

Dr. Charles Ross of Gulf Oil and Exploration Company for

identification. The following foraminifera were

identified by Dr. Ross: Eostafella sp., Bradyina ?

sp., Monotaxinoides sp., Cliinacainmina sp.,

Endothyra spp., Eostafella sp., Archaediscus sp,

Paleotextularia sp., and Endothyranopsis sp.. These

foraminifera were interpreted to be age equivalent to the

Monroe Canyon Limestone (Mamet Foraminifera Zones 14

through 18), indicating a late Meramecian to late
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Chesterian age.

Numerous samples of the Lombard Limestone were

collected and processed in an attempt to collect

conodonts for dating purposes. Although only a few poorly

preserved conodonts unsuitable for identification were

recovered, the extracted samples did contain abundant

fish remains which were sent to Dr. Michael Hansen of the

Ohio State Geological Survey for identification. The

remains included teeth and scales of paleoniscoids, the

dermal denticles of chondrichthyans of the genus

Symmorium and Venustodus, and a tooth from the

xenacanth shark Xenacanthus tridentata. Most of these

fossils are not useful in age determination, but the

xenacanth shark tooth is interpreted by Dr. Hansen to

indicate either a Chesterian or Morrowan age.

The most age-specific fosi1 recovered from the

Lombard Limestone is a well-preserved crinoid crown

collected from an argillaceous biomicrite bed at the base

of the upper unit. This specimen was identified by Dr.

Gary Lane of Indiana University as Zeacrinites

acuininatus(Sutton and Hagan). Dr. Lane states:

This inundate crinoid genus is confined to
Chesterian age rocks...It is reasonably
advanced evolutionarily in that the tips
of the basal plates cannot be seen in
side view. This probably means that it
is either middle or upper Chesterian in
age.

In conclusion, this information, when assesed with the

foraminiferal ages mentioned previously, indicates that



140

the upper unit of the Lombard in the study area is wholly

Chesterian in age, whereas the lower unit probably

encompasses rocks of both late Meramecian and early

Chesterian age.

Strata equivalent to the Lombard Limestone in areas

adjacent to southwest Montana include the Otter and Heath

Formations of the Big Snowy Group in central and eastern

Montana, part of the Tyler Formation of the Amsden Group

in Wyoming, the South Creek and Surrett Canyon Formations

in east-central Idaho (Wardlaw and Pecora, 1985), and

part of the Monroe Canyon Limestone in southeastern

Idaho.

Depositional Environment

The Lombard Formation represents a continuation of

transgress ive sedimentation which began in Meramecian

time with deposition of the Kibbey Sandstone. Unlike the

shallow to restricted marine conditions which prevailed

during Kibbey time, the Lombard was deposited in an open

marine environment of normal salinity. The dark color,

abundance of micrite, and delicate fossil material of the

lower unit is indicative of deposition in an environment

of low energy, below wave base. The micrite rims on

fossil grains in these rocks were formed by the boring

action of endolithic blue-green algae, which

preferentially colonize low energy carbonate substrates.
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Growth of these algae is limited to the photic zone,

indicating that water depths during deposition of the

lower unit of the Lombard, even if conditions of water

clarity were optimum, could not have exceeded about 300

feet.

In contrast to the lower unit, the upper unit of the

Lombard is lighter colored and a contains an abundant,

diverse, and robust invertebrate fauna, indicating

deposition in a shallower, biologically productive marine

enviornment. The fish faunas from the upper unit of the

Lombard also indicate a shallow, clear, open marine

environment (Hansen, pers. conuu.,l984). Though most

larger fossil material in the upper Lombard is

disarticulated and broken, rounding of fossil fragments

is rare, suggesting that wave and tidal induced currents

were of low to occasionally moderate intensity. Much of

the disarticulation and breakage of fossil material can

be attributed not to current activity, but to intense

bioturbation by both invertebrate and vertebrate

organisms. Very low energy conditions did prevail for

periods in the Lombard sea, as evidenced by the presence

of micrite beds near the base containing delicate,

articulated fossils including thin-shelled gastropods and

brachiopods, fenestrate bryozoans, and crinoids.

The abundance of micrite matrix in the Lombard could

be interpreted to indicate persistent low energy
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conditions. However, this author feels that the rate of

biological micrite production was probably very high, and

merely exceeded the rate of micrite winnowing by the low

to occasionally moderate energy conditions which

characterized the Lombard sea.
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Nomenclature
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The name Conover Ranch was recently introduced by

Wardlaw and Pecora (1985) for the sequence of clastic and

carbonate rocks which crop out discontinuously between

the Lombard Limestone and the Quadrant Formation in

southwestern Montana. These rocks had been previously

assigned to the Amsden Formation. The type section of the

Conover Ranch Formation is located in the Blacktail

Mountains on the northwest bank of Sheep Creek, in the

northwest 1/4 and northeast 1/4 of Section T.9 S., R. 8

W., Gallagher Mountain quadrangle. This location is

approximately eighteen miles south of the town of Dillon,

Montana, and twenty five miles east of the study area.

Distribution and Topographic Expression

The Conover Ranch Formation is not well exposed

throughout most of the field area and generally underlies

a grassy slope between the Lombard Limestone and the

Quadrant Formation along the east flanks of both the

Armstead and Madigan Gulch anticlines. Although isolated,

incomplete exposures do occur along the Armstead

anticline, in Section 12, T.9 S., R.11 W., and in the

hanging wall of the Tendoy thrust fault in Section 9, T.9
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S., R.1O W.

One superb exposure of the Conover Ranch is present

in the study area. It is located in the southeast 1/4 of

Section 34, T.9 S., R.lO W, and can be reached by a one

mile walk upsection along Eli Springs Gulch from the end

of the jeep road at Eli Springs (see Plate 1). The stream

cuts obliquely across vertically dipping Conover Ranch

strata here, and the complete formation, with the

exception of several minor covered intervals and the

upper forty feet, is beautifully exposed in the stream

bed.

The Conover Ranch is offset by four left-lateral

strike-slip faults along the east flank of the Arnistead

anticline. Displacement along three of these faults,

which may exceed 500 feet in the Lower Paleozoic rocks,

has all but died out upon reaching the Conover Ranch,

where displacements do not exceed 30 feet. The other

fault, which trends north-northeast through center of

Section 34, T.9 S., R.lO W., displays an increase in

displacement upsection, with roughly 40 feet of offset

evident across the Lombard Limestone and 75 feet across

the Conover Ranch.

Thickness and Lithology

The thickness of the Conover Ranch Formation in the

study area is 149 feet. The lower contact of the
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Steeply dipping biomicrites and calcareous
siltstones of the Conover Ranch Fonuation. Exposed
in Eli Springs Gulch, east flank of the Armstead
anticline. Looking N. 30 E..
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formation is placed at a greyish pink (5R8/2) to very

pale orange (1OYR8/2) siltstone bed overlying biomicrites

of the Lombard Limestone, and the upper contact is placed

at a bed of yellowish grey (5Y8/l), siliceous,

hematite-rich quartz arenite marking the base of the

Quadrant Formation (see Plate 3). To date, this is the

thickest reported accumulation of Conover Ranch strata.

Sando, Sandberg, and Perry (1985) measured 102 feet of

Conover Ranch strata south of the study area at Bell

Canyon in the Tendoy Range. Wardlaw and Pecora (1985)

reported a thickness of 100 feet for the Conover Ranch at

the type locality, and indicated a range in thickness

from 0 to 105 feet across southwest Montana. The upper

and lower contacts of the Conover Ranch are comformable

throughout the range of the formation.

Regionally, the Conover Ranch Formation is a

heterogeneous unit consisting of interbedded marine

limestone, mudstone, calcareous siltstone and sandstone,

with local cherty carbonate conglomerate and phosphatic

mudstone (Wardlaw and Pecora, 1985). At Bell Canyon, the

Conover Ranch is dominated by red siltstone and mudstone

with subordinate silty micrite and sandstone (Sando,

Sandberg, and Perry, 1985).

The Conover Ranch Formation in the study area

consists of an alternating sequence of limestone, silty

limestone, dolomite, siltstone, and shale. The limestones

and dolomites are characteristically thin-bedded and
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range in color from dark yellowish brown (1OYR4/2) to

olive grey (5Y6/l) to pale red (5R6/2). Siltstone occurs

as discrete, thin-bedded units up to four feet in

thickness and as thin interbeds between limestones. They

are typically lighter colored than the limestones and

range from greyish yellow-green (5GY7/2) to moderate

orange-pink (10R7/4). Shales occur as thin recessive beds

no thicker than one foot, and are characteristically

dusky yellowish brown (5GY6/2) or light greenish grey

(5G8/l) in color.

Lithologically, the limestones of the Conover Ranch

Formation are biomicrites and sparse biomicrites. In the

lower part of the formation, these rocks are

characteristically sparse peloidal biomicrites, with

fossil fragments dominated by poorly-preserved,

disarticulated and broken ostracodes and brachiopods. In

the upper half, the biomicrites are typically well-packed

grain-supported rocks which bear a more diverse fauna

including echinoderms, brachiopods, mollusks, bryzoans,

trilobites, ostracodes, and foraminifera. Articulated

fossils are rare, and with the exception of the smaller

ostracodes and the foraniinifera, most are disarticulated

and broken. Micrite varies from 55% in some

matrix-supported biomicrites of the lower Conover Ranch

to 25% in some well-packed biomicrites near the top,

where it occupys inter-allochem and intra-allochem pore

spaces. Quartz silt is a common feature of all the
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Figure 33.
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Photomicrograph of packed molluscan biomicrite.
Consist primarily of neomorphosed mollusk shells
(m). Note the transverse setion through a fish
tooth (t) in the center and the abundance of
yellowish-brown organic residue (r). Most of the
original inicrite matrix has been neomorphosed to
microspar (ins). Plane light. Sample WG-lll,
Conover Ranch Formation, east flank of the
Armstead anticline.



.5 miii.

Figure 34.
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Photoirticrograph of a fraginent of a robust
impunctate brachiopod showing the secondary
calcite fibers (f) deflected by the taleolae (t).
The taleolae are rods of granular calcite and
compose the cores of the pseudopunctae. Plane
light. Sample WG-113, biomicrite from the Conover
Ranch Formation, east flank of the Ariustead
anticline.
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Figure 35.
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Photomicrograph of large pseudospar crystals (p)
enclosing islands of unneomorphosed micrite (in).
Crossed nicols. Sample WG-123, biomicrite from the
Conover Ranch Formation, east flank of the
Armstead anticline.
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limestones of the Conover Ranch Formation. It is medium-

to coarse-grained, angular, and may comprise up to 40% of

the individual biomicrite beds. Neomorphism of micrite to

microspar, and in some cases to pseudospar, is a

pervasive diagenetic feature common to all limestones of

the Conover Ranch. In addition, preferential replacement

of echinoderm and bryozoan fragments by quartz and

chalcedony was observed in several samples. Sparry

calcite cements are rare and were only observed in one

sample, where they fill the tests of articulated

ostracodes and foraminifera and the zooecial chambers of

bryozoans.

Dolomites in the Conover Ranch are restricted to the

lower fifty feet of the formation. They are characterized

by thin, flaggy bedding and most are yellowish-grey

(5Y7/2) in color. Lithologically, they are silty

dolomicrites and silty, pelletal dolobiomicrites

containing dolomitized echinoderm fragments. Chert is a

common constituent and occurs both as microscopic

patches, nodules, and thin discontinuous lenses.

The siltstones of the Conover Ranch are typically

poorly sorted, with grains ranging from medium, angular

silt (.024 mm) to fine (.10mm) and rarely medium, angular

to subrounded sand (.20 mm). Fossil remains, consisting

of fragmented echinoderms and lrachiopods, and fish

teeth, bones, and scales, are a common constituent

comprising up to 15% of the rock. Numerous robust,
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Photomicrograph of dolomitic siltstone. Angular to
subrounded fine quartz sand and angular quartz
silt (q) set in a matrix of microspar-sized
anhedral dolomite (d). Note the scattered euhedral
dolomite rhombs (r). Crossed nicols. Sample
WG-119, Conover Ranch Formation, east flank of the
Armstead anticline.
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articulated brachiopods were observed weathering from one

thin bed in the upper part of the formation. Cement is

usually calcite but dolomite does occur in some beds.

Shales are not common in the Conover Ranch. Where

present, they are thin, silty, and unfossiliferous.

One bed of particular interest is located 6]. feet

above the base of the formation. This bed consists of

very resistant, mottled, white to greyish red (5R4/2)

opaque quartz with a distinct knobby texture, which is

irregular in thickness and is anastomosing into the

underlying bioiuicrite beds. It is interpreted to be a

feature known alternatively as a silcrete or duracrust

(Maughan, pers. comm., 1983) and probably represents a

brief period of subaerial exposure during which the

exposed limestone surface underwent leaching and

subsequent silicification.

As with the underlying Lombard Limestone,

bioturbation is a common feature of nearly all beds in

the Conover Ranch Formation and has resulted in the

destruction of most primary depositional textures.

Exceptions to this are the dense horizontal packing of

elongate fossil fragments observed in several beds in the

upper part of the formation, and finely laminated

intervals observed in several siltstone and dolomite

beds.

The reader is referred to Plate 3 (Stratigraphic

Section - SnowcrestRange Group) and the accompanying
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Burrows and trace fossils exposed on the base of a
biomicrite bed in the Conover Ranch Formation.
Rounded knobs are vertical burrows, small
twig-like trace fossils (t) are Thalassinoides.
Large cylindrical feature on right is either a
horizontal burrow or a tree limb cast. Exposed in
Eli Springs Gulch, east flank of the Armstead
anticline.
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petrographic reports in the Appendices for additional

details on the lithology and petrography of the Conover

Ranch Formation.

Age and Correlation

The Conover Ranch Formation is interpreted to be of

late Chesterian age across most of southwestern Montana.

However, the unit is time transgressive, becoming younger

to the northeast, and in outcrops along the Jefferson

River includes rocks of Morrowan (Early Pennsylvanian)

age (Wardlaw and Pecora, 1985). These ages are based on

conodonts and brachiopods. Conodonts recovered by Wardlaw

and Pecora from the Conover Ranch Formation in the Tendoy

Range indicate a late Chesterian age for the formation

there (Sando, Sandberg, and Perry, 1985).

Attempts to recover conodonts from Conover Ranch

strata within the study area were unsuccessful, as were

attempts to acquire identifications for the numerous

brachiopods recovered from the upper part of the

formation. Foraminifera-bearing thin sections were cut

from samples of a biomicrite bed near the top of the

Conover Ranch. Dr. Charles Ross of Gulf Oil and

Exploration Company identified the following foraminifera

in these thin sections: Endothyra (Globoendothyra) sp.,

Archaediscus sp., and Endothyranophsis sp.. These

foraminifera suggest an age equivalence to the Monroe
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late Meramecian to Late Chesterian. None are indicative

of a Pennsylvanian age (Ross, pers. comm., 1983). Based

on this information and the presence of middle to upper

Chesterian crinoids 115 feet below the top of the

underlying Lombard Limestone, the Conover Ranch Formation

is interpreted to be of late Chesterian age in the study

area.

Strata in adjacent areas which are equivalent to the

Conover Ranch Formation include parts of the Tyler

Formation in central and eastern Montana and western

North Dakota, and Alaska Bench Limestone of the Amsden

Group in central Montana. It is also equivalent to the

upper part of the Monroe Canyon Limestone in southeastern

Idaho and part of the Bluebird Mountain Formation in

east-central Idaho. Within southwestern Montana, the

Conover Ranch is laterally transitional into the

uppermost strata of the Quadrant Sandstone and the

lowermost strata of the Lombard Limestone (Wardlaw and

Pecora, 1985).

Depositional Environment

The Conover Ranch Formation accumulated in a

regressive, shallow marine environment quite similar to

that present during deposition of the upper unit of the

underlying Lombard Limestone. The abundant clastic
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material in the Conover Ranch represents the initial

influx of terrigenous sediments preceeding the flood

quartz sand represented by the overlying Quadrant

Formation (Sando, Sandberg, and Perry, 1985).

Very shallow and restricted conditions were present

at times in the Conover Ranch sea, as indicated by the

presence of sparsely fossiliferous, finely laminated

dolomites and dolomitic siltstones in the lower part of

the formation. The regressive nature of Conover Ranch

sedimentation is evidenced by the silicified horizon near

the top of this dolomitic interval. The horizon marks an

intraformational disconformity resulting from a period of

complete marine withdrawal and subsequent suberial

exposure. Above this disconformity, the transition from

sparsely fossiliferous or barren shales, dolomites,

limestones, and dolomitic siltstones to packed

biomicrites containing an abundant and diverse fauna (see

Plate 3) is indicative of a return to shallow, normal

marine conditions. Deposition of these carbonate rocks

ended when quartzose sand from an uplifted source terrane

to the north (Peterson, 1981) flooded this shallow sea in

latest Chesterian time.



Quadrant Formation

Nomenclature
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The name Quadrant was originally proposed by Peale

(1893) for clastic and carbonate strata which crop out

between the Mississippian Mission Canyon Formation and

the Jurassic Ellis Group in the vicinity of Three Forks,

Montana. Although Peale did not designate a type section

for the Quadrant, his original descriptions were made

from exposures on Quadrant Mountain in the northwest

corner of Yellowstone National Park. Weed (1935)

subsequently designated exposures in the bluffs adjacent

to Quadrant Mountain as the type section of the Quadrant

Formation. At this location, Weed described 400 feet of

light brown quartzite with interbeds of dark,

saccharoidal limestone.

In the same year that Weed designated a type section

for the Quadrant, Scott (1935) examined the strata at

that location and reassigned the lower part (109 feet of

limey shale) to the Ainsden Formation. Scott and Thompson

(1941), after discovering Mississippian fusilinids in the

lower 121 feet of the section at Quadrant Mountain,

removed these beds from the Quadrant and Arasden

Formations and reassigned them to the Sacajawea

Formation.

At present, the name Quadrant is widely used across
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Montana for Pennsylvanian sandstone between the Amsden or

Conover Ranch and the Phosphoria or Park City Formations.

Distribution and Topographic Expression

The Quadrant sandstones are extremely resistant and

form high topographic features wherever present in the

study area.

Along the east flank of the Madigan Gulch anticline,

the Quadrant supports a north-northwest-trending ridge

which exceeds 7200 feet in elevation (see Plate 1). This

ridge is fringed with blocky talus and is heavily

vegetated with pine and spruce, effectively obscuring the

underlying sandstones. No outcrops are present along the

entire length of the ridge. The Quadrant supports less

vegetation on the east flank of the Armstead anticline,

and several exposures are present in Section 12, T.9 S.,

R.11 W.

The best exposures of Quadrant occur in Sections 5

and 7, T.9 5, R.10 W., on the east flank of the Grayling

syncline. The Quadrant is gently to moderately dipping

here and though heavily vegetated, the dip slope does

provide some isolated, relatively talus-free exposures.

The anti-dip slope forms steep, talus-fringed ledges with

numerous exposures. However, most of these ledges are

very steep and reaching them requires a substantial climb

over loose, rattlesnake-infested talus. This climb most
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often goes unrewarded because of the massive, featureless

nature of the Quadrant sandstones.

Thickness and Lithology

The Quadrant Formation is estimated to be between

800 and 1000 feet thick in the study area. The thickness

could not be more accurately determined due to the

difficulty in acquiring intraformational bedding control.

Hildreth (1981) recorded 1100 feet of Quadrant

immediately south of the study area along the east flank

of the Arinstead anticline.

Regionally, the Quadrant is 600 feet thick at Badger

Pass, 15 miles north of the study area (Lowell, 1965). It

ranges from 600 to 1000 feet in the Snowcrest and

Blacktail Ranges to the east (Perry et al., 1983), and

may exceed 2,300 feet in the southern Tendoy Range (Sloss

and Moritz, 1951; Scholten et al., 1956). The marked

increase in thickness of the Quadrant southward and

westward into the southern Tendoy Range is thought to be

the result of three factors: the proximity of a

postulated source terrane to the northwest in central

Idaho (Maughan, 1975); differential subsidence related to

the Greenhorn Lineament, which bounds the southeast side

of the Late Paleozoic depocenter in southwestern Montana

(Maughan and Perry, 1982); and structural telescoping

(Maughan, 1980; Perry et al, 1981).
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Within the study area, the Quadrant conformably

overlies limestones of the Conover Ranch Formation and is

conformably overlain by dolomites of the Grandeur Member

of the Park City Formation. Similar conformable

relationships at the base of the Quadrant in southwestern

Montana have been cited by Wardlaw and Pecora (1985), and

at the top of the formation by Scholten et al. (1956),

and Sadler (1980).

The Quadrant is dominated by silica-cemented,

supermature quartz arenites which are characteristically

light grey (N7) to yellowish grey (5Y8/1) in color.

Bedding is very thick to massive. Where visible,

individual bedding planes are indistinct and persist over

only very short distances. Both lateral and vertical

variations in the degree of induration of the Quadrant

sandstones were noted. The typical sandstone seen in

outcrop or float is dense, very well-cemented, and

vitreous in appearance. However, poorly indurated,

friable, porous sandstones were observed throughout the

area and are thought to comprise up to half of the

Quadrant section. Along faults and in areas of tight

folding, the Quadrant is often 'case hardened' to an

extremely dense, glassy rock which breaks with a

conchoidal fracture.

Petrographically, the well-cemented Quadrant

sandstones consists of 85% to 95% quartz and 4% to 12%

chert grains. Accessory minerals are limited to a trace
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Photomicrograph of well-sorted, medium-grained,
supermature quartz areriite. Well-rounded to very
well-rounded quartz (q) and chert (C) grains.
Cement consists of abundant quartz overgrowths
which have filled most primary porosity. Crossed
nicols. Quadrant Formation, east flank of the
Arinstead anticline.
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Photomicrograph of intensely sheared, silicified
quartz arenite. Angular, silt-sized sheared quartz
grains floating in a matrix of micro and
cryptocrystalline quartz. Note the large fracture
which has edges lined with normally oriented
microcrystalline quartz crystals and is filled
with box-like masses of radiating chalcedony.
Crossed nicols. Sample WG-51, Quadrant Formation,
east flank of the Grayling syncline.
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of well-rounded zircon and tourmaline. Clay matrix is

very rare. Quartz grains are very well-sorted (0.1 nun. to

0.6 mm.), average .30 mm. (medium sand), and are

dominantly (90%-l0O%) of the monocrystalline,

non-undulatory variety. Porosity in these rocks has been

largely destroyed by pervasive quartz overgrowth

cementation. Grain to grain boundaries are concavo-convex

and lightly sutured, suggesting moderate pressure

solution (Potter, Pettijohn, and Seiver, 1973). This

process of pressure solution is thought to have provided

a source of silica for the abundant quartz overgrowths.

The poorly indurated, friable sandstones differ from

the well-cemented ones in several aspects. Grain size is

somewhat smaller, ranging from 0.06-40 nuii. (very

well-sorted) and averaging .20 mm. (medium sand). Quartz

overgrowths are rare and poorly developed, with porosity

comprising up to 3 percent of the rock. As might be

expected in light of the porous nature of these sands,

grain to grain boundaries are tangential and show no

evidence of pressure solution.
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Age and Correlation

The Quadrant is a time-transgressive unit which

becomes younger to the east across southwestern Montana.

In most of the region, it is generally assigned a Middle

and Late Pennsylvanian age. To the south of the study

area in the central Tendoy Range, Wardlaw and Pecora

recovered conodonts of latest Chesterian (latest Late

Mississippian) age from the lower 25 feet of the Quadrant

Formation (Sando, Sandberg, and Perry, 1985). This

finding, coupled with the conformable relationship to the

overlying Perinian strata, indicates that Quadrant

deposition in extreme southwestern Montana began in

latest Mississippian time and continued through the

entire Pennsylvanian Period. It follows that the

Mississippian-Pennsylvanian boundary is located within

the basal part of the Quadrant Formation in this area.

No fossils were recovered from the Quadrant

Formation in the study area. Regionally, most Quadrant

sandstones are unfossiliferous. This is not suprising

considering the high energy environment which

characterized Quadrant deposition. Reported fossils

include the fusulinids Wedekindellina sp. and

Fusulina sp., indicative of a Middle Pennsylvanian age,

from the upper Quadrant at the type section (Thompson and

Scott, 1941), and late Chesterian conodonts from the base

of the Quadrant in the Tendoy Range (Sando, Sandberg, and
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Perry, 1985).

The Quadrant Formation is correlative to the

Tensleep sandstone of Wyoming and south-central Montana

and to the Wells Formation of eastern Idaho.

Depositional Environment

The sandstones of the Quadrant Formation are very

mature, both texturally and inineralogically. This implies

deposition in stable, high energy settings such as

littoral, beach, and aeolian environments. An aeolian

origin is precluded for the coarser grained Quadrant

sandstones; these likely accumulated as beach and

littoral deposits where extensive abrasion and winnowing

removed all unstable minerals and finer grain sizes. Some

of the finer grained, friable sandstones could have

accumulated in aeolian environments. Unfortunately, the

lack of sedimentary structures in the Quadrant, with the

exception of isloated faint laminations, makes

differentiation of shallow, high energy marine from

aeolian environments impossible.

Saperstone (1984), who conducted a regional study of

depositional environments within the Quadrant of

southwestern Montana, concluded that much of the Quadrant

sand is of aeolian origin. He portrays the depositional

setting for the Quadrant as a shallow, transgressing sea

fringed onthe east by extensive dune fields.
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Much of the sand in the Quadrant is thought to have

been derived from a source terrane to the west and

northwest of the study area. Maughan (1975) suggests that

part of the Cordilleran geosyncline in central Idaho was

uplifted during Pennsylvanian time, exposing lower

Paleozoic and Precairthrian rocks to erosion. Recycling of

quartz grains from older sandstones exposed on this

uplift probably contributed substantially to the

mineralogical and textural maturity of the Quadrant

sands.



Park City Formation, Phosphoria Formation,

and Shedhorn Sandstone

Nomenclature

The Permian System in the northern Rocky Mountains

is represented by a complex intertonguing of carbonate,

chert and phosphatic shale, quartzose sandstone, and red

bed evaporite facies represented by the Park City,

Phosphoria, Shedhorn and Goose Egg Formations

respectively. The cherts and phosphatic shales of the

Phosphoria Formation constitute a western basinal facies

best developed in northern Utah, southeastern Idaho, and

southwestern Montana. To the east, the Park City

Formation makes up a central carbonate shelf facies

trending across west-central Wyoming, Utah, south-central

Montana, and parts of southwestern Montana, and the Goose

Egg Formation constitutes an eastern red bed evaporite

facies best developed in eastern and central Wyoming and

southeastern Montana. The Shedhorn Formation is a

northern sandstone unit prominent in southwestern Montana

and northwestern Wyoming (Peterson, 1972).

Phosphate deposits in the Permian rocks of the

northern Cordilleran region provided the incentive for

numerous detailed studies of the Phosphoria and

associated formations during the early 1900's, including

the work of Gale (1911), Pardee (1913, 1917), BoWen



169

(1918), Condit (1919, 1928), Richards and Pardee (1925),

and Mansfield (1927). A second phase of detailed mapping

and sampling of Permian rocks of the midwestern states

was initiated by the U.S. Geological Survey in response

to post-war interest in uranium, vanadium, and phosphate.

These studies were undertaken by V.E. McKelvey and a

number of co-workers, and culminated with the summary

description of the Phosphoria, Park City, and Shedhorn

Formations in the western phosphate field, published in

1956. Two of McKelvey's co-workers, Cressman and Swanson,

followed in 1964 with the most extensive work to date on

the Permian rocks of southwestern Montana. Their paper is

an excellent synthesis for readers interested in

additional details of the stratigraphy and petrography of

the Permian strata within the present study area.

Phosphoria Formation

The Phosphoria Formation was named by Richards and

Mansfield (1912), and defined as a sequence of cherts,

phosphatic shales, phosphorites, and minor carbonates

lying between the Pennsylvanian Wells Formation and the

Triassic Dinwoody Formation in Phosphoria Gulch north of

Montpelier, Idaho. Two members were described at this

locality: a lower phosphatic shale member 200 feet thick,

and an upper sequence of bedded chert 150 feet thick
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overlain by 100 feet of mudstone and siliceous mudstone.

Richards and Mansfield named this upper sequence the Rex

Chert Member. The phosphatic shale was later named the

Meade Peak Phosphatic Shale Member (Cheny, in McKelvey et

al., 1956), and the mudstone and siliceous mudstone were

removed from the Rex Chert Member and renamed the Cherty

Shale Member (McKelvey, in Mcxelvey et al., 1956). Two

additional members of the Phosphoria Formation, not

present at the type locality, but found over a large area

of Montana, Wyoming and Idaho, also are recognized. These

are the Retort Phosphatic Shale Member (Swanson, in

McKelvey et al., 1956) and the Tosi Chert Member

(Sheldon, in Mckelvey et al., 1956). The type locality of

the etort Phosphatic Shale Member is at the mouth of

Small Horn Canyon, just northwest of Retort Mountain and

roughly 10 miles south of Dillon, Montana. The type

locality of the Tosi Chert Member is at Tosi Creek, 8 1/2

miles east-northeast of Tosi Peak, Gros Ventre Range,

Wyoming, where it conformably overlies the Retort

Phosphatic Shale Member. One additional member, the Lower

Chert Member (McKelvey, in McKelvey et al., 1956), is

recognized below the Meade Peak Phosphatic Shale Member

along a narrow north-trending belt in western Wyoming.
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Park City Formation

The Park City Formation was described by Boutwell

(1907) as a thick sequence of Permian carbonate rocks in

Big Cottonwood Canyon, east of Salt Lake City in the

Wasatch Range. At this locality, a thick phosphatic

shale unit, the Meade Peak Phosphatic Shale Member of the

Phosphoria Formation, separates the carbonates into the

lower Grandeur Member (Cheny, in McKelvey et al., 1956)

and the upper Franson Member (Cheney, in McKelvey et al.,

1956). An additional unit, the Ervay Carbonate Rock

Neither, was added to the Park City Formation by Sheldon

(in McKelvey et al., 1956). This member incorporates

interbedded carbonates and red shale found at the top of

the Perinian section throughout much of western Wyoming,

and originally was considered a tongue of the Phosphoria

Formation by Thomas (1943).

Shedhorn Sandstone

The Shedhorn Sandstone was named by Cressman and

Swanson (in McKelvey et al., 1956) for fine- to

medium-grained quartz sandstones prevalent in the Permian

section in parts of southwestern Montana. The Shedhorn is

divisible into an Upper Member and Lower Member that

occur stratigraphically above and below the Retort

Phosphatic Shale Member respectively. The type section of
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this formation is at the mouth of Shedhorn Creek in the

Madison Range, Montana.

McKelvey et al. (1956) provided significant

insights into the complex intertonguing relationships of

cherts, dark shales, phosphorites, carbonates,

sandstones, green shales, redbeds, and anhydrites across

the Cordilleran shelf and adjacent geosyncline. These

authors developed an integrated nomenclatural scheme, now

accepted by stratigraphers, which stresses the

intertonguing nature of the sequence; individual lithic

units are assigned member or formational names, which are

then applied to rocks where that specific lithology

predominates. Within the western phosphate field, three

Perniian formations, the Phosphoria, Park City, and

Shedhorn, are subdivided into the eleven members

discussed above; members of one formation are termed

tongues if they extend into an area where another

formation predominates (McKelvey et al., 1956). All three

formations, and six of these eleven members, were

identified within the thesis area. These members are, in

stratigraphic order, the:

1. Grandeur Member of the Park City Formation

2. Rex Chert Member of the Phosphoria Formation

3. Lower Member of the Shedhorn Sandstone

4. Retort Phosphatic Shale Member of the

Phosphoria Formation
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5. Tosi Chert Member of the Phosphoria Formation

6. Upper Member of the Shedhorn Sandstone

An additional member, the Blacktail Member of the

Park City Formation, has recently been added to the top

of the Perinian section in western Wyoming and

southwestern Montana by Schock, Maughan, and Wardlaw

(1981). This member consists of cherty doloinitic

mudstones, siltstones, and silty carbonates. Although

these strata were not identified within the study area,

the presence of 1.8 meters of the Blacktail Member at

Dalys Spur, three miles east of the Armstead anticline

(Schock, Maughan, and Wardlaw, 1981), suggests that the

Blacktail Member is likely present but not exposed in the

study area. The existence of a thin sequence of

phosphorite and niudstone of the Meade Peak Phosphatic

Shale Member in the field area is also presumed as 5.1

feet of this member overlie the Grandeur Member at Dalys

Spur.

Distribution and Topographic Expression

Perniian rocks underlie approximately one third of

a square mile of the study area. The most extensive

exposures of these rocks are on the eastern flank of the

poorly defined Grayling syncline, in the northeast corner

of Section 7, T.9 S., R.1O W, the central-eastern part of
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Section 6, T.9 S., R.lO W., and the central-western part

of Section 5, T.9 S., R.l0 W. (see Plate 1). Small,

isolated knobs of gently dipping, resistant strata of the

Shedhorn Sandstone, Tosi Chert, or Rex Chert characterize

these areas, and the Grandeur and Retort Members are

marked by shallow, grassy swales. No complete or partial

exposures suitable for detailed stratigraphic analysis or

section measurement are present here.

Two less extensive but more complete outcrop belts

of the Grandeur, Tosi, and Rex Members as well as the

Shedhorn Sandstone also are present within the study

area, one along the eastern flank of the Arinstead

anticline in the southwest corner of Section 7, T.9 S.,

R.l0 W., and along the eastern flank of the Madigan Gulch

anticline in the center of Section 32, T.8 S., R.11 W..

While exposure ranges from only 5 to 10% of the total

section in these areas, the strata being nearly vertical

permits close examination and identification of

individual stratigraphic units. At the Madigan Gulch

locality, the Grandeur Member of the Park City

Formation forms a thin covered interval between the

resistant quartz arenites of the Quadrant Formation and a

gently sloping bench composed of the intertonguing Rex

Chert Member of the Phosphoria Formation and the Lower

Member of the Shedhorn Sandstone. The best exposures of

the Rex Chert Member and the Lower Member of the Shedhorn

Sandstone within the study area are located in this area
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along the north wall of the Madigan Gulch creek.

Upsection from these exposures, the Retort, Tosi Chert,

and Upper Member of the Shedhorn Sandstone form a steep,

float- covered slope above exposures of the Triassic

Dinwoody Formation. At the Armstead anticline locality,

on the north side of the dry gulch in the southeast

corner of Section 12, part of the Grandeur Member is

exposed as a narrow rib along the 6400'contour below a

ledge of the upper Quadrant Formation. On the south side

of this gulch, parts of the intertonguing Rex Chert-Lower

Shedhorn and Tosi Chert-Upper Shedhorn intervals are

exposed in two low, north-northwest-trending ridges.

These ridges are separated by a grassy swale underlain by

the Retort Phosphatic Shale.

Along the western edge of Section 7, T.9 S, R.1O

W. a north-trending normal fault with down to the west

displacement offsets the Permian section, bringing the

intertonguing Rex Chert-Lower Shedhorn interval on the

upthrown block in contact with the Triassic Dinwoody

Formation on the downthrown block.

Dips of the Permian strata along the flanks of the

Armstead and Madigan gulch are steep, ranging from 80°E

to 80°overturned to the west. Conversely, dips of Permian

strata within the Grayling syncline are gentle, ranging

from 4°W to 340 NW, and averaging 15 W. One exception to

this are rocks of the Tosi Chert-Upper Shedhorn interval

which are exposed along the overturned north flank of a
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small unnamed anticline in the northwest corner of

Section 5, T.9 S., R.lO W.. These rocks strike east-west

and are overturned 55°to the south.

Thickness and Lithology

Grandeur Member of the Park City Formation

The contact between the Grandeur Member of the

Park City Formation and the underlying Quadrant Formation

in the study area is sharp and apparently conformable.

This contact could be located to within several feet on

the east flank of the Armstead anticline, where a narrow

covered interval separates beds of light yellowish gray

(5Y8/l) cherty dolomite of the Grandeur from the quartz

arenjtes of the Quadrant Formation. Gradational

relationships or intertonguing of sandstone and dolomite

lithologies were not observed here. The details of the

contact between the Grandeur and the Quadrant is poorly

understood in southwestern Montana and is the source of

some disagreement among geologists. Disconformable

relationships between these two units have been reported

in the Meirose area by Theodosis (1955). According to

Cressman and Swanson (1964), faunal evidence indicates a

significant hiatus exists between the Grandeur and

Quadrant in the eastern part of the area. Conversely,

these same authors reported interfingering relations
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between the two units in the Logan and Three Forks area.

Closer to the present study area, in the central and

southern Tendoy Range, conformable relationships have

been favored by Scholten et al. (1956), Sadler (1980), and

Kiecker (1980).

The thickness of the Grandeur Member of the Park

City Formation could not be measured accurately because

of a lack of continuous exposure, but measurement of the

interval from the top of the Quadrant Formation downslope

to the first occurrence of Rex Chert-Lower Shedhorn float

on the east flank of the Armstead anticline, with

adjustment for bedding attitude, indicates a thickness of

35 to 40 feet.

At Dalys Spur, three miles east of the study area,

the Grandeur Member is 30 feet thick. Regionally, the

Grandeur thickens away from the study area to both the

southeast and southwest, reaching maximum thicknesses of

384 feet in the eastern Snowcrest Range, 347 feet at Big

Sheep Canyon west of Lima, Montana, and 575 feet west of

the Montana border near Hawley, Idaho. Between the Ruby

and Gallatin Rivers to the east of the study area, the

thickness of the Grandeur ranges from wedgeout to 50 feet

(Cressman and Swanson, 1964).

Cressman and Swanson (1964) divided the Grandeur

Member of the Park City Formation in southwestern Montana

into two parts- the lower dolomLte and the upper

terrigenous beds. Whereas the lower dolomite is
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lithologically continuous across the region, the upper

terrigenous part is more variable. At Dalys Spur,

sandstone makes up about half of the Grandeur Member.

This sandstone grades southeastward into mudstone at

Sheep Creek and northward into mudstone at Kelly Gulch

(Creesman and Swanson, 1964).

The Grandeur Member of the Park City Formation in

the study area is primarily thin-bedded sucrosic

dolomite, cherty dolomite, and fossiliferous dolomite,

with lesser amounts of friable dolomitic sandstone, and

minor chert. Thin-bedded dolomite dominates the lower

two-thirds of the Grandeur. It is typically of low chroma

and displays a mottled texture. Color on fresh surfaces

is variably light gray (N7), grayish orange (1OYR8/2),

light yellowish gray (5Y8/l), or very pale orange

(1OYR7/4). Several beds display skeletal textures, sith

echinoderm fragments visible on weathered surfaces. Light

olive gray (5Y6/l) chert nodules and thin chert interbeds

are present but not common.

Interbedded with dolomites in the upper third of

the Grandeur, on the east flank of the Armstead

anticline, are thin beds of light gray (N7) dolomitic

sandstone with a distinctive salt and pepper texture.

This texture results from clastic grains of dark colored

chert, glauconite, and phosphate being interspersed with

lighter colored quartz. These sandstones correlate with

sandstones in the upper half of the Grandeur to the east
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at Dalys Spur, and comprise the upper terrigenous beds of

Cressman and Swanson (1964).

Three thin-sections of the Grandeur Member of the

Park City Formation were examined, including two from the

lower dolomite (WG-38, WG-40) and one from the upper

terrigenous beds (WG-54). WG-38 was collected from

directly above the last beds of Quadrant Formation. It is

a grayish orange pink (5YR7/2), faintly mottled dolomite

displaying scattered echinoderm fragments which stand out

in relief on weathered surfaces. Finely crystalline,

cloudy, anhedral dolomite comprises 90% of the rock,

angular quartz silt and angular to subrounded quartz and

angular chert sand totalling 2% are disseminated

throughout the dolomite. Porosity is quite high, roughly

7%, and consists of moldic and solution-enlarged moldic

pores. Echinoderm fragments are the only positively

identifiable biotics; these are dolomitized but retain

their single crystal extinction. Trace amounts of brown,

ovoid phosphatic pellets, phosphatic shell fragments, and

phosphatic oolites with quartz cores are also present.

The distribution of echinoderm fragments and moldic pores

in a matrix of cloudy dolomite suggests that the dolomite

in this sample originated from secondary replacement of

an originally biomicritic rock or sediment.

Sample WG-40 was collected from near the middle of

the Grandeur Member. It is a medium gray (N5) colored

dolomite similar to WG-38 except that it contains
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appreciably more clastic quartz grains. Cloudy anhedral

dolomite comprises 80% of the sample, while angular

quartz silt and subangular to subrounded quartz and chert

sand make up most of the remainder. A biomicritic texture

is prominent and is again evidenced by dolomitized

echinoderm fragments and moldic porosity. Phosphatic

allochems, including phosphatic oolites, fish bones and

fish teeth, make up a small fraction of the rock, and a

few rounded glauconite grains also are present.

The upper terrigenous beds of the Grandeur are

typified by sample WG-54, a light gray (N7),

structureless quartz sandstone displaying a distinct

salt-and-pepper texture imparted by disseminated chert,

glauconite, and phosphatic grains. The sandstone is

poorly sorted and consists of 65% subangular to well

rounded quartz and 5% brown chert grains. Grain size

ranges from 0.50 mm. (coarse sand) to 0.075 mm (very fine

sand). Fine-grained, cloudy, anhedral to euhedral

dolomite cement comprises 15% of the rock. This cement

commonly has corroded and replaced the margins of quartz

and chert grains. Phosphatic grains make up 15% of the

rock and are of two distinct types, clear to yellowish

brown fragments of fish bones, fish teeth, and phosphatic

brachiopods clearly of detrital origin, and irregularly

shaped, microcrystalline, nearly isotropic grains and

patches of brown, cloudy, cherty collophane. The latter

material appears to have originated both as pellets of
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organic origin and as an inorganic cement precipitated in

pore spaces. An alternate interpretation is that the

cherty phosphate, distributed as irregular patches in

pores, originally may have been phosphatic pellets which

later were deformed and squeezed into the pore spaces

during sediment compaction. Glauconite occurs in small

amounts both as round to ovoid grains and as patches

filling pores. The shape of these glauconite grains

suggests that the mineral originated from the alteration

of clay minerals included within fecal pellets. The

oxidation of organic matter within fecal pellets lowers

the Eh and provides a favorable micro-environment for the

glauconitization of included clays (Cressman and Swanson,

1964). The patches of glauconite within pore spaces may

have been deposited in situ or originated from

deformation of glauconite pellets during sediment

compaction in a manner similar to that suggested above

for the pore-filling phosphate.

Rex Chert Member of the Phosphoria Formation

and Lower Member of the Shedhorn Sandstone

Within the study area, the Rex Chert Member of the

Phosphoria Formation and the Lower Member of the Shedhorn

Sandstone are mutually intertonguing, with chert and

sandstone present in roughly equal amounts throughout the

interval between the Grandeur and Retort Phosphatic Shale
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Members. There exists some difference of opinion among

geologists on the correlation and designation of the

sandstones in the interval between the Grandeur and

Retort in southwest Montana. The problem arises from the

fact that the Franson Member of the Park City Formation

changes from a western sandstone sequence to an eastern

dolomite sequence, as well as intertonguing with the

Lower Member of the Shedhorn Sandstone. A quote from

Cressman and Swanson (in Cressman and Swanson, 1964,

p.285, 286) regarding correlation of Permian strata

exemplifies this problem:

In areas where intertonguing is complex,
the nomenclature (of Perniian strata) is
correspondingly complex. . . The tongues
cannot be traced continuously in outcrop
but must be correlated from section to
section across areas of no exposure;
therefore, the nomenclature reflects in
part our confidence or in part our lack
of confidence in the correlation...
Swanson would, in general, prefer to
extend formation and member names farther
than Cressluan. For example, at Big Sheep
Canyon and Dalys Spur, Swanson would
assign sandstone that is part of the
Franson Member of the Park City Formation
to the Shedhorn Sandstone...

This author finds numerous similarities between the

sandstones below the Retort Phosphatic Shale Member and

the sandstones of the tipper Member of the Shedhorn

Sandstone, and therefore chooses to side with Swanson and

correlate these sandstones with the Lower Member of the

Shedhorn Sandstone.

The lack of adequate continuous exposure made an
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exact thickness determination of the Rex Chert-Lower

Shedhorn interval difficult, but a reasonably accurate

estimate of 75 feet was acquired utilizing aerial

photographs and pacing of the section on the east flank

of the Armstead anticline. The interval is 89 feet thick

to the east of the study area at Daly's Spur, where it

consists of 30 feet of cherts and sandy cherts

interbedded with 59 feet of sandstones, cherty

sandstones, calcareous sandstones, and minor siltstones.

Regionally, the Lower Member of the Shedhorn Sandstone is

55 feet thick at Wigwam Creek in the Gravelly Range,

Montana, more than 25 feet thick in the Snowcrest Range,

Montana, and about 47 feet thick at the type section in

the Madison Range, Montana. The Rex Chert Member of the

Phosphoria Formation reaches a maximum thickness (in

southwestern Montana) of 80 feet in the central and

western Snowcrest Range and thins to the west, east, and

north (Cressman and Swanson, 1964).

The Rex Chert in the study area is typically a

very hard, thick and irregularly bedded or massive chert

which is pale brown (5YR5/2) on fresh surfaces. Clastic

grains are a common constituent of the chert, in some

beds comprising up to 50% of the rock. Quartz sand and

silt dominate the clastic part of the chert, with angular

chert grains, phosphatic shell fragments, fish bones and

teeth, and phosphatic pellets and oolites present in

amounts ranging from a trace to several percent.
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Thick-bedded, pale brown (5YR5/2) to very pale

orange (1OYR8/2) to light gray (N7) cherty quartz

arenites characterize the Lower Member of the Shedhorn

Sandstone in the study area. Most of the sandstones

appear massive and structureless, with the exception of

thick beds of light brownish gray (5YR6/1) sandstone

which crop out in the northwest corner of Section 7, T.9

S., R.10 W.. These beds display numerous planar

laminations. Most exposures of the Lower Shedhorn have

irregular, undulatory bedding planes which display a

distinct knobby and pitted texture on weathered

surfaces. Nodules, lenses, and thin beds of gray to

brown chert are common at some exposures. Fine quartz

sand comprises 70% to 80% of the typical Lower Shedhorn

strata, with chert grains, various types of phosphatic

grains, and glauconite making up the remainder. The

cement is dominantly chert, but quartz overgrowths are

locally present, and clear to yellowish green apatite

acts as a subordinate cement in some beds. Spicular chert

also is present as a major constituent forming up to 50%

of the rock. Pore fillings and diffuse patches of brown

organic residue impart a speckled appearance to some of

the Lower Shedhorn sandstones.

One thin section of the Rex Chert (WG-57) and one

from the Lower Member of the Shedhorn Sandstone (WG-90)

were examined in detail. WG-57 is an irregularly bedded,

light gray (N-7), sandy chert. Chert makes up 60% of the
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Photomicrographs of sandy, phosphatic chert.
Rounded to subrounded, poorly sorted medium sand-
to coarse silt-sized quartz (q) and chert (C)
grains set in a matrix of chert (cc) and
yellowish-brown cherty coliphane (cp). Note
oolitic collophane coating sponge spicule (s) and
filling its core (upper photo, plane light). Note
drusy quartz cement on quartz grains and isotropic
nature of collophane (lower photo, crossed
nicols). Sample WG-57, Rex Chert Member of the
Phosphoria Formation, east flank of the Grayling
syncline.
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sample and consists of equidimensional microcrystalline

quartz crystals which average 15 microns in diameter.

Numerous sponge spicules of the class Demospongia are

present. The spicules are simple (monaxial) rods in which

the initially opaline silica has been replaced by

microcrystalline quartz. The axial canals of these

spicules are enlarged and many are filled with brown

apatite or chert. Subrounded to rounded quartz and chert

grains set in this chert matrix comprise 35% of the rock.

These clastic grains average 0.15 mm (fine sand) but

range in size from medium sand to coarse silt. Brown,

nearly isotropic zones and laminae consisting of a

mixture of chert, phosphate, and clay(?) are common.

Small amounts of clear to yellowish brown phosphatic

shell fragments and fish bones, as well as round to ovoid

phosphatic pellets, also are present. In addition,

apatite occurs as clear, isotropic, oolitic coatings on

some quartz and chert grains.

WG-90 is a good representative sample of the Lower

Member of the Shedhorn Sandstone in the study area. It is

a very pale orange (1OYR8/2), structureless quartz

arenite containing light olive gray (5Y6/1) chert

nodules. Moderately sorted, fine quartz sand averaging

0.10 mm comprises 70% of the sample. Of the quartz sand

fraction, up to 50% of the grains are of the strained

monocrystalline and finely strained polycrystalline

varieties. The remainder are monocrystalline and
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unstrained. The significance of these quartz types will

be examined in the later discussion on depositional

environment and source area for the Shedhorn. Angular to

subrounded chert grains are scattered throughout and

account for roughly 5% of the clastic grains. Phosphate

makes up roughly 10% of the rock in the form of numerous

phosphatic shell fragments and fish bones, lesser numbers

of round to ovoid isotropic pellets, and clear to light

green apatite as a pore-filling cement. Apatite, and rare

glauconite, are present as oolitic coatings on quartz,

chert, and phosphatic grains. Microcline and muscovite

are present in trace amounts. The heavy mineral

assemblage is dominated by the stable minerals zircon and

tourmaline; these grains are subangular to well-rounded.

Chert is the dominant cement and comprises up to 10% of

the rock. Quartz overgrowths are present on a few grains.

Several irregular chert-rich zones which bear sponge

spicules were also noted in thin-section. An organic

residue is common and appears, under condensed plane

light, as amorphous, brown to anther stains and pore

fillings.

Retort Phosphatic Shale Member

of the Phosphoria Formation

The Retort Phosphatic Shale Member of the

Phosphoria Formation is not exposed in the study area. It



is present, however, as clearly indicated by a pronounced
grassy swale located between the Rex Chert-Lower Shedhorn

and Tosi-Upper Shedhorn intervals along the eastern flank
of the Armstead anticline.

The Retort was trenched and carefully measured,

both to the east of the study area at Daly's Spur and to
the southwest of the study area at Cedar Creek, as part
of an assessment of phosphate deposits in the Western
Phosphate Field by members of the U.S. Geological Survey.

The Retort consists of 54 feet of interbedded niudstones,
phosphatic mudstones, pelletal and nodular phosphorites,
and gypsiferous phosphorites and inudstones at Daly's Spur
(Lowell et al., 1947, in Cressman and Swanson, 1964). At

Cedar Creek, the section is 51 feet thick and contains,

in addition to mudstone and phosphorite similar to that
at Daly's Spur, thin beds of phosphatic limestone and
dolomite (Ruppel and Kelleher, 1948, in Cressman and
Swanson, 1964).

Regionally, the Retort is 60 feet thick at the
type locality where it consists of niudstones and
phosphorites similar to those at Daly's Spur. It reaches
a maximum thickness of 85 feet along a northeast-trending
line from Big Sheep Canyon in the southern Tendoy Range

to Hogback Mountain in the Snowcrest Range, thinning away

from this line to the east, north, and west (Cressman and
Swanson, 1964).

Readers interested in a more in-depth discussion



or in detailed measured sections of the Retort Phosphatic

Shale in southwestern Montana are referred to the work of

Cressinan and Swanson (1964) and the thesis of Clark (M.S.

thesis in progress, Oregon State tniversity).

Tosi Chert Member of the Phosphoria Formation

The Tosi Chert Member of the Phosphoria Formation

is poorly exposed within the thesis area. The best

exposures are located along the 6,100' contour in the

central western part of Section 6, T.9 S., R.l0 W.. Here,

the Tosi is dense, thick-bedded chert ranging in color

from medium gray (N5) to pale brown (5YR5/2) and

containing abundant quartz sand. A reasonably accurate

measurement of the Tosi thickness could not be made in

this area because of gentle dips and incomplete

exposures. A thickness of approximately 50 feet is likely

as this is the thickness of the Tosi Chert at Daly's

Spur, only three miles east of the study area.

Regionally, the Tosi Chert Member of the

Phosphoria Formation

locality in the Gros

southwestern Montana

Pioneer Range, thins

Dillon area and then

feet in the eastern

Tosi is typically 30

is 33 feet thick at the type

Ventre Range, Wyoming. The Tosi in

is 150 feet thick in the central

southeastward to 50 feet in the

thickens along the same trend to 130

Snowcrest Range. To the east, the

to 50 feet thick in the Madison and
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Gallatin drainages. This eastward thinning is primarily

the result of intertonguing of the Tosi with the Upper

Member of the Shedhorn Sandstone (Cressinan and Swanson,

1964)

Upper Member of the Shedhorn Sandstone

The Upper Member of the Shedhorn Sandstone

conformably overlies the Tosi Chert Member of the

Phosphoria Formation in the study area. Exposures of the

Upper Shedhorn are good in a limited area of the

northeastern corner of Section 6, T.9 S., R.l0 W. The

Upper Shedhorn consists of structureless, thin-bedded to

thick- and irregularly bedded, medium- to fine-grained,

cherty, glauconitic quartz arenites. The color of fresh

surfaces is typically light gray (N7). An increase in the

amount of chert decreases the color value of the rock,

and an increase in glauconite shifts the hue towards

green, resulting in sandstones of a dark gray (N3) and

greenish gray (5GY6/l) color respectively. Thin beds and

tongues of Tosi Chert are common in the Upper Member of

the Shedhorn. In addition, chert is present in many

sandstone beds as thin, dark gray (N3) lenses and

nodules. In one outcrop, thin, dusky yellow (5Y6/4) silty

laminations were observed bounding the upper and lower

surfaces of a chert lens. Phosphatic fragments are

commonly present in the Upper Shedhorn in amounts ranging
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from a trace to 5%. Intense cementation by a combination

of microcrystalline quartz and quartz overgrowths has

destroyed nearly all porosity in the Upper Shedhorn,

resulting in dense, very hard, quartzitic sandstones.

Although good exposures of the Upper Shedhorn are

present in the field area, the exposures are isolated and

gently dipping, making an estimate of precise thickness

difficult. Three miles east of the study area at Daly's

Spur, Lowell (in Cressman and Swanson, 1964) measured 66

feet of Upper Shedhorn. This measurement includes two

tongues of the Tosi Chert Member which total 16 feet.

Regionally, the Upper Shedhorn is about 70 feet

thick at the type locality in Small Horn Canyon, Madison

Range, Montana. The thickest accumulations in

southwestern Montana occur in the Tobacco Root and

eastern Snowcrest Ranges, where the Upper Shedhorn

reaches maximum thicknesses of 95 and 140 feet

respectively. The member thins to the west of a line

connecting these two ranges and reaches a zero edge along

a north-south line connecting the towns of Lima and Wise

River.

Cressman and Swanson (1964) studied the lithology

and petrography of the Upper Shedhorn of Southwestern

Montana in some detail. They found that the sandstones of

the Shedhorn were quite uniform across the area, being

typically well-sorted and fine-grained. One regional

variation noted was the type of cementation and the
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distribution of glauconite. East of the Ruby River, the

Upper Shedhorn lacks glauconite and is cemented by quartz

overgrowths, whereas west of the Ruby River it is

glauconite-bearing and chert is the dominant cement

(Cressman and Swanson, 1964). Quartz overgrowths,

however, do occur in minor amounts west of the Ruby River

in the Upper Shedhorn of the study area. A unique feature

of the Upper Shedhorn interval is the widespread

occurrence of columnar bodies of sandstone, one to three

inches in width, oriented perpendicular to the bedding

planes. These columns have been recognized by numerous

authors, including McKelvey et al.(l956), Cressman and

Swanson (1964), and Peterson (1972). Cressman and Swanson

considered these columns to be the burrows of

bottom-dwelling organisms. Columnar structures very

similar to those described bj' Cressman and Swanson were

observed in sandstone float below exposures of Tosi Chert

and Upper Shedhorn Sandstone and are assumed to have been

derived from the Upper Shedhorn.

One thin-section (WG-102) of the Upper Member of

the Shedhorn was examined in detail. This sandstone

contains 65% subangular to well-rounded quartz and 6%

subangular to subrounded chert grains which range from

0.06 mm (very fine sand) to 0.20 mm (fine sand) and

average 0.12 mm (fine sand). As with the quartz grains

from the Lower Shedhorn, many are gently to strongly

undulatory and monocrystalline or strained finely
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Figure 41. 5 j
Photomicrographs of glauconitic quartz arenite.
Angular to subrounded quartz (q) and chert (C)
grains, phosphatic shell fragments (p), and ovoid
glauconite (g) grains. Note oolitic collophane
(oc) coatings on quartz grains and collophane
pore-fillings (upper photo, plane light). Note
quartz overgrowths (o) and abundant chert and
microcrystalline quartz cement (lower photo,
crossed nicols). Sample WG-102, Upper Member of
the Shedhorn Sandstone, east flank of the Grayling
syncline.
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polycrystalline grains. Glauconite comprises 6% of the

rock and occurs as pale green, round to ovoid grains and

pellets and as irregular pore fillings. A few glauconite

grains are oxidized to a yellowish brown color. Clear to

brownish green, elongate phosphatic brachiopod and fish

(?) fragments make up 4% of the rock. Phosphate also

occurs as light green to yellowish brown, oolitic apatite

coatings on quartz and phosphatic grains and as cloudy,

isotropic, intergranular stains. Quartz overgrowths are

present in limited numbers but the dominant cement is

chert. It comprises approximately 15% of the rock and has

filled nearly all pore spaces, resulting in a sandstone

of very low porosity.

Age and Correllation

The precise age of the Phosphoria and associated

formations in southwestern Montana is subject to some

uncertainty and to differences of opinion at the present

time. Peterson (1972) stated that the fossil assemblage

found in the Permian rocks of the northern Rocky

Mountains suggests a Leonardian-Guadalupian (medial

Permian) age. Many of the fossils used to date Permian

rocks, especially fusulinids, are rare in southwestern

Montana. Frenzel and Mundorft (1942) collected fusulinids

from the base of the Phosphoria near Three Forks,

Montana. These yielded a Wolfcampian (Early Permian) age.



195

Cressman and Swanson (1964) later collected specimens of

the same species at this location, which were identified

by L. Henbest as "middle or upper Wolfcampian or possibly

early Leonard". At variance with the age of the

Phosphoria reported by most authors is a Wolfcampian age

of fusulinids collected by L. Blatter from a coquina bed

above the Retort Phosphatic Shale northeast of Whitehall,

Montana (Peterson, 1972).

The Blacktail Member of the Park City Formation, a

member recently defined by Schock, Maughan, and Wardlaw

(1981), forms the top of the Permian section over a large

part of southwestern Montana and western Wyoming. This

unit is characterized by the Echinaurisn.sp.

assemblage. This assemblage is characterized by

undescribed species of the productoid brachiopod

Echinauris and the rhynchonelloid brachiopod

Phrenophoria, and the spiriferoid brachiopods Hustedia

phosphorensis and Composita sp.. This fauna resembles

the fauna described by Yochelsen (1968) from the Ervay

Member of the Park City Formation and, depending on

individual paleontololgist, indicates either a Late

Permian or Early and Late Permian age (Schock, Maughan,

and Wardlaw, 1981). The age of the Blacktail Member

confirms that sedimentation of Permian strata ceased

prior to the Permian-Triassic boundary in southwestern

Montana. The interval between the Permian and Triassic

rocks is marked by a hiatus that may have spanned most of
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Triassic (Schock, Maughan, and Wardlaw, 1981). This

disconformity will be discussed further in the chapter on

the Triassic Dinwoody Formation.

The Gerster Formation (McKelvey et al., 1956) of

northwestern Utah and northeastern Nevada occupies a

stratigraphic position similar to the Permian rocks of

southwestern Montana, western Wyoming, and eastern Idaho.

Other rocks which are correlative to the Phosphoria and

associated formations include the Minnekahta Limestone in

eastern Montana, eastern Wyoming, and western North

Dakota (Wardlaw, 1980) and the red beds of the Chugwater,

Goose Egg, Satanka, and Moenkopi Formations in

southeastern Wyoming and northern Colorado (McKelvey et

al., 1956, Sheldon et al., 1967, Miller and dine, 1934)

Depositional Environment

The Permian strata of the Northern Rocky Mountains

were deposited as a variety of facies ranging from

restricted and evaporitic marine to littoral to deep

marine. These facies migrated laterally and vertically in

response to cyclic transgressive-regressive events. The

cyclic characteristics of the Permian rocks have been

examined by numerous authors, including Sheldon (1963),

Cressman and Swanson (1964), Peterson (1969, 1971, 1980),

and Maughan (1975). Eustatic sea level change, modified
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by tectonic movements within the depositional basin and

source area provinces, is thought to have been the major

cause of Permian cyclicity (Peterson, 1980).

Two major transgressive cycles are recognizable in

the Permian strata of southwestern Montana (Peterson,

1971): a lower cycle consisting of the Meade Peak

Phosphatic Shale, Rex Chert, and Franson Carbonate (Lower

Shedhorn of this report) Members; and an upper cycle

consisting of the Retort Phosphatic Shale, Tosi Chert,

and Upper Shedhorn Members. In simplified form, each

cycle began with a maximum low sea level stand, with

ensuing exposure of the shelf in some areas and the

deposition of thin aeolian sand veneers. These

continental sands later were reworked into nearshore

marine sands during a sea level rise. Organic-rich muds

accumulated during the low sea level stand in the center

of the stagnant depositional basin and phosphatic

sediments were deposited along an upwelling belt on the

eastern shelf edge. As sea level rose, optimum conditions

for phosphate production developed in response to

upwelling of concentrated basinal waters along the shelf

edge. Deposition of chert replaced phosphate as the

dominant sediment on the outer shelf and the deposition

of phosphatic sediments shifted inward onto the shelf

with a further rise in sea level. Influx of sand into the

basin from reworked continental sediments along the basin

margins increased. Carbonates began to form along the
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shelf and shelf edge, and at maximum sea level stand,

normal marine conditions were present across large areas

of the shelf and carbonate deposition predominated,

intertonguing with sand facies to the north and west.

The Grandeur Member of the Park City Formation

apparently represents a single Leonardian age

transgressive-regressive cycle which preceded the two

major Perinian phosphate-bearing cycles (Peterson, 1980).

The dolomites of the Grandeur Member in the study area

display abundant evidence of original bioniicritic

textures. The numerous echinoderm fragments and moldic

porosity suggest that the Grandeur dolomites originated

as shallow water accumulations of skeletal fragments

mixed with micritic carbonate. The abundance of micrite

does not nesessarily point to a low energy environment.

On the contrary, the numerous grains of fine- to

medium-sized quartz and disarticulated and broken fossil

fragments suggest a depositional environment of moderate

energy, within wave base, where the production of micrite

simply exceeded winnowing. Peterson (1971) suggested that

the Grandeur in southwestern Montana accumulated as

skeletal and pelletal mound or bank deposits.

The Permian sandstones of the study area (upper

terrigenous beds of the Grandeur Member, Upper and Lower

Members of the Shedhorn Sandstone) show many

similarities, including the typical fine grain size, the

nearly ubiquitous glauconite and phosphatic material in
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various forms, and a lack of internal stratification. The

Grandeur sandstones differ from the Shedhorn sandstones

in that they are less well sorted and are cemented by

dolomite rather than quartz. Cressman and Swanson (1964)

postulated two geographically distinct source areas for

the Grandeur and Franson (Lower Shedhorn of this report)

sandstones of southwestern Montana: an eastern positive

area in the region of the Central Montana Platform and

Sweetgrass Arch; and a western positive area northwest of

Lima, Montana. This western source is thought to have

been located in the general area of the southern part of

the Bitteroot Range, Idaho (Cressman and Swanson, 1964).

The source area of the sands in the Retort-Tosi-tJpper

Shehorn cycle was to the north of the study area

(Cressman and Swanson, 1964, Peterson, 1971). These sands

are thought to have entered the basin in the vicinity of

Butte, Montana, and spread laterally as well as southward

to the Idaho state line (Cressman and Swanson, 1964).

The types of quartz grains and species of heavy

minerals in the Permian sandstones of the study area

provide some insights into the type of rocks present in

the source areas. The abundance of subangular to

well-rounded monocrystalline nonundulatory quartz and the

stable minerals zircon and tourinaline indicate that older

sandstones were an important source rock. A similar

conclusion was made by Cressman and Swanson (1964), who

theorized that the increased angularity of the finer
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quartz grains in these sands resulted from the effect of

bouyancy on abrasion and thus does not preclude

reworking. The numerous monocrystalline undulatory and

fine strained polycrystalline grains are interpreted as

indicating an additional source terrane of metamorphic

rocks. Fine strained polycrystalline quartz is known to

be derived from schists and low grade metamorphic rocks.

Monocrystalline undulatory quartz was once thought to

form only in metamorphic rocks under the influence of

shear stress. This theory was later disproved by Blatt

and Christie (1963). Undulation in quartz is now known to

be a primary feature related to growth strain and may be

present in grains of both metamorphic and igneous origin.

Though this quartz type does not indicate a specific

source rock type, the presence in the Permian sandstones

of numerous grains of both strained monocrystalline and

polycrystalline quartz points to a partial source for

these sands in metamorphic rocks.

The Permian sandstones are thought to have been

transported by longshore currents and deposited as

littoral sheets and sublittoral longshore sand bodies

(Peterson, 1971). The position of sandstones shoreward of

the cherts was interpreted by Cressman and Swanson (1964)

to indicate that sand accumulation took place in water

less than 50 meters deep. Glauconite is a constituent of

many of the sandstones. This mineral is thought to form

in a relatively shallow, slightly reducing marine
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depositional environment characterized by slow rate of

sediment acumulation. It is known to be currently forming

in marine environments with water temperatures of 15 to

20 C and in water depths of 15 to 250 meters (Niem,

1982). Retransportation of glauconite can create problems

in interpreting the depositional environment of ancient

sandstones. The definite fades position of glauconite in

the Shedhorn Sandstone (Cressluan and Swanson, 1964), and

the association of both granular and interstitial

glauconite in the same samples suggests that glauconite

formed within the depositional environment and

retransportation was minimal. The massive nature of most

of the Permian sandstones is best explained by the

destruction of primary internal structures through the

burrowing activities of bottom-dwelling organisms.

The chert units (Rex and Tosi) of the two main

Permian cycles lie seaward of the sandy deposits and

reach a maximum development stratigraphically above the

phosphatic shales (Peterson, 1971). Water depths during

chert deposition probably did not exceed 50 meters

(Cressman and Swanson, 1964), as a large part of the

chert is composed of the spicules of Demospongia and

these organisms did not flourish below the photic zone

(Klecker, 1980).

The source of silica in the chert of the

Phosphoria Formation has been the subject of discussion

by numerous authors, including Peterson (1971, 1980),
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Kiecker (1980), and Cressman and Swanson (1964). The

abundant sponge spicules indicates that these could have

been a valid source for much of the silica. An

environment favorable to the growth of dense sponge

communities can in part be attributed to the high organic

carbon content of the Permian shales. Oxidation of

organic matter likely generated bottom waters of high

acidity with an accompanying increase in the

concentration and precipitation of dissolved silica

(Peterson, 1980). Upwelling of this bottom water

replenished dissolved silica in the zone of

photosynthesis, where silica was rapidly depleted by the

growth of sponges and siliceous plankton. The source of

the silica present as cement, as well as non-spicular

chert, has been investigated in detail by Cressman and

Swanson (1964). These authors feel that the non-spicular

silica was derived from the microscleres of sponges and

the remains of siliceous planktonic organisms. Direct

inorganic precipitation of the non-spicular chert (as

opal) could not have occurred, as the Permian sea was

apparently undersaturated with respect to opaline silica,

as evidenced by the pre-burial enlargement of the axial

canals of sponge spicules.

The deposition of the phosphate- and organic-rich

strata of the Meade Peak and Retort Meithers of the

Phosphoria Formation occurred during the maximum

regressive and early transgressive stages of the major
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Permian eustatic cycles (Peterson, 1980). Dark iuudstone

accumulated in the deeper, anoxic parts of the basin.

Prevailing north or northeast winds (Peterson, 1980)

blowing across the shelf area induced upwelling,

bringing cold phosphate-rich basinal waters up the shelf

edge into the zone of photosynthesis. The pH of these

phosphate-rich basinal waters was elevated through

photosynthesis and contact with the atmosphere (Cressman

and Swanson, 1964). The resulting phosphorous

supersaturation permitted the deposition of oolitic to

pisolitic phosphorite on the shelf and skeletal to

pelletal phosphorite basinward of the shelf edge.

The oolitic phosphorous was extracted from sea

water by direct inorganic precipitation of apatite on a

variety of nuclei. The precipitation of the apatite found

in pelletal phosphorites and phosphatic mudstones may

have been generated by either organic or inorganic

processes. Inorganic deposition of phosphate from cold,

phosphate-rich basinal waters could have occurred under

anerobic conditions along the shelf (Cressman and

Swanson, 1964). Phosphorous may also have been extracted

directly from sea water by organisms such as planktonic

brachiopods.
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The name Dinwoody was first applied by Condit

(1916) to 200 feet of shale in the upper part of the

Enthar Formation, in Dinwoody Canyon, located on the

northwestern margin of the Wind River Range, Wyoming. The

type section of the Dinwoody Formation was later defined

by Blackwelder (1918) at the same locality as 200 feet of

gray siltstone and shale with thin interbeds of brown

limestone near the base. He placed the contact of the

Dinwoody and the overlying Chugwater Formation where the

color of the siltstones and shale changed from gray to

red. Newell and Kummel (1942) regarded this color

demarcation as an inadequate marker for the top of the

Dinwoody Formation. Finding that the gray to red color

change was a discontinuous and local feature, they

limited the Dinwoody at the type section to 90 feet of

siltstone with subordinate limestone and shale which

overlie the Phosphoria Formation. The top of the

restricted Dinwoody Formation was placed at the uppermost

beds of resistant siltstone.
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Distribution and Topographic Expression

In the study area, the Dinwoody Formation

disconformably overlies rocks of Late Permian age. This

contact is not exposed, but has been well documented in

the vicinity, and evidence for a Perino-Triassic

disconformity is discusssed in detail in the previous

chapter and later in this chapter. The first exposures

observed stratigraphically below the Dinwoody Formation

are of the Upper Shedhorn Sandstone, but the presence of

a thin interval of the Blacktail Member of the Park City

Formation below the Dinwoody Formation, three miles east

of the study area (Schock, Maughan, and Wardlaw, 1981),

indicates that this unit may underlie the Dinwoody in the

study area as well.

The Dinwoody is typically a non-resistant

slope-former. It does crop out as isolated exposures

within the Grayling syncline in the western half of

Section 7, T.9 S., R.l0 W. (see Plate 1). The Dinwoody

strata in this region strike variably from northwest to

northeast and typically dip less than 35°, forming

rolling hills and ridges which support abundant range

grass and sagebrush. Exposures are small and limited to

thin ledges along ridge crests and in the floors and

walls of several dry gulches. Determination of the

stratigraphic position of individual outcrops within the

Dinwoody Formation here is hindered by limited exposure
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and the presence of several second order folds which have

been superimposed on the Grayling syncline. The upper

contact of the Dinwoody was located on the northern edge

of Section 7, just above the 6,100' contour. The Dinwoody

here is overlain by a thin layer of white welded tuff

thought to be of Cretaceous age.

The Dinwoody Formation also is present on the

eastern flank of the Madigan Gulch anticline in the

southeast corner of Section 32, T.8 S., R.11 W.. Here,

approximately 100 feet of the basal part of the Dinwoody

crop out as a thin band of overturned strata between the

Upper Shedhorn Sandstone and the Beaverhead Formation.

The Dinwoody Formation is offset along the center

of Section 7, T.9 S., R.11 W. by a north-trending normal

fault with down to the west displacement. The Dinwoody

occupies the footwall of this fault and is juxtaposed

against the rocks of the Rex Chert-Lower Shedhorn

interval in the hanging wall.

Thickness and Lithology

The thickness of the Dinwoody Formation could not

be measured in the Grayling syncline area because of

inadequate exposures. The formation is about 100 feet

thick along the east flank of the Madigan Gulch

anticline, where it is erosionally truncated and overlain

with angular unconformity by the Cretaceous Beaverhead
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Hans Peterson Flat, the Dinwoody Formation is 600 feet

thick (Clark, pers. comm., 1984). Clark feels that the

true thickness of the Dinwoody is somewhat greater than

this figure as some interval of the lower part of the

Dinwoody section has been faulted out in this area.

Lowell (1965) measured from 200 to 900 feet of

Dinwoody Formation in the Bannack-Grayling area, which

includes, the present study area. To the east of the study

area in the Blacktail Range, the Dinwoody is 180 feet

thick (Scholten et al., 1956). The formation thickens

southeast of the Blacktail Range to 650 feet in the

Snowcrest Range (Scholten et al., 1956) and southwest to

870 feet at Little Water Canyon in the Tendoy Range

(Moritz, 1951). The maximum known accumulation of

Dinwoody strata lies southeast of Fort Hall, southeastern

Idaho, where the formation is 2,444 feet thick (Kummel,

1960)

Moritz (1951) recognized two distinct subdivisions

in the Dinwoody Formation of southwestern Montana: a

lower unit of very thin-bedded and laminated siltstones

with interbedded, discontinuous liiuestones lenses; and an

upper unit of interbedded, argillaceous limestones,

siltstones, and shales. He recommended that the informal

names "Shale Member" and "Limestone Member" be used for

these units as they are not easily recognized in some

areas. Both units are present to the south of the study
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included 30 meters of yellowish brown, laminated and very

thin-bedded calcareous siltstone and thin-bedded

limestone in the Shale Member and 226 meters of

interbedded calcareous siltstones and limestones in the

Limestone Member.

On the east flank of the Madigan Gulch anticline,

laminated calcareous siltstones similar to those

described by Sadler from the Lower Shale member are

present in the lower Dinwoody. These calcareous

siltstones are very thin-bedded and flaggy,

unfossiliferous, pale yellowish brown (1OYR6/2) on fresh

surfaces, and typically weather to a distinctive pale

brown color (51R5/2). Many of the siltstone laminations

are accentuated by concentrations of pyrolusite.

Interbedded with the laminated siltstones in the lower

part of the Dinwoody are thin-bedded, mottled silty

biomicrites and poorly washed biosparites which weather

to the pale brown color (5YR5/2) characteristic of the

Dinwoody Formation. Considering these lithologies,

correlation of this part of the Dinwoody section with the

Lower Shale of Moritz (1951) seems reasonable.

Siltstones are notably lacking from Dinwoody

strata exposed in the Grayling syncline, where outcrops

are dominated by pelycypod-bearing bioniicrites and

biomicrosparites. The predominance of limestone units,

coupled with the fact that the outcrops are located in
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the general area of the synclinal axis at a distance from

the Dinwoody-Permian contact, suggest correlation of

these limestones with the Limestone Member of Moritz

(1951). The limestones are thin- to medium-bedded, vary

from grayish orange (1OYR5/4) to dark yellowish orange

(1OYR6/6) to medium gray (N5) on fresh surfaces, but are

typically pale brown (5YR5/2) on weathered surfaces. The

bedding surfaces of some biomicrites display small (1/2

inches in diameter) conical mounds which are thought to

have been constructed by burrowing organisms. Packed

pelycypod limestones are common and display undulatory

bedding surfaces formed from numerous impressions of

pelycypod shells.

Three samples of the Dinwoody Formation were

selected for thin section study: one laminated calcareous

siltstone (WG-93) from the lower part of the formation on

the east flank of the Madigan Gulch anticline, and two

limestones (WG-46, WG-60) from a stratigraphically higher

position in the Grayling syncline. WG-93 is a very

thin-bedded, flaggy, calcareous siltstone which is pale

yellowish brown (1OYR6/2) on fresh surfaces and pale

brown (5YR5/2) on weathered surfaces. Black pyrolusite

(manganese dioxide) is concentrated along, and enhances

laminations. Pyrolusite also forms numerous small

dendrites oriented perpendicular to the laminations. The

rock consists of 45% angular quartz silt and 50% micrite

and microspar. The quartz is predominantly
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monocrystalline and nonundulatory (>95%) and ranges in

size from medium to coarse silt, with a mode of medium

silt. Neomorphism has converted much of the original

micrite to microspar. In areas where neomorphism has not

destroyed the original texture of the carbonate, the

micrite has a brownish hue and is finely pelletal. Black,

opaque pyrolusite as dendrites and thin laminations

comprises roughly 4% of the rock. Accessory minerals

include a trace of muscovite and feldspar.

Sample WG-46 is a thin-bedded, packed pelycypod

biomicrosparite which is grayish orange (1OYR7/4) on

fresh break and pale brown (5YR5/2) on weathered

surfaces. Disarticulated shells of pelycypods of the

suborder (Pectinacea) (scallops) are aligned parallel

to bedding planes in allochem-rich zones. The rock parts

readily along the margins of these zones, forming

fracture surfaces which are gently undulant and bear

numerous pelycypod impressions. In thin section, this

rock consists of 35% fossil fragments and 60% microspar.

The fossil fragments consist predominantly of

disarticulated pelycypods, with a few fragments of

inarticulate chitinophosphatic brachiopods of the

suborder (Lingulacea) and a trace of small echinoderm

plates. Host pelycypod fragments are poorly preserved

because neomorphism has converted the aragonite shell

layers to uniform calcite spar. Layers of simple

prismatic structure are visible in several shells. This
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type of structure can be made up of either calcite or
aragonite (Taylor et al., 1969). The neomorphosed
condition of most of the pelycypod shells suggests that
the simple prismatic layers visible survived neomorphism
because the structure was initially composed of calcite.
Fossil fragments are concentrated into well-packed zones

which alternate with microspar-rich zones. Evidence that
the microspar is a neomorphic product of micrite includes
the cloudy appearance, the uniform fine grain size, and
the fact that it is concentrated in discrete zones,
oriented parallel to bedding, which alternate with
allochem-rich zones. Angular, medium to coarse quartz

silt comprises 2% of the rock and is concentrated in the
allochein-rich zones.

Sample WG-60 was collected from just below the

contact of the Dinwoody with an overlying Cretaceous tuff
on the northern edge of Section 7, T.9 S., R.11 W.. This
rock is also a biomicrosparite consisting of packed,
disarticulated, thin-shelled pectinoid pelycypods set in
a matrix of microspar and fine pseudospar. Thin
phosphatic brachiopod shells possessing parallel fibrous
structure are common, and broken fragments of gastropods

and echinoderms are present in small numbers. Neomorphisin

has converted all of the original inicrite to inicrospar
and pseudospar, as well as converted most pelycypods and

gastropod shells to fine calcite spar, destroying primary
shell structures in the process. Many of the mollusk
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Photomicrograph of packed biomicrosparite.
Neomorphosed mollusk fragments (rn), brachiopod
fragments (b) displaying typical parallel-fibrous
shell structure, echinoderm fragments (e), and
isotropic phosphatic brachiopod (LINGULA2)
fragments (p). Matrix/cement is cloudy nticrospar.
Note micrite rims (r) on shell fragments
indicative of algal boring. Crossed nicols. Sample
WG-60, Dinwoody Formation, Grayling syncline.
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remains are evidenced only by micritic envelopes, which

define shell margins, and subtle dark lines in the

uniform neomorphic calcite which define the boundaries of

the primary shell layers. Very well preserved crossed

lamellar structure was observed in one pelycypod shell.

The preservation of this structure is somewhat enigmatic

as it is always formed of aragonite (Boggild, 1930), and

one would expect it to have been destroyed by the

pervasive neomorphism which has affected the other

molluscan remains in this rock.

Age and Correllation

The close of the Permian Period was characterized

by the mass extinction of numerous classes of marine

invertebrates. The consequence of these mass extinctions

is a marked reduction in the diversity of faunas found in

Lower Triassic rocks world-wide.

Mollusks, especially pelecypods and ammonites,

dominate the fauna of the Dinwoody Formation in

southwestern Montana. Common genera include Claraia,

Pseudomonotis, Euiuorphotis (pelycypods),

Meekoceras, and Ophiceras (ammonites). Articulate

brachiopods, plentiful in the Upper Perinian strata of the

Blacktail Member of the Park City Formation, are greatly

diminished across the Permo-Triassic boundary. Blacktail

strata below this boundary are characterized by the
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articulates Echinauris and Phrenophoria, whereas

Dinwoody strata above this boundary are typified by the

inarticulate brachiopod Lingula borealis in association

with pelycypods such as Claraia stachei (Schock,

Maughan, and Wardlaw, 1981).

The age determination of the Dinwoody Formation is

based on pelycypods, brachiopods, amnionites, and

conodonts. In northwestern Utah, Clark et al.(l977)

recovered a conodont fauna from the Dinwoody Formation

which included Anchignathodus isaricicus. This species

is confined to the early Scythian (Lower Triassic) rocks.

Schock, Maughan, and Wardlaw (1981) found the Lingula

borealis assemblage in the lower Dinwoody Formation of

southwestern Montana and estern Wyoming. This fossil

assemblage is one of the oldest Triassic fossil

assemblages from North America. The occurrence of this

assemblage with the conodonts Hindeodus typicalis Sweet

(range: latest Perniian through Griesbachian) and

Neospathodus peculiaris Sweet (Dienerian) is

interpreted to indicate a latest Griesbachian to early

Dienerian (Early Triassic) age for the lower Dinwoody

(Schock, Maughan, and Wardlaw, 1981).

The Dinwoody Formation is the basal Triassic unit

throughout south and southwestern Montana, western and

central Wyoming, southeastern Idaho, and northwestern

Utah.
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Depositional Environment

Deposition of the calcareous siltstones and

limestones of the Dinwoody Formation took place in a

paleogeographic framework essentially unchanged from that

of the underlying Permian System. The Dinwoody of

southwestern Montana accumulated on the northwestern

margin of an embayment of the Cordilleran geosyncline

(Sadler, 1980) which stretched roughly from Butte,

Montana southeastward to the Wind River Range in western

Wyoming. Marked differences between the Lower Triassic

and Permian rocks, specifically the absence of chert,

phosphate, and skeletal carbonates in the Lower Triassic

rocks, is primarily attributable to the decline or

extinction of many rock-building marine faunas at the

close of the Permian (Peterson, 1981). Although source

terranes are thought to have been similar for both

Permian and Triassic rocks, a decrease in the source to

basin topographic relief during deposition of the

Dinwoody Formation is indicated by the finer grain size

of clastic material in the Dinwoody.

A shallow marine depositional setting for the

entire Dinwoody Formation is suggested by both lithology

and fauna. Two distinct types of bioclastic lilnestones

were observed in the Dinwoody of the study area:

biomicrosparites in which the allochems are

disarticulated and organized into distinct, well-washed
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and packed zones which alternate with microspar-rich

(originally micrite mud) zones, and structureless

biomicrosparites in which the microspar and fossil

fragments are homogenized. The well-packed limestones are

interpreted to be shelly lags which accumulated in

well-agitated water within wave base. Winnowing and

deposition of the shelly lags likely occurred during

periods of strong storm or tidal currents, whereas the

micrite mud was deposited in discrete layers during times

when bottom currents or turbulence were minimal. Sadler

(1980) described similar packed, shelly carbonates from

the Little Sheep Creek area, south of the present study

area, and suggested that they were laid down as traction

deposits in swales adjacent to shoals on the shallow

shelf.

The homogenized biomicrosparites appear to have

accumulated in areas characterized by somewhat lower

energy conditions and slower sedimentation rates.

Bioturbation is indicated by the lack of internal

structures in the rock and by the mounds, presumably

produced by burrowing organisms, which are visible on

bedding surfaces. Low energy conditions and slow

sedimentation rates, present in areas such as the lee

side of shoals, enabled burrowing organisms to thoroughly

homogenize the sediment. The micrite envelopes on

allochems in the Dinwoody Formation were formed by

endolithic blue-green algae. These algae bored minute
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holes into the allochems, into which micrite mud

infiltrated, forming a distinct dark rim on the margins

of the allochems. Environmental conditions conducive to

the growth of these algae in the Dinwoody sea have been

discussed by Sadler (1980). He cited Kobluk and Risk

(1977) on the subject, who stated that the algae

typically colonize substrates characterized by quiet

conditions at or below the sediment-water interface, and

within the photic zone. Algae growth could have occurred

to a depth of 100 meters (Raup and Stanley, 1971), but is

observed in present day environments generally at depths

of 20 meters or less (Kobluk and Risk, 1977).

Planar laminations in the calcareous siltstones of

the lower Dinwoody range from 1 to 3 millimeters in

thickness. Sand and coarse silt laminations such as these

are frequently observed forming in the swash zone of

beaches. The swash zone is characterized by very shallow

water and high current velocities (upper flow regime of

Simons and Richardson, 1961). However, the origin of the

calcareous siltstones of the lower Dinwoody in a high

energy beach environment is very unlikely, owing to the

relatively fine grain size (medium silt) and the abundant

carbonate mud in the form of microspar, micrite, and

finely pelletal iuicrite. Sadler (1980) postulated a more

acceptable origin for the laminated calcareous siltstones

of the Dinwoody. He theorized that they were deposited

from suspension clouds of silt and mud on a shallow,
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tide-dominated shelf. Both spring tides and strong storms

may have produced currents of sufficient velocity to

generate clouds of suspended silt and mud. The deposition

of planar laminated sediments from suspension had

previously been suggested by Reineck and Singh (1975).

Recommended studies for readers interested in

additional lithologic and faunal details pertaining to

the depositional environment of the Dinwoody Formation in

southwestern Montana include the works of Sadler (1980)

and Schock, Maughan, and Wardlaw (1981).
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Lowell and Kiepper (1953) introduced the name

Beaverhead Formation for thick Cretaceous and Paleocene

synorogenic deposits of conglomerates, sandstones,

siltstones, and fresh-water limestones present in

southwestern Beaverhead County, Montana and Clark County,

Idaho. Exposures located near the mouth of McKnight

Canyon, northwest of Dell, Montana were designated as the

type section of the Beaverhead Formation. Lowell and

Kiepper divided the 9,700 feet of exposed section here

into three members: an upper conglomerate member, a

middle limestone-siltstone member, and a lower

conglomerate member.

The applicability of the three members defined at

McKnight Canyon by Lowell and Klepper (1953) was

questioned by Ryder (1967). He indicated that the section

there is fault-bounded, making the age correlation to the

Beaverhead in other areas uncertain, and that the

described members are local units not representative of

the entire Beaverhead Formation. Ryder redefined the

stratigraphy of the Beaverhead and identified eleven

distinct lithic units within the formation. Because the

units intertongue and are not laterally continuous over

appreciable distances, they were termed lithosomes rather
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than members.

Wilson (1970), after mapping the Beaverhead

Formation in the Lima-Monida region, identified two

intertonguing units: the Beaverhead Formation, dominated

by conglomerate, and the Monida Formation, dominated by

sandstone. He defined seven members within the Beaverhead

Formation and two within the Monida Formation.

A concise summary of the Beaverhead Formation was

published by Ryder and Scholten in 1973, who abandoned

Wilson's (1970) Monida Foriiation and Ryder's (1967)

lithosome concept. These authors proposed dividing the

Beaverhead into five intertonguing lithofacies comprising

ten distinct mappable units. These informal units are

the:

Divide quartz ite conglomerate

Kidd quartz ite conglomerate

Divide limestone conglomerate

Lima limestone conglomerate

McKnight limestone conglomerate

Chute sandstone

Monida sandstone

Snowl me sandstone

McKnight sandstone-siltstone

Ryder and Scholten (1973) utilized the lithology, age,

distribution, and structural patterns of these
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lithofacies to interpret the Late Cretaceous to Paleocene

tectonic and topographic evolution of southwest Montana

and east-central Idaho.

Distribution and Topographic Expression

Two discrete belts of the Beaverhead Formation

crop out within the study area. One belt is located along

the eastern flank of the Madigan Gulch anticline in the

northwest corner of the area, and trends through the

center of section 32 and the western halves of Sections

29 and 20, T.8 S., R.11 W.. The second occurrence of the

Beaverhead Formation is in the easterninost part of the

area, just east of the trace of the Tendoy thrust fault,

in the western half of Section 9. T.9 S., R.10 W. (see

Plate 1).

The sandstones and conglomerates of the Beaverhead

Formation are moderately resistant, typically forming

sloping, grass- and sagebrush-vegetated hillsides mantled

with reddish soil and conglomeratic float, and punctuated

by outcrops forming strike-parallel ridges and benches.

In the northwest outcrop belt, the most extensive

exposures of Beaverhead are located on the northern side

of Madigan Gulch, where the formation overlies the

Triassic Dinwoody Formation with angular unconformity.

Northward from Madigan Gulch, the Beaverhead

unconformably onlaps progressively older rocks of
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Figure 43.

Steeply dipping, interbedded conglomerates and
sandstones of the Beaverhead Formation exposed on
the east flank of the Madigan Gulch anticline.
These rocks consist of Mississippian and younger
age detritus shed from actively rising local
uplifts and deposited in adjacent basins as
alluvial fan and proximal braided stream fades.



223

Permian, Pennsylvanian, and Mississippian age. In the

eastern belt, exposures are limited to small outcrops on

the sides of several strike-parallel, south-trending dry

creek beds. In this area, the Beaverhead has been

overridden by the Tendoy thrust fault, and is in fault

contact with the overlying, allochthonous Mississippian

Conover Ranch Formation. The fault contact is not

exposed, but is easily located by the first appearance,

downslope from the Conover Ranch Formation, of the

characteristic brick red soil and conglomeratic float

derived from the Beaverhead Formation.

The Beaverhead Formation is strongly folded in

both outcrop belts. Along the east flank of the Madigan

Gulch anticline, Beaverhead strata mimic the fold

patterns present in the underlying Mesozoic and Paleozoic

rocks. Dips in the Beaverhead here range from 27°E to 42°

overturned to the northwest. In the eastern outcrop belt,

where Beaverhead strata are strongly deformed beneath the

Tendoy thrust fault, dips are consistently overturned to

the west from 46°to 68?

Thickness and Lithology

The Beaverhead Formation is widely distributed in

regions adjacent to the study area. Determination of the

regional thickness variations of the formation is

hindered by poor exposures, truncated sections, and



224

Figure 44.

Overturned Beaverhead conglomerates exposed 1000
feet east of the Tendoy thrust fault. Note the
predominance of white to reddish purple laminated
quartzite clasts. These clasts are thought to have
been derived from exposures of Precambrian rocks
on the east flank of the Idaho batholith, roughly
fifty miles west of the study area. Looking N.20
E..
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structural complications. However, Ryder and Scholten

(1973), able to measure individual lithofacies units,

produced a composite section which thickens westward from

roughly 10,000 feet at McKnight Canyon, in the Tendoy

Range south of the study area, to 15,000 feet in Clark

County, Idaho. Lowell (1965) estimated several thousand

feet of Beaverhead Formation in the Bannack-Grayling

area. Hildreth (1980) reported 100 to 250 feet of

quartzite-limestone conglomerate on the southeast flank

of the Armstead anticline. Lack of exposure prohibited an

accurate estimate of the thickness of the Beaverhead

Formation in the study area.

The Beaverhead Formation in the study area

comprises two geographically separate and lithologically

distinct units (see Plate 1). Strata on the east flank of

the Madigan Gulch anticline are composed of nearly equal

amounts of thin- to medium-bedded, pebble to cobble

conglomerate and coarse- to medium-grained sandstone. The

conglomerate is typically moderate red (5R5/4), whereas

the sandstones vary in color from bed to bed, with

grayish yellow (5Y8/4) and moderate red (5R5/4) the most

common colors. The conglomerates are clast-supported; the

clasts are angular to rounded and display well-developed

imbrication. The clastic grains in these strata were

derived exclusively from local Mesozoic and upper

Paleozoic formations. Subrounded to rounded biomicrite

clasts make up a large proportion of the conglomerates.
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The matrix is composed of quartz, chert, and carbonate

sand and coarse silt. The sandstones are typically very

poorly sorted, calcite-cemented admixtures of angular to

well-rounded quartz, angular chert, and rounded clastic

carbonate grains.

Two samples of this locally derived Beaverhead

Formation collected from the east flank of the Ivladigan

Gulch anticline (one sandstone (WG-96) and one

conglomerate (WG-98)) were examined in thin-section.

Sample WG-96 is a thin-bedded, poorly sorted, moderate

red (5R5/4), sandstone. It consists of 55% very angular

to well-rounded quartz, 10% very angular chert, 15%

rounded clastic carbonate grains, a trace of well-rounded

zircon, traces of reworked glauconite and phosphatic

grains, and 20% hematite-stained calcite cement. The

grain sizes range from coarse silt to medium sand, with a

mode of medium sand. The quartz grains are dominantly

monocrystal].ine and non-undulatory, and a few display

reworked, rounded quartz overgrowths. The clastic

carbonate particles include micrite, biomicrite, and

sparry grains. Three types of angular chert grains were

observed: clear, non-spicular chert; cloudy, reddish hued

chert (jasper); and spicular chert containing quartz

silt, glauconite, and phosphatic grains. The clastic

particles have been cemented by cloudy, anhedral calcite

spar and subordinate hematite. The hematite is
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concentrated along the margins of grains and calcite

crystals and imparts the red color to the rock.

Sample WG-98 is a moderate red (5R5/4),

pebble-granule conglomerate. It consists of clasts of

rounded limestone, angular chert, angular cherty iuicrite,

and calcareous siltstone, ranging in size from 2 to 10

millimeters, set in a matrix of medium sand- to coarse

silt-sized, angular to well-rounded quartz, angular

chert, and rounded detrital carbonate grains. The cement

is clear anhedra]. calcite spar. The limestone cIasts

include sparse biomicrite, very fossiliferous biomicrite,

foraminiferal biomicrite, and echinoderm biosparite.

Chert clasts are of two distinct types: clear,

non-spicular, and inclusion-free clasts, and cloudy

clasts containing admixtures of glauconite, quartz sand

and silt, and phosphatic grains. Chert and limestone

grains in the sandy matrix are similar to the framework

grains, and the quartz sand and silt are dominantly

monocrystalline and non-undulatory. Minor replacement of

quartz and chert grains by calcite cement is evidenced by

the corroded and enibayed margins of siliceous grains

along cement/grain contacts.

The clastic grains contained in the Beaverhead

strata from the east flank of the Madigan Gulch anticline

provide very close constraints on the provenance of these

rocks. Some of the limestone clasts can be correlated to

individual formations or specific strata within the
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formations. The echinoderm biosparites and sparse

biomicrites in WG-98 were derived from the Mission Canyon

Formation and Paine Member of the Lodgepole Formation

respectively. The foraininiferal biomicrite clasts in this

same sample are identical in every respect to sample

WG-l39 from the Lombard Formation. The three distinct

types of chert clasts can be traced to specific Upper

Paleozoic formations. Clear, inclusion-free chert is

typical of the nodular or lens-like chert of the

Mississippian Mission Canyon and Lodgepole Formations,

whereas the chert bearing numerous grains of quartz sand

and silt, glauconite, and apatite was derived from the

bedded cherts of the Rex or Tosi Chert Members of the

Permian Phosphoria Formation. Chert similar to the

reddish hued, jaspery chert in sample WG-96 was observed

in the study area as a thin interval of nodular chart in

the Mission Canyon Formation and as a silicified breccia

at the top of the same formation. Calcareous siltstone

clasts are similar to rocks from both the Triassic

Diriwoody Formation and the Mississippian Conover Ranch

Formation. The quartz sand in the framework of WG-96 and

the matrix of WG-98 displays many characteristics

suggesting reworking from upper Paleozoic sandstones such

as the Pennsylvanian Quadrant and Permian Shedhorn

Formations. Rounded, medium- to fine-grained quartz sand

displaying reworked overgrowths was derived from the

Quadrant; the Shedhorn likely contributed much of the
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Figure 45.

Photomicrograph of pebbly conglomerate: rounded
echinodrem biomicrite (eb) and sparse biomicrite
(Sb), angular clean (cc), and phosphatic (pc)
chert, and dolomjtjc siltstone (s) clasts. These
clast compositions indicate derivation from local
formations of Mississippian and younger age.
Matrix consists of sand- and silt-sized quartz,
chert, and carbonate grains. Cement (c) is
anhedral calcite. Plane light. Sample WG-98,
Beaverhead Formation, east flank of the Madigan
Gulch anticline.
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finer quartz sand and silt, especially those grains with

undulatory extinction.

In conclusion, the detritus of the Beaverhead

Formation on the east flank of the Madigan Gulch

anticline was apparently shed directly from major,

actively growing, local folds which were eroded to a

stratigraphic horizon no deeper than Mississippian in

age. Evidence that lower Paleozoic formations were not

exposed in the Beaverhead source area here include the

noticeable absence of Devonian and Cambrian dolomite

clasts, and the lack of coarse quartz sand, even in the

matrix of conglomerates, that would indicate a source in

the coarse sand and pebbly quartz arenites of the

Cambrian Flathead Formation.

The Beaverhead Formation east of the Tendoy thrust

fault, along the eastern margin of the study area,

displays some markedly different characteristics from the

Beaverhead strata exposed on the east flank of the

Madigan Gulch anticline in the northwest part of the

area. The Beaverhead east of the Tendoy thrust is mostly

a thin- to medium-bedded conglomerate in which the

clasts, commonly imbricated, range in size from granules

to boulders. The colors of these rocks resemble those of

the northwestern exposures of the Beaverhead, ranging

from moderate red (5R5/4) to moderate reddish orange

(10R6/6); however, the clasts include rounded red to

purple quartzite as well as rounded limestone. Hildreth
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(1980) recognized similar quartzite-bearing conglomerates

east of the Tendoy thrust, not far to the south of the

present study area. She correlated these

quartzite-bearing Beaverhead conglomerates with the Kidd

Quartzite Conglomerate lithofacies of Ryder and Scholten

(1973), and described intertonguing relations along the

front of the Tendoy thrust between these

quartzite-limestone conglomerates and locally derived

conglomerates, similar to those from the northwest part

of the present study area.

The quartzite-limestone conglomerates to the east

of the Tendoy thrust are apparently continuous with those

described to the south by Hildreth (1980). Correlation of

these conglomerates with the Kidd Quartz ite Conglomerate

lithofacies seems justified on the basis of a lithology

similar to that described by Ryder and Scholten (1973),

and the predominance of this lithofacies in the

Beaverhead of the northern Tendoy Range (Ryder and

Scholten, 1973). Additional discussions of the origin and

significance of the Beaverhead conglomerates will be made

in the section on depositional environment and the

chapters on structural geology and geologic history.

Age and Correlation

The first attempts to date the Beaverhead

Formation were made by Yen (in Lowell and Kiepper, 1953),
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who examined fresh-water gastropods in the McKnight

limestone-siltstone and assigned a Late Cretaceous age to

the unit based on these fossils.

Ryder (1967) collected spore and pollen

assemblages from the the base of the Divide Quartzite

Conglomerate and the top of the Lima Limestone

Conglomerate in the vicinity of Lima, Montana. Ames (in

Ryder, 1967) identified the spores and pollen collected

by Ryder, and assigned an early Late Cretaceous age to

the Divide Quartzite assemblage and a late Late

Cretaceous-Paleocene age to the Lima Limestone

assemblage. Additional studies of pollen and spores by

Ryder and Ames (1970) suggest that the Beaverhead ranges

in age from latest Early Cretaceous (late Albian) to

latest Cretaceous (Maastrichtian) and probably contains

rocks of Paleocene age in some areas. A thick sequence of

conglomerates overlying the latest Cretaceous Lima

Limestone Conglomerate at Alder Creek suggests that the

top of the Beaverhead may be as young as early Eocene at

this locality, according to Ryder and Scholten (1973).

No fossils were found in the Beaverhead Formation

of the study area and no local paleontological

investigations of the formation have been made to this

author's knowledge. The locally derived limestone

conglomerates on the east flank of the Madigan Gulch

anticline are overlain by andesitic volcanics. A similar

stratigraphic succession has been documented by Thomas
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(1981) several miles north of the present study area at

Bannack and Badger Pass. The andesitic volcanics in the

study area are continuous with andesites north of

Grasshopper Creek (Lowell, 1965; Snee, pers. comm., 1983;

Pearson, pers. comm., 1984), which give K-Ar dates of 67

to 71 million years (Snee and Sutter, 1979). The age of

these andesites therefore constrains the age of the

Beaverhead Formation in the northwest part of the study

area to no younger than Maastrichtian.

The quartzite-limestone conglomerates east of the

Tendoy thrust, which are tentatively correlated with the

Kidd Quartzite Conglomerate, are probably of Late

Cretaceous (Campanian and Maastrichtian) age. This

determination is made on the basis of the reported

irttertonguing of the Kidd Quartz ite Conglomerate with the

Lima Limestone Conglomerate lithofacies north and east of

Dell, Montana (Ryder and Scholten, 1973).

A Late Cretaceous to Paleocene, and possibly early

Eocene, age for the Beaverhead Formation in southwestern

Montana makes the Beaverhead correlative, in whole or in

part, with many clastic rocks in Montana and Wyoming. The

Late Cretaceous Harebell and Paleocene Pinyon

Conglomerates of western Wyoming are correlative to the

upper parts of the Beaverhead and contain quartzite

clasts thought to have been recycled from earlier

Beaverhead conglomerates (Ryder and Scholten, 1973).

Other units correlative to the Beaverhead Formation
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include the Willow Creek Formation in north-central

Montana and the Livingston Group, the Frontier Formation,

the Cody Shale, the Eagle Sandstone, the Fort Union

Formation, and the Mesaverde Formation in south-central

Montana and northwestern Wyoming (Ryder and Scholten,

1973)

Depositional Environment

The quartzite-bearing conglomerates of the

Beaverhead Formation are syntectonic deposits, shed from

rising uplifts to the west or northwest in Idaho during

Late Cretaceous to Paleocene time, and deposited in a

subsiding alluvial basin in southwestern Montana (Ryder,

1967, Wilson, 1970, Ryder and Scholten, 1973). The

limestone conglomerates were shed from a

southwest-plunging anticlinal uplift known as the

Blacktail-Snowcrest uplift, which was located southeast

of the study area in the vicinity of the present day

Blacktail and Snowcrest Ranges (Ryder and Scholten,

1973), and from local, actively rising uplifts within and

along the margins of the basin.

The quartzite clasts in the Beaverhead Formation

were derived predominantly from the Precambrian Belt

Supergroup. Ryder (1967) points to extensive exposures of

Belt rocks on the east flank of the Idaho batholith,

about 50 miles west of the study area, as the source for
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the quartzite clasts. in the Beaverhead. Wilson (1970)

concluded, on the basis of lithology, clast size, and

transport directions, that the principal source of

detritus for much of the quartzite conglomerate was to

the south, in the ancestral Beaverhead Range in extreme

southwestern Montana and eastern Idaho, with only minor

contributions from Belt rocks on the east flank of the

Idaho batholith. Ryder and Scholten (1973) question this

hypothesis, citing the southeast-trending pre-Paleozoic

Belt wedge-out and a southward regional tectonic plunge

as evidence against the existence of an extensive Belt

subcrop to the south beneath the Snake River lava plain.

The coarse-grained, imbricated, and well-rounded

clasts in the Beaverhead suggest deposition from high

gradient, braided streams. These streams were part of a

complex alluvial plain composed of large alluvial fans

which were built out from uplifts to the west and

coalesced with smaller fans and fan complexes (bajadas)

shed from active local uplifts. Climatic conditions in

southwestern Montana during the Late Cretaceous were warm

and humid, with plentiful rainfall (Millinson, 1964, in

Ryder and Scholten, 1973). Such climatic conditions would

have been favorable to the formation of perennially

active alluvial fans or fan complexes with large surface

areas (Bull, 1964) such as those in the Gulf of Alaska

(Boothroyd and Ashley, 1975) and in the foothills of the

Himalayas (Holmes, 1965, in Ryder and Scholten, 1973).
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of laterally expanding uplifts

to the eastward transport of gravels

source to basin gradients and

previously deposited material

1973).

conglomerates of the Beaverhead

Formation on the east flank of the Madigan Gulch

anticline represent detritus shed off local uplifts and

deposited as small alluvial fan and proximal braided

stream deposits. The uplifts were actively rising major

folds such as the Madigan Gulch and Armstead anticlines,

and were exhumed to stratigraphic levels of Mississippian

age during conglomerate deposition. The interbedded,

thin- to medium-bedded sandstones and conglomerates

exposed on the east flank of the Madigan Gulch anticline

are interpreted as midfan (Bull, 1964) deposits of stream

channel gravels and sheetflood (Bull, 1972) sands. The

laterally continuous beds suggest that a radial, rather

than transverse or oblique fan profile, is represented in

these exposures.
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Cretaceous and Tertiary Volcanic Rocks

Caic-alkaline volcanism and plutonislu succeeded

Late Cretaceous folding and thrusting in southwestern

Montana (Snee and Sutter, 1979; Chadwick, 1981). Two

distinct volcanic-plutonic episodes are evident: one

which was confined to Late Cretaceous time, and one which

reached a maximum in early to middle Eocene time

(Chadwick, 1981, Snee; pers. comm., 1984). The Late

Cretaceous episode closely followed the major period of

Laramide folding and thrusting in southwestern Montana.

These volcanic rocks are mainly andesite, dacite, and

rhyodacite flows, breccias, tuffs, and ash flow tuffs.

Volcanism decreased volumetrically after Eocene time and

mainly involved rhyolites and basalts in separate

volcanic fields. This basalt-rhyolite volcanism is

characteristic of an extensional tectonic regime and

accompanied middle to late Cenozoic subsidence and

basin-range faulting in southwestern Montana (Chadwick,

1981)

Volcanic rocks of two distinct time intervals crop

out within the study area: Late Cretaceous andesite

flows, dikes, and tuffs, and Tertiary basalt flows and

volcanic agglomerates with associated volcaniclastic

sandstones and conglomerates. Late Cretaceous andesite

flows occupy the topographically lowest parts of the

study area. The most extensive exposures of these rocks
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are located northeast of the east flank of the Armstead

anticline in Sections 6 and 7, T.9 S., R.lO W., Section

1, T.9 S., R.11 W., and Sections 27, 28, 35, and 36, T.8

S., R.11 W. A smaller outcrop belt of andesite lies

between the nose of the Armstead anticline and the east

flank of the Madigan Gulch anticline in the eastern

halves of Sections 29 and 32, T.8 S., R.11 W. (see Plate

1). The andesite is characteristically a dense, dark

greenish gray (5GY4/l) porphyritic rock which weathers to

a distinctive pale red purple (5RP6/2) color. It contains

small (<1 nun.) phenocrysts of hornblende and plagioclase

set in a groundmass of plagioclase, hornblende, and

chlorite (?). East of the Armstead anticline, the

andesite is underlain at several localities by a thin

layer of older, white (N9) welded tuff. This tuff

contains numerous small angular volcanic rock and pumice

fragments.

An east-striking andesitic dike thought to be of

Late Cretaceous age intrudes the Triassic Dinwoody

Formation in the southeast corner of Section 7, T.9 S.,

R.lO W. This andesite is a light greenish gray (5GY6/1)

rock containing flow-oriented acicular amphibole

phenocrysts and elongated pumice fragments. The dike dips

approximately 20 to the north and is offset about 30 feet

by a north-trending normal fault with down to east

displacement. Similar Late Cretaceous andesitic dikes are

common to the terrain between the present study area and
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the southern Pioneer Range (Snee, pers. comm, 1984).

Snee and Sutter (1979) obtained a potassium-argon

date of 67 to 71 million years (Late Cretaceous) for

andesites which crop out north of Grasshopper Creek, and

are presumed to be correlative to those in the thesis

area. The source for the andesites, which are present

over a large area north of Grasshopper Creek, is

uncertain. Multiple sources are possible and may have

included volcanic vents in the present-day southern

Pioneer Range. This area was the site of a Late

Cretaceous volcanic chain and contains several shallow

dacitic intrusions which are temporally and chemically

equivalent to the andesites (Snee, 1982). Pearson (pers.

comm., 1984) has observed radial thinning of andesite

flows away from a 74 million year old granodioritic stock

(Snee, pers. comm., 1984), located four miles north of

the study area, and feels that this stock may mark the

location of a volcano which vented the extrusive

andesites present in the surrounding areas.

The Tertiary basalt flows and volcaniclastic

rocks of the study area crop out in a small area east of

the Armstead anticline in the southeast corner of Section

6, T.9 S., R.1O W., and the southwest corner of Section

5, T.9 S., R.lO W. The stratigraphically lowest rocks in

the Tertiary volcanic sequence are interbedded water-laid

conglomerates and tuffaceous sandstones. The best

exposures of these rocks are in the southeast corner of
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Section 6, T.9 S., R 10 W., where medium-bedded

conglomerates are interbedded with thin beds of fine- to

medium-grained, planar laminated tuffaceous sandstone.

The clasts in the conglomerates are of andesitic to

rhyolitic composition and are sub-rounded to

well-rounded, Overlying these volcaniclastic rocks are

brownish black (5YR2/l) fine-grained basalts containing

small (<1/2 mm.) phenocrysts of light olive gray (5Y5/2)

plagioclase and interstitial brownish black (5YR2/l)

pyroxene.

The Late Cretaceous and Tertiary volcanic rocks in

the study area collectively overlie rocks ranging in age

from Late Cretaceous (Beaverhead Formation) to

Mississippian (Mission Canyon Formation). The contact

between the volcanic rocks and the underlying Mesozoic

and Paleozoic rocks is nowhere exposed. However, based on

attitudes of strata above and below the contact, and the

distribution of andesite in topographically low areas off

the axes of major folds, this contact is known to be

unconformable and presumably angular at most localities.

Markedly differing relationships have been

reported between the Late Cretaceous volcanic rocks and

the underlying units north of the study area. Thomas

(1981) shows a concordant contact between the Beaverhead

Formation and the overlying Late Cretaceous tuff and

andesite in the footwall of a thrust fault several miles
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north of the study area at Badger Pass. Pearson (pers.

comm., 1984) has observed both faulted and concordant

contacts between the Beaverhead Formation and the Late

Cretaceous tuff. This same author has reported drill core

evidence indicating that this tuff is overlain by

allochthonous Mississippian limestones along a thrust

fault three miles north-northeast of Bannack.

The relationship of the Late Cretaceous volcanic

and shallow intrusive rocks to the underlying units, and

to the major structures of the area, will eventually

provide important clues regarding the timing of the

period of major compressive deformation. Unfortunately,

these relations are the subject of numerous.

uncertainties, stemming primarily from the lack of

exposures, especially in critical areas along major

faUlts and contacts with older units. The involvement of

the Late Cretaceous andesites in folding and thrust

faulting, as theorized by Thomas (1981) for the Badger

Pass area, has been questioned by Snee (pers. comm.,

1984) and Pearson (pers. comm., 1984). Pearson and Snee

both feel that the only thrust fault beneath which the

presence of Late Cretaceous volcanic rocks has been

unequivocally documented, which is located three miles

north- northeast of Bannack, may be a local feature

related not to Laramide compressive forces, but to local

intrusive events. Pearson is of the opinion that little

or no compressive deformation has affected the Late
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Cretaceous andesites. The underlying tuff is more

strongly deformed than the andesites, both north of the

study area (Pearson, 1984) and within the study area in

the northwest corner of Section 5, T. 9 S., R.1O W.,

suggesting that it may be significantly older than the

andesites. My conclusions, based on limited field

evidence and discussions with Pearson and Snee, is that

the andesites of the present study area flowed into

topographically low areas between the major anticlinal

structures after, or in the final stages of, the main

episode of compressive deformation. This would constrain

the age of the major period of faulting and folding in

the area to 71 million years or older.
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STRUCTURAL GEOLOGY

Regional Structure

Southwestern Montana encompasses an area

characterized by structural patterns of both the Laramide

Cordilleran fold and thrust belt and the Rocky Mountain

foreland. The eastern edge of the frontal fold and thrust

belt, which marks the junction of these two structural

provinces, forms a north-south line along longitude 112°

20' W., transecting the towns of Twin Bridges and Dillon,

Montana. This line marks the zone where the fold and

thrust belt impinges on the crystalline rocks of the

foreland. East of this zone, thrust-related faulting and

folding become gradually less pervasive (Ruppel et al.,

1981)

Ruppel and others (1981) have divided the

Cordjlleran fold and thrust belt of southwestern Montana

and east-central Idaho into two major thrust plates, the

Grasshopper and Medicine Lodge plates, which are bounded

on the east by a frontal fold and thrust zone. Each of

the thrust plates, as well as the frontal fold and thrust

zone, are characterized by a discrete sequence of

sedimentary rocks. Grasshopper, the structurally lowest

of the two plates, encompasses the region immediately to

the southwest, west, and northwest of the present study

area. This plate is characterized by a thick sequence of
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Proterozoic Y Missoula Group rocks which are not

recognized elsewhere in southwestern Montana. To the

south, the Grasshopper thrust plate terminates against

the Horse Prairie fault zone. This transverse fault zone

trends eastward from the Beaverhead Range in eastern

Idaho possibly as far as the southern end of the

Blacktail Range (Ruppel, 1981), passing several miles

south of the present study area along the southern margin

of Clark Canyon Reservoir. Scholten (1982) has presented

convincing evidence that this zone, which marks an

ancient line of crustal weakness, experienced recurrent

pre- and post-Laramide movement, and acted as a major

Laramide tear fault during emplacement of the Grasshopper

thrust plate.

The Medicine Lodge thrust plate is more extensive

than, and structurally overlies, the Grasshopper plate.

It is thought to extend northwest from Medicine Lodge

Creek, Idaho, into and beyond the Big Hole Basin, Montana

(Ruppel, 1978). This thrust plate is characterized by

rocks of the Proterozoic Y Lemhi Group and Swauger

Quartzite, and a sequence of Paleozoic miogeoclinal rocks

distinctively different from those of the Grasshopper

Plate and the frontal fold and thrust zone (Ruppel,

1981). An additional thrust plate, identified as the Four

Eyes Canyon sheet, has recently been mapped by Perry and

Sando (1982) in the southern Tendoy Range. This thrust

plate occupies a structural position above the Tendoy
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allochthon of Skipp and Hait (1977), and below the

Medicine Lodge plate, and bears the westernmost reported

exposures of the shelf carbonates of the Mississippian

Madison Group.

Deformation within the Cordilleran fold and thrust

belt of southwestern Montana is typified by north- to

northwest-trending, west-dipping, low angle (less than 40

degrees), inthricate thrust faults, and overturned, east-

to northeast-verging recumbent folds.

The leading edge of the frontal fold and thrust

zone, as defined by Ruppel and others (1981), trends from

the eastern edge of the Pioneer Range southward along the

eastern margin of the Tendoy Range, curving southeastward

through the central part of the Centennial Range on the

Idaho-Montana border. From the northeast part of the

eastern Pioneer Range, the zone curves northeastward

along the Southwest Montana Transverse Zone of Schmidt

and O'Neill (1982). The Southwest Montana Transverse Zone

delineates the southern margin of an eastward salient of

the Cordilleran fold and thrust belt which extends east

to the Bridger Range, near Bozeman, Montana.

East-trending, north-dipping oblique slip faults

characterize the Transverse Zone. This zone, which marks

an ancient line of crustal weakness bounding the southern

margin of the Middle Proterozoic Belt basin (Harrison et

al., 1974), was reactivated in early Paleozoic time and

again during Larainide deformation beginning in the Late
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Cretaceous (Schmidt and O'Neill, 1982).

Structural patterns within the north-trending part

of the frontal fold and thrust zone are characterized by

complexly folded Paleozoic and Mesozoic formations. These

rocks of the cratonic shelf sequence are cut by numerous

low angle, imbricate thrust faults. Though similar to the

autochthonous cratonic shelf rocks, the allochthonous

sequence within the frontal fold and thrust zone displays

some distinct differences, including: a thinner section

of Cambrian rocks, a markedly thicker section of the

Pennsylvanian Quadrant Formation, and Upper Mississippian

and Triassic rocks which are not present immediately east

of the thrust belt (Ruppel et al., 1981). The present

study area is located within the Tendoy allochthon (Skipp

and Hait, 1977) along the leading edge of the

north-trending part of the frontal fold and thrust zone.

The structural pattern of the foreland east of the

frontal fold and thrust belt is dominated by numerous

northwest-trending, steeply northeast-dipping faults

which show roughly equal amounts of reverse and sinistral

motion (Schmidt and Garihan, 1983). These faults cut both

Archean basement rocks and the overlying Phanerozoic

section. Large folds parallel these faults and are

characteristically asymmetrical, southwest-verging

anticliries on the upthrown blocks and synclines on the

downthrown blocks (Schmidt and Garihan, 1983). The

north-trending, high-angle oblique faults are overprinted
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by north-trending, west-dipping, low-angle mountain flank

thrusts, involving both Archean and Phanerozoic rocks,

and by east-verging, overturned folds (Schmidt and

Garihan, 1983).

Southwestern Montana is on the northeastern margin

of the Basin and Range province. Late Cenozoic to Recent

extension characteristic of this tectonic province has

affected the area, substantially modifying the earlier

Laramide uplifts and basins. Listric normal faulting

occurred during this extensional period, forming the

present day north- to northeast-trending mountain ranges

and intermontane valleys. Segments of the thrust belt and

foreland were subsequently buried beneath Tertiary

sediments which accumulated in the intermontane basins.

Within the thrust belt and frontal fold and thrust zone,

parallelism of the thrust and normal fault trends

suggests that the listric faults may merge with thrust

horizons at depth, resulting in a reversal of the

original thrust motion (DuBois, 1982). Some of these

normal faults, such as the Red Rock fault bordering the

eastern flank of the Tendoy Range, have been active in

historical time.



Thesis-Area Structure

The present area of study displays a stratigraphic

succession and structural style characteristic of the

frontal fold and thrust zone of the Cordilleran fold and

thrust belt.

Folds

Two large anticlines, the Armstead anticline and

the Madigan Gulch anticline, are the dominant structural

features of the area. The intervening syncline has been

partially or completely faulted out along the

north-trending Indian Head thrust fault in the vicinity

of Madigan Gulch (see Plates 1 and 2). The Armstead

anticline involves all the Phanerozoic strata of the area

older than Early Triassic (Dinwoody Formation).

Consistent north- to northwest-striking foliation in the

Archean metamorphic rocks of the core of the anticline

(Lowell, 1965) suggests that these rocks were folded

concordantly with the overlying sedimentary strata. The

anticline has a "wavelength" of approximately four miles,

and is exposed along axial trend for eight miles before

being concealed beneath Quaternary sediments to the south

at Horse Prairie Creek. The surface trace of the axial

plane forms an S-shape, with the southern part of the

fold trending north, the central part trending northwest,
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Figure 46.

Aerial view looking northwest over the study area.
Steeply dipping east flank of the Armstead
anticline trends through center of photograph.
Valley in left center marks the core of the
anticline composed of Archean metamorphic rocks.
East flank of the Madigan Gulch anticline is
delineated by the north-trending ridge of
spruce-covered Quadrant Formation in left
background.
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and the northern part swinging abruptly to the north and

northeast where the fold plunges beneath Late Cretaceous

andesites and tuffs. Strata are folded to near vertical

or overturned along the entire eastern flank of this

fold.

The Armstead anticline is flanked on the east by a

broad synclinal structure termed the Grayling Syncline by

Lowell (1965). Mapping to the south of the present study

area by Hildreth (1980) indicates that the trend and

plunge of this fold mimics that of the adjacent Armstead

anticline. Strata exposed within the Grayling syncline

range in age from Early Triassic (Dinwoody Formation) to

Late Mississippian (Conover Ranch Formation). A small,

northwest-plunging anticline is evident in Section 5, T.9

S.,R.lO W., on the eastern flank of the broad synclinal

structure. This fold is well defined in the Phosphoria,

Park City, and Shedhorn Formations, and likely trends

southeastward through Section 8, T.9 S., R.l0 W., where

lack of attitudes in the Quadrant Formation inhibits

identification of the structure. The Dinwoody Formation

in the center of the syncline strikes variably northeast

to northwest, and dips both to the east and west,

suggesting that several second-order folds are

superimposed on the broad synclinal structure here as

well. These second-order folds parallel the northwest

trend of the Grayling syncline and Armstead anticline. To

the east, the Grayling syncline is bordered by the Tendoy
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thrust fault.

The east flank of the Madigan Gulch anticline

occupies the northwestern part of the study area (see

map). Steeply dipping to overturned strata exposed on the

flank of this anticline range in age from Late Cretaceous

(Beaverhead Formation) to Early Mississippian (Lodgepole

Formation). The overall trend of this fold is

north-northwest, similar to that of the Armstead

anticline. An additional similarity between these two

structures is evident in the northwesternmost part of the

study area, where the Armstead anticline makes a

pronounced swing to the northeast. Parallel to, and

directly northwest of this curvature in the anticline,

the east flank of the Madigan Gulch anticlirie curves

sharply northeast, forming a smaller, northeast-plunging

anticline which is overturned to the southeast. It is

unclear what iuechanisiii was responsible for the marked

northeast curvature of both anticlines. In the Argenta

area and along the southeastern edge of the Pioneer

Range, north-northeast of the present study area,

faulting and folding shows a distinct northeast trend

(Ruppel et al., 1983). Possibly the curvature displayed

by the northern ends of the Madigan Gulch and Armstead

anticlines reflects an abrupt change in Laramide

compressive stress from east-directed in the southern

part of the study area to southeast-directed in the

northern part of the area and in the Argenta-southern
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East flank of the Madigan Gulch anticline. Steeply
dipping strata of Mississippian age (left and
center) overlain by Cretaceous conglomerates of
the Beaverhead Formation (reddish strata, right
center). Hill in foreground is underlain by
limestones of the Mission Canyon Formation. Note
the klippe of light colored Mississippian
limestones capping hill composed of Beaverhead
conglomerates (arrow). Pioneer Range in left
background. Looking N.1O°E..
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Pioneer region.

Faults

Two major low-angle thrust faults are present in

the study area. The Tendoy thrust trends north-northwest

through the northeast part of the area and places gently

west-dipping tipper Mississippian strata (Conover Ranch

Formation) of the east flank of the Grayling syncline

over strongly overturned Late Cretaceous Beaverhead

conglomerates (see Plates 1 and 2). This fault is

recognized southeastward along the eastern edge of the

Tendoy Range for a distance of approximately 50 miles.

Historically, two interpretations of the subsurface

geometry of the Tendoy fault have been proposed. The one

which was favored by Scholten (1964, 1967, 1968) and

Ryder and Ames (1970) is an upthrust model, in which the

fault has a convex-upward shape and merges with a

high-angle reverse fault in the basement rocks. Skipp and

Hait (1977) favored an overthrust model, in which the

fault has a concave-upward shape and merges with a

decollement zone in Paleozoic rocks above the basement.

Alow-angle overthrust configuration for the Tendoy fault

is supported by a fault plane in the southern Tendoy

Range which dips from 13°to 70°degrees, does not flatten

with elevation as upthrusts do, and is associated with

structures indicative of layer-parallel compression
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(Hanunons, 1981). To this author's knowledge, no

extensional features, which characterize the upper plates

of upthrusts, have been observed within the Tendoy

allochthon. Recent seismic data from the Tendoy Range

have provided additional confirmation that the Tendoy

fault is an overthrust (Scholten, pers. comm., 1984).

Immediately south of the present study area along the

east flank of the Grayling syncline, Coryell (pers.

comm., 1984) estimated a 30°westward dip for the thrust

surface.

Stratigraphic separation across the Tendoy thrust

in the study area is at least 1,500 feet and is probably

much greater. Klecker (1980) reported a minimum

stratigraphic separation of 7,000 feet across the thrust

in the southern Tendoy Range.

The Tendoy thrust is concealed beneath Quaternary

alluvium in the extreme northeastern part of the study

area and cannot be traced northward from this point.

Where last exposed, the fault displays at least 1,500

feet of stratigraphic separation, indicating that it has

not died out at this point and must have a substantial

continuation in the subsurface. The area to the north is

underlain by relatively undeformed, fine-grained

sandstones of the Beaverhead Formation which do not

appear to be cut by the thrust. It is this author's

hypothesis that the thrust must curve northwestward along

a line defined by the northern limit of Paleozoic rocks,



'

Figure 48.

-c

'-4

1

255

Tendoy thrust fault marking the eastward
termination of the Grayling syncline.
Westward-dipping strata of the Coriover Ranch
(hills, left center) and Quadrant Formations
(forested ridge, center skyline) in the syncline
juxtaposed over reddish colored Beaverhead
conglomerates (covered, foreground and left
center). Fault trace picked at the first downslope
appearance of red soil coloration. Looking N.20°
W..
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probably ramping upwards through the Pennsylvanian

Quadrant Formation into Permian rocks. Unfortunately,

this critical area is talus-covered, heavily vegetated,

and offers limited exposures. West of the main

Grasshopper Creek tributary draining the east flank of

the Armstead anticline, the Tendoy thrust may continue in

a northwesterly direction beneath Late Cretaceous

andesites.

That the Tendoy thrust is rooted in "basement"

seems required by the presence of Archean metamorphic

rocks in the core of the Armstead anticline, three miles

west of the fault trace. (The use of basement in

quotation marks stems from the fact that these

metamorphic rocks are well-layered and foliated and

within the Armstead anticline did not behave as basement

in a mechanical sense. The work of Schmidt and Garihan

(1983) provides more details on the mechanical behavior

of the Archean rocks of southwestern Montana.) The

involvement of pre-Belt metamorphic and igneous rocks in

folding and thrusting, within the fold and thrust belt,

frontal fold and thrust zone, and foreland of

southwestern Montana, has been recently recognized as an

important component of the Laraiuide tectonic framework

(DuBois, 1982; de la Tour-du-Pin, 1983; Schmidt and

Garihan, 1982; Scholten, 1982). Scholten (1982) has

developed a tectonic model wherein "basement" rooting of

major thrusts results from underthrusting of relatively
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heavy lithosphere beneath the geoclinal edge of the

continent, with decollement surfaces propagating through

both the supracrustal rocks and the basement.

Alternately, DuBois (1982) suggests that deep,

"basement"-rooted overthrusts in the northern Tendoy

Range may have been exposed by the buttressing effect of

a southwest-trending, "basement"-cored cratonic

promontory known as the Blacktail-Snowcrest uplift, which

was active prior to and possibly during thrusting. The

present field area, however, lacks the prominent

northeast-trending folds which characterize areas

affected by the Blacktail-Snowcrest uplift, suggesting

that the effect of this uplift on later Laramide

structures was minimal here.

The other low-angle thrust fault within the study

area trends in a northwesterly direction, parallel to the

Tendoy thrust, and separates the east flank of the

Madigan Gulch anticline from the east flank of the

Armstead anticline (see Plates 1 and 2). Along the south

and central parts of the Armstead anticline, this fault,

which has been termed the Indian Head thrust by de La

Tour-du-Pin (1983), places Mississippian or older rocks

on the Archean metamorphic rocks of the anticlinal core

(Clark, 1984). To the north, where this thrust cuts the

nose of the Armstead anticline, limestones of the

Mississippian Mission Canyon Formation have been faulted

over progressively younger rocks, from Archean
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Northward plunging Armstead anticline. Curving
strata of the Lodgepole Formation (1) on the hill
in right center define the nose of the anticline.
The Indian Head thrust fault (center) emerges
along the axis of the anticline, juxtaposing the
Mission Canyon Formation (in) against the Mission
Canyon (in) and Lodgepole Formations (1).
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metamorphic rocks to the Mission Canyon Formation, in a

down-plunge direction. The amount of shortening evident

between the Indian Head thrust and the east flank of the

adjacent Madigan Gulch anticline requires that an

additional fault, now concealed beneath Quaternary

alluvium and Late Cretaceous andesites, be present

between these two structures. This fault is thought to be

a splay from the Indian Head thrust. Formation of the

Indian Head thrust occurred during or shortly after the

culmination of folding, and was assisted by two factors:

strongly folded, steeply dipping strata which could no

longer accommodate shortening through folding, and a

buttressing effect created by the Archean rocks in the

core of the Armstead anticline.

Numerous strike-slip faults offset the steeply

dipping strata along the east flank of the Armstead

anticline (see Plate 1). Of the sixteen strike-slip

faults mapped, fourteen display left-lateral seperation.

Oblique movement along these faults was considered, but

no component of dip-slip displacement could be observed

in the field. Trends, with the exception of the two

largest displacement faults, are northeast, at right

angles to the fold axes. The two largest strike-slip

faults are subparallel and trend eastward, cutting

obliquely across the Lower Paleozoic section. Upon

encountering the Mission Canyon Formation, both faults

curve northeastward, cutting the Mississippian and



Pennsylvanian formations at right angles to strike.

Displacement along these faults ranges from 550 to 10

feet, with 30 feet being the average. Without exception,

displacement is at a maximum in the Cambrian rocks and

decreases upsection. Fault displacement is apparently

assimilated by folding within the thin-bedded carbonate

rocks of the Lombard, Lodgepole, and Jefferson

Formations, and only one fault can be projected beneath

the Late Cretaceous andesites present to the east of the

anticline. The location of the maximum displacement at

the Cambrian-Archean contact suggests that these faults

have substantial projections into the Archean rocks of

the anticlinal core. It is tempting to theorize that

these faults represent ancient faults or shear zones

within the Archean rocks which were reactivated and

propagated into the Phanerozoic section during Laramide

compression. However, such an interpretation is not

supported by a regional northwest fault trend reported

from the Archean rocks of southwestern Montana by Schmidt

and Garihan (1983).

Two north-trending normal faults cut the eastern

part of the study area. These are sub-parallel faults

which define the margins of a small graben within the

Perniian and Triassic rocks of the Grayling syncline. The

eastern fault juxtaposes strata of the Dinwoody Formation

in the footwall against the Lower Member of the Shedhorn

Sandstone and Rex Chert Member of the Phosphoria
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Formation in the hanging wall. The western fault is only

visible where it offsets a gently north-dipping andesite

dike intruding the Dinwoody Formation. Stratigraphic

throw along the eastern fault does not exceed 200 feet,

and decreases northward to near zero at the edge of the

study area. These faults are thought to reflect

structural readjustments within the Grayling syncline

related to Late Cenozoic extension.
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GEOLOGIC HISTORY

The oldest rocks within the study area are
Precambrian quartzofeldspathic gneisses, schists,
marbles, iuetaquartzites, and granite exposed in the core
of the Arinstead anticline. These metamorphic rocks have

been previously assigned to the Pony (Tansley et al.,
1933) and Cherry Creek (Peale, 1896) Groups, and the

granite to the Dillon Granite Gneiss (Heinrich, 1960).
The relationships between these rocks are complex and
imperfectly understood. James and Hedges (1980) have

theorized that the metamorphic rocks of the Pony and
Cherry Creek Groups may in fact be part of a single
complex sequence. The Dillon Granite Gneiss has been

interpreted to be of metamorphic origin (Garihan and
Okuma, 1974), of igneous origin (Heinrich, 1960, Garihan,
1979), and of combined igneous and metamorphic origin

(James and Hedges, 1980). Because of the uncertainties
regarding the nature and relationships of these
Precambrian rocks, several authors, including James and
Hedges (1980) and Moak (pers. comm., 1983) feel that the
terminology presently assigned to them is of dubious
validity and usefulness.

The metamorphic rocks in the core of the Arinstead

anticline represent miogeosynclinal or shelf type
sediments which likely were deposited prior to 3,000
million years ago and then metamorphosed during a major
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Archean metamorphic event which occurred about 2,750

million years ago (James and Hedges, 1980).

The Middle Cambrian Flathead Formation

noncomformably overlies the Archean metamorphic rocks in

the Ariustead anticline. Rocks between the ages of 2,750

and 550 million years are absent from the area and the

history of this vast interval is not well understood.

Elsewhere, during the interval from 1,600 to 850 million

years ago, deposition of the sediments of the Precambrian

Belt Supergroup took place in the northwest-trending Belt

basin, located north and northwest of the present study

area. Exposures of Belt sediments have been reported at

Taylor Creek, on the west side of the Ariustead anticline

(Hildreth, 1980), indicating that at least some Belt

sediments were deposited locally. Any Belt sedimentary

rocks once present in the study area were completely

stripped by pre-luiddle Cambrian erosion. This erosive

episode probably began with the onset of the East

Kootenay orogeny, about 800 million years ago (Harrison,

Griggs, and Wells, 1974). The lack of

Windermere-equivalent strata in southwestern Montana

suggests that the area remained positive from that time

until the transgressive Flathead-Wolsey sea invaded the

area during the early Middle Cambrian.

By Middle Cambrian time, a shallow sea had

transgressed across the cratonic shelf of western North

America. Three distinct lithofacies belts developed



264

within this sea: an inner detrital belt, a middle

carbonate belt, and an outer detrital belt (Robinson,

1960). The quartzose sandstones of the Flathead Formation

were deposited in nearshore and littoral environments

within the inner detrital belt. As the sea transgressed

eastward, water depths increased and high energy

deposition of sands gave way to a much lower depositional

regime characterized by the fine glauconitic sands, silts

and clays of the Wolsey Formation.

During the late Middle Cambrian or early Late

Cambrian, local areas on the cratonic shelf in

southwestern Montana became emergent, resulting in an

interval of localized erosion or non-deposition (Sloss,

1950). The present study area was the site of one of

these emergent areas, a fact that explains the absence of

the Middle Cambrian Park Shale and Meagher Limestone

here. The area was inundated again at the beginning of

Late Cainbrian time, and deposition of the carbonates of

the Pilgrim Formation began. Although these carbonates

are now thoroughly dolomitized, an origin as fragmental

limestones deposited in shallow, temperate, frequently

well-agitated marine waters is clearly indicated by the

presence of abundant disarticulated fossil fragments,

oolites, coated grains, and intraclasts. Finer grained,

micritic carbonates within the Pilgrim Formation are

thought to have been deposited in shallow areas shoreward

of carbonate shoals, or in deeper waters offshore of the
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shoals. They may also have blanketed areas, formerly

characterized by shallow-water carbonates, during periods

of elevated sea level.

The period from Dresbachian (early Late Cambrian)

to Frasnian (early Late Devonian) is marked by a hiatus

in the study area. The closest occurrence of Ordovician

rocks is a feather edge of Kinnikinic quartzite present

in the Beaverhead and Tendoy Ranges in extreme

southwestern Montana. This formation rests on strata of

the Belt Supergroup and is erosionally truncated eastward

towards the Lima area (Sloss and Moritz, 1951). It is

likely that the Kinnikinic was once present across much

of the cratonic shelf in southwestern Montana but was

completely eroded prior to Late Devonian time. Peterson

(1981) theorizes that from Late Silurian to Early

Devonian time, the Rocky Mountain shelf was emergent and

that large areas covered with rocks correlative to the

Ordovician Bighorn Dolomite and Silurian Laketown

Dolomite were eroded. This accounts for the marked

disconformity between Upper Cambrian (Pilgrim Formation)

and Upper Devonian (Jefferson Formation) strata in the

study area.

Late Devonian time was characterized by a major

Euramerican transgression. In southwestern Montana,

transgression associated with the Taghanic onlap of North

America began in the Frasnian and was contemporaneous

with the earliest phase* of the Antler orogeny. Deposition
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of the Jefferson Formation began as accumulations of

peritidal deposits in low areas on the pre-Jefferson

erosion surface (Sandberg and Poole, 1977). The

transgressing sea rapidly inundated the more positive

areas of the shelf, and an extensive carbonate platform

developed which covered a large part of the western

United States (Sandberg et al., 1983). Much of the

Jefferson Formation was deposited as shallow-water

fragmental limestones on this carbonate platform. During

the closing stages of Jefferson deposition, restricted

conditions existed over much of the carbonate platform,

as evidenced by the presence of widespread anhydrite

beds, evaporite solution breccias, intraformational

conglomerates, and laminated micritic dolomites in the

upper part of the Jefferson in southwestern Montana.

A major regression began in early Famennian time

(Sandberg et al., 1983), ending the deposition of

carbonate platform sediments in southwestern Montana. The

varicolored dolomitic siltstones and silty shales of the

Logan Gulch Member of the Three Forks Formation were

deposited, during this regression, in an extensive

evaporite basin which covered much of western Montana and

parts of southern Alberta and Saskatchewan (Sandberg,

1965). Deposition of Jefferson carbonates is thought to

have persisted as limestone bank deposits along the

extreme western edge of the cratonic shelf in Idaho.

These limestone banks acted as a barrier to normal marine
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circulation and formed the western margin of the

evaporite basin in southwestern Montana (Sandberg and

Poole, 1977).

The regressive phase of the Late Devonian eustatic

cycle was punctuated by several short transgressive

pulses. Shortly after deposition of the Logan Gulch

Member of the Three Forks Formation, the first of these

pulses occurred, resulting in the formation of a narrow,

north-trending epicontinental seaway across southwest

Montana (Sandberg et a].., 1983). The limestones,

argillaceous limestones, siltstones, and dolomites of the

Trident Member of the Three Forks Formation were

deposited in this seaway. Limited float evidence suggests

that the Trident once was present in the study area.

Ensuing regression, associated with short lived

epeirogenic uplifts, resulted in the beveling or removal

of the Trident from many areas of southwestern Montana,

producing an unconformity between the Trident Member and

the overlying Sappington Member.

A second transgressive pulse occurred after

beveling of the Trident Member. This transgressive event

was quite rapid and resulted in the deposition, far onto

the craton, of the deep water shales and cherts of the

lower Sappington Member of the Three Forks Formation

(Sandberg et al., 1983). After deposition of the lower

Sappington, regression resumed and continued to the

systemic boundary. The shales, siltstones, sandstones,
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and limestones of the upper Sappington were deposited

during this final regressive period. Strata of the upper

Sappington interval are absent from the study area. The

regional unconformity at the base of the Madison Group

(Gutschick, et al., 1976) marks a period of latest

Devonian-earliest Mississippian erosion during which any

upper Sappington strata deposited in the study area were

removed.

At the close of Devonian time, the entire Rocky

Mountain and Great Basin region was a low-lying land area

punctuated by isolated epeirogenic highlands (Sandberg et

al., 1983). A remnant of the once extensive Late Devonian

sea remained as a northeast-trending seaway in the

location of the present day overthrust belt in western

Wyoming and extreme southern Montana. The fine clastics

of the lower tongue of the Cottonwood Canyon Member of

the Lodgepole Formation accumulated in this seaway during

latest Devonian time. The upper tongue of this unit was

deposited in the same seaway during the early and middle

Kinderhookian (Early Mississippian) time. The Cottonwood

Canyon Member was not deposited within the study area, as

this region remained emergent from latest Devonian

through middle Kinderhookian time.

The first of two major Mississippian

transgressions affecting the northern Cordilleran region

began during the middle Kinderhookian. To the west in

central Idaho, the Antler welt was becoming emergent, and



had developed into a substantial orogenic highland with a

bordering flysch trough by late Kinderhookian time. In

less than two million years, the rapidly expanding

Kinderhookian sea had transgressed 300 to 600 kilometers

northeastward onto the craton (Sandberg et al., 1983) and

patterns and rates of sedimentation became storigly

differentiated across a north- northwest-trending line

roughly coincident with the Wasatch Line of Kay (1960).

West of this line, which runs along the Montana-Idaho

border, clastics derived from the Antler orogenic

highlands were deposited in the Antler flysch trough,

while carbonates were accumulating on the shelf,

foreslope, and basinal areas of Montana and Wyoming. A

well-developed carbonate platform, characterized by light

colored, dolomitized limestones, was present in Wyoming

and southern Montana by the late Kinderhookian. Along the

western edge of this carbonate platform, a distinct shelf

margin was present separating the light colored shelf

carbonates from dark, micritic carbonates accumulating in

foreslope and basinal environments in western Montana and

extreme western Wyoming (Gutschick et al., 1980). The

dark, sparsely fossiliferous, micritic limestones of the

Paine Member of the Lodgepole Formation within the study

area are thought to have accumulated in water depths of

roughly 100 meters in the Paine basin just west of the

foreslope (Sandberg et al.,1983). Much of the calcareous

material which was deposited in the basinal area is
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thought to have been derived from contemporaneous

shallow-water lithosomes to the east on the shelf and

foreslope.

The shelf margin delineating the edge of the

carbonate platform had retreated southeastward into

central Wyoming by early Osagean time, resulting in the

widening of the shelf and the development of a broad ramp

of very low slope (Gutschick et al., 1980). The

biomicrites and biosparites of the Woodhurst Member of

the Lodgepole Formation were deposited on this gently

sloping seabed. Shallow-water depositional environments

within wave base characterize the Woodhurst limestones

over much of southwestern Montana. An increase of

biosparites towards the top of the Woodhurst suggests a

progressive shoaling of the Woodhurst sea with time.

During the latter stages of Woodhurst deposition,

the shelf margin began to advance back to the west across

southwestern Montana. By middle Osagean time, another

major transgression was beginning and an extensive

platform of shallow water carbonate rocks again covered

much of the western United States. Along the western edge

of the carbonate platform where subsidence exceeded

carbonate production, water depths increased rapidly and

the carbonate platform thinned abruptly into a starved

basin to the west (Rose, 1976). The present study,

located just east of this paleobathymetric line, has one

of the thickest reported accumulations of the middle
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Osagean to middle Meramecian Mission Canyon Formation.

The clean, light colored crinoidal biosparites of the

Mission Canyon were apparently deposited as skeletal

carbonate sand sheets and shoals. Carbonate bioherms,

typically located along carbonate platform margins, have

been reported from the Mission Canyon (Rose, 1976), but

no such features were observed in the Mission Canyon of

the study area.

In middle Meramecián time, the Mission Canyon sea

began to regress westward. This regression, probably

coupled with the restricting effect of a constructiorral

ridge at the western margin of the carbonate platform

(Rose, 1976), resulted in the development of a

widespread, shallow, restricted sea covering much of the

carbonate platform during the closing stages of Mission

Canyon deposition. These restricted conditions are

evidenced by the presence of micritic dolomite and a

prominent evaporite-solution breccia within the upper

Mission Canyon of the study area.

As the sea retreated in middle Meramecian time,

the cratonic shelf area in southwestern Montana was

exposed and the Mission Canyon carbonates were subjected

to karstification. Streams which developed on this karst

plain carried cratonic clastics westward across it into a

restricted basin in central Idaho (Gutschick et al,

1980). Some of these clastics were deposited in solution

features on the karst plain and represent the basal sands
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of the Kibbey Sandstone.

Complete withdrawal of the sea was short-lived,

and transgression associated with increasing subsidence

along the Snowcrest trough (Maughan and Perry, 1982)

brought shallow and at times restricted marine conditions

to the area. The sandstones and dolomites of the Kibbey

Formation were deposited in this shallow sea. The clastic

material in the Kibbey is thought to have been supplied

to southwestern Montana by two major drainage systems,

one which carried sands derived from the north on the

Canadian Shield, and another which carried sands from an

eastern and southeastern source on the Transcontinental

arch (Sando et al., 1975).

As mild subsidence continued and the shoreline

receeded eastward and northward, the source of

terrigenous material was effectively cut off, initiating

deposition of carbonate strata of the Lombard Limestone.

This marine environment was characterized by shallow to

moderate water depths (probably never more than 300 feet)

and normal salinity. The Lombard sea reached a maximum

water depth during deposition of the lower part of the

formation, in the latest Meramecian and early Chesterian,

and then shallowed into middle Chesterian time.

Epeirogeny affected much of Montana during the

late Chesterian time (Sando et al., 1975; Maughan and

Perry, 1981). This event is marked by complete withdrawal

of the sea from the Big Snowy trough, an
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east-west-trending cratonic seaway which connected the

Cordilleran sea to the intracratonic Williston Basin. In

extreme southwestern Montana, deposition of shallow

marine carbonates persisted, but regression is indicated

by the presence of unfossiliferous dolomites, and a

horizon marking brief subaerial exposure, in the Conover

Ranch Formation.

At the same time that late Chesterian epeirogeny

was causing emergence of the cratonic shelf in Montana,

the first clastic material derived from an uplift in the

Cordilleran geosyncline (Maughan, 1975) in Idaho entered

western Wyoming and extreme southwestern Montana from the

west. This clastic influx marks the base of the Conover

Ranch Formation, and siltstones and silty limestones

characterize the entire unit.

In latest Chesterian to early Morrowan time,

clastic material derived from the rising uplift in Idaho

flooded into extreme southwestern Montana, putting an end

to the deposition of carbonate rocks and initiating

deposition of the Quadrant Formation. The Quadrant sands

were deposited in aeolian and high energy, shallow marine

environments which transgressed eastward across Montana

during the Lower Pennsylvanian. By Middle Pennsylvanian

time, the entire cratonic shelf area of Wyoming and

Montana was characterized by sand deposition. Subsidence

of the cratonic shelf was probably fairly rapid during

this time, especially in extreme southwestern Montana,
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but sedimentation evidently kept pace with it as the

entire Quadrant is of aeolian to shallow marine origin.

Early Perniian time brought changes in

sedimentation patterns to southwestern Montana. These

changes were largely the result of decreased sediment

supply from the west, and deposition of the Quadrant

sands gave way to deposition of the shallow water

skeletal carbonates and calcareous sands of the Grandeur

Member of the Park City Formation.

Deposition of Permian strata overlying the

Grandeur Member was strongly influenced by two distinct

transgressive cycles. These cycles resulted from a

combination of eustatic sea level changes and tectonic

movements within the basin and in adjacent sediment

source areas, and are characterized by lateral and

vertical changes from phosphatic mudstone/shale to chert

to sand/carbonate facies. They are represented by the

Meade Peak-Rex Chert-Lower Shedhorn and Retort-Tos i-Upper

Shedhorn intervals of this report. Phosphatic sediments

are thought to have accumulated along the shelf edge and

basin slope of the stagnant depositional basin during the

maximum regressive and early transgressive phases of each

cycle (Peterson, 1980). As sea level rose and circulation

patterns within the basin changed, chert replaced

phosphate deposition on the outer shelf and deposition of

phosphatic sediments shifted shoreward. At maximum sea

level stands, the Phosphoria basin extended as far east
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as central Wyoming and normal marine conditions prevailed

across large areas of the shelf. During this phase of

each cycle, carbonate deposition prevailed over much of

the basin, intertonguing with sand facies to the west and

north.

Rates of sea level fall exceeded subsidence in the

Late Permian and the cratonic shelf of southwestern

Montana became emergent. The resulting hiatus spans most

of the Late Permain and probably the earliest substage of

the Triassic (Maughan, Schock, and Wardlaw, 1981). When

the sea returned in Early Triassic time and deposition of

the Dinwoody Formation began, the depotectonic framework

of southwestern Montana was essentially unchanged from

that of Permian time. The limestones and siltstones of

the Dinwoody accumulated in a shallow exnbayment of the

Cordilleran sea which stretched from northwest Montana

into western Wyoming. The marked reduction of chert,

phosphate, and skeletal carbonates in these rocks

reflects the decline or extinction of many rock-building

faunas at the close of the Permian.

Marine sedimentation, which prevailed in

southwestern Montana through much of Traissic and

Jurassic time, gave way to non-marine deposition in the

Late Jurassic and was never to return again. The entire

Cretaceous was characterized by terrigeous deposition in

a variety of alluvial, fluvial and lacustrine

environments.
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Mesozoic rocks which occur between the Dinwoody

and the Cretaceous Beaverhead Conglomerate in many areas

of southwestern Montana are not present in the study

area. Lack of preservation of these Mesozoic rocks is

attributed to several major and numerous minor periods of

erosion. Middle Triassic sea level fall and emergence is

thought to have removed up to 1000 feet of Early Triassic

and Paleozoic strata from the area (Horitz, 1951). Strata

of the Jurassic through Lower Cretaceous age have been

reported from adjacent areas (Lowell, 1960), but

increasing disatrophism from Late Jurassic through Late

Cretaceous time resulted in the erosion of any rocks of

this interval from the study area.

During middle Campanian (Late Cretaceous) time

(Perry and Haley, 1985), a crystalline-cored foreland

massif known as the Blacktail-Snowcrest anticlinorium

(Ryder, 1967) began to form in southwestern Montana. As

this uplift grew, coarse, dominantly carbonate detritus

derived from Paleozoic rocks on the uplift was shed of f

it into adjacent basins, Concurrently or at a slightly

later time, coarse quartz itic detritus was transported by

braided streams from the west into southwest Montana. The

source of this quartz itic material is thought to have

been Lower Paleozoic and Precambrian strata exposed on

the flanks of an actively growing orogen to the west in

Idaho. These two distinct syntectonic deposits compose

most of the Beaverhead Formation in southwest
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Montana.

Deformation migrated eastward from Idaho into the

site of the present study area in late Campanian and

Maestrichtian time. Compression was directed to the

northeast, forming north- to northwest-trending, east- to

northeast verging folds and west-dipping, low angle

overthrusts. Local uplifts associated with this faulting

and folding were a source of additional coarse,

dominantly carbonate detritus to the Beaverhead

Formation.

Compressive deformation in the area probably

culminated in late Canipanian or early Maestritchtian time

and was followed closely by initiation of andesitic

volcanic activity. The eruptive activity is thought to

have been concentrated along a series of vents situated

north of the study area in the present-day southern

Pioneer Range (Snee, 1982). The presence of a late

Campanian dacitic stock iinmediatly north of the study

area (Pearson, pers. comm., 1984), and andesitic dikes

within the study area, suggests that extrusive centers

were present in the local area as well. This episode of

volcanic activity ceased prior to Paleocene time

(Chadwick, 1981).

In early Oligocene time (Kuenzi and Fields, 1971),

the southwestern Montana area began to subside and

evolved into a series of block-faulted basins which

paralled the northerly trend of the earlier
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Laramide-Sevier structures. This subsidence and block

faulting developed in response to a regional extensional

tectonic regime which was to characterize the

depo-tectonic framework of southwestern Montana for the

remainder of the Cenozoic era.

Basaltic volcanism, in the form of dikes, flows,

and volcaniclastic deposits, accompanied subsidence and

block faulting in the study area in early Oligocene time.

Basaltic and rhyolitic volcanism began at the same time

in isolated, separate volcanic fields across southwestern

Montana and continued sporadically into the Pleistocene

(Chadwick, 1981).

During late Tertiary and Pleistocene time,

fluvial systems dissected the rising fault block ranges

and carried gravels and sands derived from them into the

adjacent subsiding basins. With continued subsidence and

block faulting, some of these sediments on the range

flanks have been uplifted and preserved as isolated
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PETROGRAPHIC REPORT - K-i

SAMPLE # - WG-82 FORMATION NAME - KIBBEY
AGE - MERANECIAN MAP LOCATION - T.9 S., R.lO W.
ROCK NAME - DOLOMITIC QUARTZ ARENITE

HAND SAMPLE DESCRIPTION - Pale red (5R6/2) dolomitic
quartz arenite. No visible fossils or sedimentary
structures.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays abundant quartz grains with lesser
numbers of dolomitized detrital carbonate grains and
traces of chert, microcline, and orthoclase. Cement
consists of anhedral to rare euhedral dolomite. Poorly
sorted, with quartz grain size ranging from medium
sand(.5mxa) to medium silt(.O2mm.). Quartz grains vary
from well-rounded to angular.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

70% Quartz. Dominantly monocrystalline and
non-undulatory, but other types are present, including up
to 15% monocrystalline undulatory and strained
polycrystalline grains. Rare finely crystalline,
polycrystalline undulatory grains showing foliation and
bearing dark orgainic inclusions were observed.
Provenance for the quartz grains is quite varaible, with
sedimentary (well-rounded grains), igneous (angular
monocrystalline grains), and metamorphic (polycrystalline
undulatory and foliated grains) provenances represented.

20% Dolomite cement. Clear to cloudy, anhedral to rarely
euhedral crystals.

5% Dolomitized clastic carbonate grains. Well-rounded
monocrystalline, polycrystalline and micritic grains.
Rounded outlines and dark borders help to differentiate
these grains from cement. Thought to have been derived
from the underlying Mission Canyon Formation.

2% Chert, angular, medium- to fine-sand-sized grains.

Trace of microcline and orthoclase, replaced by carbonate
along twin planes.

Trace of well-rounded zircon, tourmaline, and hematite.
Hematite occurs as discrete grains and diffuse patches
and imparts red coloration to the rock.
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DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Complete
dolomitization has destroyed primary structures in
clastic carbonate grains. Many quartz grains corroded and
replaced by dolomite along grain margins.
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PETROGRAPHIC REPORT - K-2

SAMPLE # - WG-84 FORMATION NAME - KIBBEY
AGE - MERAMECIAN MAP LOCATION - T.9 S., R. 10 W.
ROCK NAME - DOLOMITIC QUARTZ ARENITE

HAND SAMPLE DESCRIPTION - Pale red (5R6/2) dolomitic
quartz arenite. No visible fossils or sedimentary
structures.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays abundant quartz grains with lesser
numbers of dolomitized detrital carbonate grains,
hematite grains, traces of orthoclase, and a grain
filamentous green algae. Cement consists of anhedral to
suhedral dolomite. Poorly sorted, with quartz grains
ranging from medium sand(.6mm) to medium silt(.O4nmi.).
Quartz grains well-rounded to angular.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

75% Quartz. Dominantly monocrystalline and
non-undulatory, but other types are present, including up
to 15% monocrystalline undulatory and strained
polycrystalline grains. Provenance for these grains is
varied, with recycled sedimentary(well-rounded grains),
igneous(angular monocrystalline grains), and
metamorphic (strained polycrystalline) provenances
represented.

15% Dolomite cement. Clear to cloudy, dominantly
suhedral.

5% Dolomitized clastic carbonate grains. Rounded outlines
and dark borders help to differentiate these grains from
the cement. Thought to be derived from the underlying
Mission Canyon Formation.

3% Hematite, as discrete grains, pore fillings, and grain
coatings. Imparts red coloration to rock.

2% Algal grain. Single mass of filamentous green
algae(Girvanella) trapping numerous grains of quartz and
carbonate sediment.

Trace of orthoclase and well-rounded zircon.
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DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Complete
dolomitization has destroyed primary structures in
clastic carbonate grains. Some corrosion and replacement
of quartz by dolomite along grain margins.
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PETROGRAPHIC REPORT - L-1

SAMPLE 4! - WG-139 FORMATION NAME - LOMBARD
AGE - CHESTERIAN MAP LOCATION - T.9 S, R.lO W
ROCK NAME - FORAXINIFERAL BIOMICRITE

HAND SAMPLE DESCRIPTION - Moderate brown(5YR3/4)
biomicrite. Numerous crinoid ossicles, pelycypod
fragments, and small(<2nuu.) foraminifera are visible on
weathered surfaces. Network of parallel fractures filled
with clear calcite spar.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Most
striking feature of the thin section is the abundance of
well-preserved foraminif era. Grain size ranges from
silt-sized unidentifiable allochems to coarse sand-sized
echinoderm and pelycypod fragments. Biotics are in grain
support and abundant micrite fills intergranular pores,
large shelter pores, and some intragranular pores in
crinoid fragments. Larger biotics are broken but not
rounded. Many of the smaller allochems are articluated.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

60% Allochems, including well-preserved foraminifera,
ostracodes, gastropods, trilobite fragments, bryozoan
stems and fronds, echinoderin plates, ossicles, and
spines, pelycypod fragments, and brachiopod fragments and
spines.

40% Micrite.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Sparry calcite cement
has filled most intragranular pore spaces. Pelycypods
neomorphosed to calcite with some microstructure
preservation. Quartz, chert, and radiating chalcedony
have selectively replaced some echinoderm plates.



PETROGRAPHIC REPORT - L-2

SAMPLE # - WG-140 FORMATION NAME - LOMBARD
AGE - CHESTERIAN MAP LOCATION - T.9 S., R.1O W.
ROCK HAKE - BIOMICRITE

HAND SAMPLE DESCRIPTION - Dusky yellowish
brown(1OYR2/2) biomicrite. Thin chert stringers and chert
nodules coitunon.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays abundant, small, well-preserved
echinoderin plates, trilobite segments, ostracode,
brachiopod, and bryozoan fragments set in a matrix of
micrite and microspar. Variably grain and matrix
supported. Microspar occurs in elongate zones, some of
which bear internal patches of pseudospar. Chert nodules
replace both inicrite and biotics, with good preservation
of biotic outlines and microstructures.
DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).
55% Biotics, including echinoderm plates, trilobie
segments, ostracode fragments, fragments of punctate,
iinpunctate, and pseudopunctate brachiopods, fenestrate
bryozoan stems and fronds, mollusk fragments, and whole
foraminifera.

38% Micrite and microspar.

7% Diagenetic chert and chalcedony.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Neomorphism of micrite
to microspar. Dissoloution of aragonitic mollusk
fragments and subsequent mold-filling by clear calcite
spar. Non-selective replacement of calcite by chert in
areas of chert nodule formation. Selective replacement of
echinoderm plates by chalcedony.
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PETROGRAPHIC REPORT - L-3

SAMPLE # - WG-l44 FORMATION NAME - LOMBARD
AGE - CHESTERIAN MAP LOCATION - T 9 S., R. 10 W.
ROCK NAME - BIOMICRITE

HAND SAMPLE DESCRIPTION - Pale yellowish-brown(1OYR6/2)
bioluicrite. Echinoderm fragments stand in relief on
weathered surfaces.
THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays well preserved echinoderm plates,
articulated and fragmented ostracodes, and whole
foraininifera set in a matrix of micrite. Biotics range in
size from coarse sand to coarse silt. Loosely packed but
dominantly grain-supported. Geopetal inicrite filling is
present in some articulated ostracodes.
DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).
55% Biotics, including ostracodes, echinoderm fragments,
whole foraininifera, and unidentified coarse silt-sized
fossil fragments.
45% Micrite. dark, faintly pelletal.
DIAGENETIC EFFECTS (cementation, replacement,
neoinorphism, dissolution, etc.). -
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PETROGRAPHIC REPORT - L-4

SAMPLE # - WG-l46 FORMATION NAME - LOMBARD
AGE - CHESTERIAN MAP LOCATION - T. 9 S., R. 10 W.
ROCK NAME - POORLY WASHED ECHINODERM BIOSPARITE

HAND SAMPLE DESCRIPTION - Moderate yellowish
brown((1OYR7/4) poorly washed biosparite displaying
numerous echinoderm plates and ossicles on weathered
surfaces. This sample was taken from a large sole mark
and represents a coarse lag which accumulated in a low
area(a large burrow) on the the surface of the underlying
argillaceous biomicrite bed.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays broken and rounded echinoderm plates and
ossicles, pelycypod and brachiopod fragments, bryozoan
stems, fish bones, teeth, and scales, and additional
biotic fragments cemented by clear calcite spar. Grain
size ranges from thin pelycypod fragments
7 mm. in length and 5 mm. echinoderm plates to silt-sized
fossil hash. Sorting is poor. Micrite matrix occurs as
small intergranular fillings and as thin zones in which
spar is lacking and micrite is the dominant intergranular
material. Biotics are well packed, with parallel stacking
of elongate shell fragments.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

65% Biotics, including echinoderm plates and ossicles,
brachiopod shell fragments including an atypical
prismatic form(COMPOSITA sp.), bryozoan stems and fronds,
fish teeth, bones, and scales, whole foraminifera, and
fragments of both red and green algae.

20% Sparry calcite cement. Occurs as syntaxial
overgrowths on echinoderm fragments and as pore
intergranular fillings.

14% Micrite

1% Hematite, as discrete grains and intergranular stains.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Rare chert replacement
of biotics. Diagenetic compaction is indicated by sutured
grain contacts between echinoderm fragments.
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PETROGRAPHIC REPORT - L-5

SAMPLE # - WG-148 FORMATION NAME - LOMBARD
AGE - CHESTERIAN MAP LOCATION - T.9 S., R.1O W.
ROCK NAME - BIOMICRITE

HAND SAMPLE DESCRIPTION - Olive grey(5Y4/l) biomicrite.
Weathered surfaces display dendroid corals, large
ostracodes, small brachiopods, and fenestrate bryozoan
fronds.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays beautifully preserved fragments of
dendroid coral, bryozoans, articulated ostracodes and
brachiopods, and gastropods. Very loosely packed but
grain-supported. Abundant matrix consisting of microspar,
pseudospar, and quartz silt.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

35% Biotics, including small tabulate dendroid corals,
lacy fenestrate bryozoans(cyclostomes) with excellent
preservation of zooecial chambers, colonial plexus, and
scierenchyma, large(up to 2.5 nun.) well-preserved,
ostracodes, small articulated brachiopods, crinoid
ossicles, and neomorphosed(?) gastropods.

62% Micrite, microspar, and pseudospar. Micrite confined
to the zooecial chambers of bryozoans.

2% Quartz, medium silt.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Micrite neomorphosed
to microspar and pseudospar, with only small amounts
preserved in the zoocial chambers of bryozoans.
Aragonitic gastropod shells replaced by calcite, either
by dissolution and subsequent pore filling, or by
neomorphism. Lack of microstructure preservation supports
dissolution.



PETROGRAPHIC REPORT - L-6

SAMPLE # - WG-105 FORMATION NAME - LOMBARD
AGE - MERAMECIAN (?) MAP LOCATION - T. 9 S., R. 10
w.
ROCK NAME - LAMINATED, PELLETAL BIOMICRITE

HAND SAMPLE DESCRIPTION - Brownish grey(5Y4/l)
biomicrite. Small, macroscopically unidentifiable
allochems visible on weathered surfaces.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). -
section displays ovoid to round pellets and peloids,
whole and disarticulated ostracodes, foraminifera,
gastropod fragments, and micritized shell fragments
matrix of micrite, microspar, and pseudospar.
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Thin

in a

Matrix-supported. Fine laminations in matrix are
accentuated by concentrations of opaque organic material.
Clear calcite spar fills some gastropod and ostracode
tests.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

60% Micrite, microspar, and pseudospar.

40% Biotics. Dominated by pellets and peloids, with
lesser amounts of whole and disarticulated ostracodes,
neomorphosed gastropods, whole foraminif era, and elongate
micritized shell fragments.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Most of the micrite
has been neomorphosed to microspar and patchy pseudospar.
Crushed ostracodes imply a period of compaction prior to
lithification. Numerous small stylolites occur parallel
to the laminations.
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PETROGRAPHIC REPORT - CR-i

SAMPLE # - WG-il1 FORMATION NAME - CONOVER RANCH
AGE - CHESTERIAN MAP LOCATION - T.9 S, R.i0 W
ROCK NAME - PACKED MOLLUSCAN BIOMICRITE

HAND SAMPLE DESCRIPTION - Olive grey(5Y4/1) biomicrite
which gives off strong fetid odor on fresh break.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays densely packed, subparallel-oriented
mollusk fragments and lesser numbers of brachiopod and
echinoderm fragments. All biotics are disarticulated.
Abundant micrite is present in the elongated shelter
pores between mollusk fragments. Minor quartz silt is
present as randomly distributed grains. Yellowish brown
organic residue occurs as small discrete patches and
grain coatings.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

60% Biotics, mostly thin, curved bivalve fragments, some
of which display a four layer structure dominated by a
thick outer layer of prismatic calcite (PTERIOMORPHA?). A
few fragments of impunctate braciopods, echinoder-m
ossicles and spines, and fish bones, teeth, and scales
are also present.

37% Micrite, very dark colored because of high organic
content.

3% Quartz silt, medium silt-sized, angular.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphisin, dissolution, etc.). - Original aragonite
mollusk shell layers have been neomorphosed to calcite.
Most micrite has been neomorphosed to microspar.



304

PETROGRAPHIC REPORT - CR-2

SAMPLE # - WG-112 FORMATION NAME - CONOVER RANCH
AGE - CHESTERIAN MAP LOCATION - T.9 S, R.l0 W
ROCK NAME - PACKED BIOMICRITE

HAND SAMPLE DESCRIPTION - Pale yellowish-brown(1OYR6/2)
biomicrite. Fragments of brachiopods, echinoderms,
bryozoans visible on weathered surfaces.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays a rich assortment of allochems,
including disarticulated and broken fragments of
echinoderms, bryozoans, brachiopods, mollusks,
trilobites, and ostracodes, and whole foraminifera.
Allochems are grain-supported and well-packed. Micrite
fills pores between the allochems. Sparry calcite cement
fills ostracode and foraminifera tests and the zooecial
chambers of bryozoans. Quartz silt and patches of brown
organic residue are present in trace amounts.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

70% Biotics, dominated by echinoderm plates and ossicles,
fragments of impunctate brachiopods, and thin
structureless mollusk fragments. Also present are
bryozoan stems and fronds, trilobite segments,
ostracodes, and numerous small foraminifera.

25% Micrite.

1% Quartz, coarse silt-sized, angular.

4% Organic residue, yellowish brown, opaque.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Most micrite has been
neomorphosed to microspar or to large patches of cloudy
pseudospar containing isolated, unneomorphosed patches of
micrite. Chalcedony and quartz have selectively replaced
some bryozoan and echinoderm fragments.
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PETROGRAPHIC REPORT - CR-3

SAMPLE # - WG-113 FORMATION NAKE - CONOVER RANCH
AGE - CHESTERIAN MAP LOCATION - T.9 S, R.l0 W
ROCK NAME - BIOMICRITE

HAND SAMPLE DESCRIPTION - Light olive grey(5Y6/l)
biomicrite. Small crinoid ossicles visible on weathered
surfaces.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays broken, angular fragments of echinoderms
and pelycypods ranging in size from medium silt to coarse
sand. Zones of both grain and matrix support are evident.
Micrite and microspar occur as intergranular pore
fillings, irregular patches, and discrete zones.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

65% Biotics, including fragmented echinoderm plates and
spines, pelycypods, bryozoaris stems and fronds, trilobite
segments, whole and fragmented ostracodes and
brachiopods, and whole foraminifera.

34% Micrite.

Trace of medium quartz silt.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Partial neomorphism of
micrite to microspar, leaving patches of unneomorphosed
micrite floating in microspar. Chert and calcedony have
selectively replaced some bryozoan and echinoderm
fragments. Some syntaxial overgrowths of clear calcite
spar on echinoderm fragments. Most pelycypod fragments
dissolved and molds filled with clear calcite spar.
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PETROGRAPHIC REPORT - CR-4

SAMPLE # - WG-115 FORMATION NAME - CONOVER RANCH
AGE - CHESTERIAN MAP LOCATION - T.9 S, R.l0 W.
ROCK NAME - SILTY BIOMICRITE

HAND SAMPLE DESCRIPTION - Pale orange(1OYRB/2)
strongly bioturbated, very silty biomicrite.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays clear to cloudy, anhedral to subhedral
pseudospar, microspar, and dark inicrite, with subequal
amounts of quartz silt. Some micrite displays distinct
pelletal texture. A burrow transects the slide and is
filled with clear calcite spar.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

45% Pseudospar and microspar. The lack of biotic
structures, uniform crystal size, lack of euhedral
crystal faces, cloudy appearance, and association with
inicrite identify this carbonate as the neoiuorphic product
of micrite.

40% Quartz, medium to coarse silt, dominantly
monocrystalline and non-undulatory.

14% Micrite, pelletal in places.

1% Biotics, including poorly preserved, thin ostracode(?)
fragments and a branch of coralline algae.

Trace of chert, angular, medium silt.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Most micrite converted
to microspar and pseudospar. Many quartz grains corroded
and partially replaced by calcite.
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PETROGRAPHIC REPORT - CR-5

SAMPLE # - WG-1l9 FORMATION NAME - CONOVER RANCH
AGE - CHESTERIAN MAP LOCATION - T.9 S., R.l0 W.
ROCK NAME - DOLOMITIC SILTSTONE

HAND SAMPLE DESCRIPTION - Moderate orange pink(1OYR7/4)
dolomitic siltstone. Fine quartz sand grains and crinoid
fragments visible on weathered surfaces.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays angular to subrounded coarse quartz silt
and fine quartz sand, poorly preserved crinoid and
brachiopod fragments, and several fish teeth. Sorting is
poor, with quartz grain sizes from .20 nun. (medium sand)
to .024 nun. (medium silt). Matrix consists of dolomitic(?)
microspar. Coarsely crystalline dolomite occurs as
isolated patches within the matrix.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, inicrostructures, etc. for carbonates).

55% Quartz, dominantly monocrystalline and nonundulatory.

18% Micrite and microspar(dolomitic?)

15% Dolomite, as cloudy, hematite-stained patches in
matrix. Zoned, euhedral rhombs present but not common.

10% Biotics, including crinoid and brachiopod fragments,
thin ostracode(?) fragments, and fish teeth.

1% Chert grains

Trace of microcline, zircon, and tourmaline.

DIAGENETIC EFFECTS (cementation, replacement,
neoniorphism, dissolution, etc.). - Dolomite has
preferentially replaced the micrite matrix. Some crinoid
fraginemts replaced by chalcedony. Rare quartz
overgrowths. Quartz grain margins corroded and replaced
by dolomite.
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PETROGRAPHIC REPORT - CR-6

SAMPLE # - WG-l23 FORMATION NAME - CONOVER RANCH
AGE - CHESTERIAN MAP LOCATION - T.9 S., R.lO W.
ROCK NAME - BIOMICRITE

HAND SAMPLE DESCRIPTION - Dark yellowish-brown(1OYR4/2)
biomicrite. Filled 'crinomoldic' porosity gives the rock
a distinct speckled appearance.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). -
Thin-section displays abundant small, partially dissolved
allochems and moldic pores floating in a matrix of dark
micrite and luicrospar. The pores are lined or filled with
quartz, chert, carbonate, or a combination of the three
minerals. Traces of quartz silt are present. Pseudospar
occurs as large irregular patches surronding areas of
unneomorphosed micrite.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

58% Micrite, dark, vaguely pelletal, clearer where
neomorphosed to microspar or pseudospar.

40% Unidentifiable, partially or wholly dissolved
allochems(now partially or wholly filled moldic pores).
Most are in the fine sand to coarse silt size range, many
of the larger ones have outlines suggestive of crinoid
ossicles.

2% Quartz, coarse silt, angular.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Abundant filled moldic
pores indicate that most of the larger allochems
underwent complete dissoloution. No remnant
microstructures suggestive of neoniorphism were observed.
Pores were filled first with quartz and chert and then
later with calcite. Micrite is partially neotnorphosed to
iuicrospar and pseudospar.
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PETROGRAPHIC REPORT - CR-7

SAMPLE # - WG-130 FORMATION NAME - CONOVER RANCH
AGE - CHESTERIAN MAP LOCATION - T.9 S., R.l0 W.
ROCK NAME - SILTY, SPARSE BIOMICRITE

HAND SAMPLE DESCRIPTION - Yellowish grey(5Y7/4) silty,
sparse biomicrite with rounded nodules of light olive
grey(5Y4/l) cherty iuicrite(incipient chert nodules).

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays zones rich in fine sand and coarse
quartz silt which alternate with zones dominated by
peloidal micrite, microspar, and pseudospar. Small
amounts of phosphatic shell fragments, and poorly
preserved brachiopods and ostracodes, are distributed
throughout. Chert occurs as rare detrital grains and as
fine disseminations replacing microspar.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

55% Micrite, microspar, and pseudospar. Much of the
micrite has a distinct peloidal texture. The peloids are
highly variable in shape; some display remnant internal
structures suggestive of micritized shell fragments,
while others are rounded and have quartz or carbonate
cores suggestive of micritized oolites or coated grains.

35% Quartz, angular to subrounded grains, coarse silt- to
fine sand- sized.

8% Chert (diagenetic)

2% Biotics, phosphatic shell fragments, brachiopod and
ostracode fragments.

Trace of chert(detrital)

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Most micrite converted
to microspar or small patches of pseudospar. Chert
selectively replaces microspar.
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PETROGPAPHIC REPORT - CR-8

SAMPLE # - WG-134 FORMATION NAME - CONOVER RANCH
AGE - CHESTERIAN MAP LOCATION - T.9 S., R. 10 W.
ROCK NAME - DOLOBIOMICRITE

HAND SAMPLE DESCRIPTION - Yellowish grey(5Y7/1)
dolomicrite. Unidentifiable allochems are visible as
light-colored grains on fresh surfaces.

THIN SECTION OVERVIEW (textures, structures, grain
size, rounding, sorting, matrix, maturity, etc.). - Thin
section displays echinoderm fragments and other
unidentifiable allochems floating in a matrix of
dolomitized, cherty micrite and microspar. Texture is
mottled(bioturbated?) and pelletal in places.

DESCRIPTIVE MINERALOGY (%, grain type, grain size, and
provenance for clastics: %, grain type, grain size,
composition, microstructures, etc. for carbonates).

75% Micrite and inicrospar. Probably thoroughly
dolomitized, as it stains positive on slabbed samples.

20% Biotics. Echinoderm fragnients(dolomitized?) retain
single crystal extinction. Most are unidentifiable due to
dolomitization or neomorphisni.

5% Chert(diagenetic). Occurs disseminated throughout
micrite and as discrete irregular patches.

DIAGENETIC EFFECTS (cementation, replacement,
neomorphism, dissolution, etc.). - Probably complete
dolomitization of all calcite. Later replacement of
matrix and biotics by chert.




