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ABSTRACT
Bloomfield, Susan L., M.S., Spring, 1983 Geology

The Proterozoic Greyson-Spokane Transition Sequence: A
Stratigraphic and Gravity Study, West-Central Montana

Director: Don Winston XE%Z////

Four stratigraphic sections through the Greyson-Spokane transition
sequence were measured at Trout Creek and Beaver Creek, east of the
Eldorado thrust and at Wolf Creek and the Spokane Hills, west of
the thrust. The transition sequence consists of four sediment
types: 1) wavy couplet, 2) fine sand, 3) microlaminated couplet,
and 4) coarse sand sediment types.

The four sediment types combine into three lithofacies: A, B, and
C. Lithofacies A consists of the microlaminated couplet interbedded
with the fine sand sediment type and represents a subtidal
environment. Lithofacies B consists of the wavy couplet sediment type
interbedded with fine sand beds and planar cross-bedded coarse sand
beds. This lithofacies indicates an intertidal environment.
Lithofacies C contains upper intertidal deposits represented by the
horizontally-laminated coarse sand sediment type.

The repetitive succession of Lithofacies A, B, and C reveals an
overall marine regression including four regressive-transgressive
cycles. The four cycles define the transition sequence and correlate
well across the four measured sections.

While the measure sections straddle the Eldorado thrust, they also
straddle a proposed east-west trending Proterozoic fault zone (the
Greenhorn line, Winston and others, 1982 ms.). The thickness of
the transition sequence increases slightly south of the Greenhorn
line possibly reflecting a higher subsidence rate. The data do
not strongly suggest a fault zone. However, gravity data support
evidence for changes in a tectonic style of thrusting around the
Greenhorn line. Uplifted crystalline basement possibly acted as a
buttress north of line causing thrusts to ramp steeply. South of the
line, where no buttressing existed, the ‘thrusts were able to ride at
a low angle possibly into a down-dropped block.

i1
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CHAPTER I
INTRODUCTION

During Middle Proterozoic time, sediments of the Belt Supergroup
were deposited in a basin presently located in parts of Washington,
Idaho, Montana, and southern Canada (Fig. 1). Don Winston and others
(1982 ms.) proposed that the Belt basin was composed of several fault-
bound blocks. The Proterozoic fau]t-zdnes between the blocks are
referred £o as lines (Fig. 2). They base their hypothesis on:

1) stratigraphic thickness changes across the fault zones, 2) response

in Cretaceous to Paleocene thrusting, and 3) response in Eocene to

Recent extension. This study tests part of Winston's hypothesis by
focusing on one critical area: the intersection of the Greenhorn and
Townsend Tines (Fig. 3). A stratigraphic and sedimentological study of
the Proterozoic Greyson-Spokane transition across the Greenhorn and
Townsend lines was conducted to see if growth faults were reflected in

the stratigraphic sequence or sedimentary environment. In addition, I
compiled structural data and available maps and analyzed published gravity

data to search for evidence of the proposed Proterozoic growth faults.

Previous Work

Several workers have mapped and described the Greyson and Spokane
formations near Helena, Montana (Mertie and others, 1951; Nelson, 1963;
Robinson and others, 1969; Weinberg, 1970; Bregman, 1971; Shaffer, 1971;

1
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Durham, 1972; Schmidt, 1972; Whipple, 1980; see Fig. 4). Davis and
others (1963) also conducted a gravity and aeromagnetic study of the
East Helena and Canyon Ferry quadrangles. Structural studies concerned
with Mesozoic and Cenozoic tectonics and their effect on the Belt
terrane have also been conducted in this area (Bregman, 1976; Reynolds,

1978; Woodward, 1981).

Present Study

1 measured stratigraphic sections through the Greyson-Spokane
transition sequence at Trout Creek, Beaver Creek, Wolf Creek, and the
Spokane Hills (Fig. 5). Exact locations are given in Appendix A. A1l
sections were measured by Brunton compass and Jacob's staff from the
brown and grey, sandy shale of the upper Greyson into red sandy silt and
argillite of the Tower Spokane. Data from a total of 595 meters of
measured section include a graphic ana written Tog of each section com-
piled at a scale of 1 inch to 5 feet (Appendix B).

The gravity data used in this study came from United States Department
of Defense files and United States Geological Survey Open-file reports
(Appendix C). A two dimensional modelling program provided a basis for

interpreting the data (Appendix D).

Structural Setting

The locations of the four measured sections spatially bracket the
Eldorado thrust, the easternmost major north-northwestern-trending
thrust of the overthrust belt (Mudge, 1970). The Wolf Creek and Spokane

Hills sections lie to the east of the Eldorado thrust, and the Trout



Figure 4. Index to geologic maps used in compilation of
geologic map of study area. Numbers are keyed
to references as follows: 1, Bregman (1971);
2, Durham (1972); 3, Davis and others (1963);
4, Knopf (1963); 5, Lyons (1944); 6, Mertie and
others (1951); 7, Robinson and others (1969);
8, Shaffer (1971); 9, Weinberg (1970).
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Creek and Beaver Creek sections lie to the west of the thrust (Fig. 5).
Bregman (1971) calculated a minimum displacement of 16.9 kilometers for
the Eldorédo thrust based on stratigraphic thicknesses and the geometry
of the thrust. Bregman (1976) also noted a change in the configuration
of the thrust along the north edge of the Helena embayment. South of
the Greenhorn line the Eldorado is a low-angle thrust, whereas north of
the Greenhorn line the Eldorado has ramped steeply, possibly onto a
Precambrian cyrstalline buttress (Bregman, 1976; Woodward, 1981; Winston,
1982 ms.). Reynolds (1978) recognized extensional strike slip faults

and Tistric normal which curve westward as they approach the Greenhorn

line from the south.



CHAPTER II
SEDIMENT TYPES: DESCRIPTION AND INTERPRETATION

Several Tithologies occur in the Greyson-Spokane transition
sequence. Although these lithologies reflect original sedimentation,
diagenesis and metamorphic history, they are classified chiefly on the
basis of original sedimentary éharacteristics because diagenesis and
metamorphism are of secondary importance in constructing a paleon-
environmental model. Criteria such as composition, grain size, sorting,
~and primary sedimentary structures define the sediment types.

The Greyson-Spokane transition consists of four major sediment
types. They are in order of decreasing abundance: 1) wavy couplets;
2) fine sand; 3) microlaminated couplets; and 4) coarse sand. Each
sediment type is described individually and interpreted in terms of

sedimentary processes and paleoenvironment.

Wavy Couplet Sediment Type

The wavy couplet sediment type consists of silty, very fine sand
layers sharply overlain by mud layers (Fig. 6). Both sand and mud
layers are continuous, forming wavy bedding as described.by Reineck and
Singh (1975). Sand layers 0.5 to 2.5 cm. thick show current and wave
ripple cross-laminations. These layers thicken and thin with average
wavelengths of 8 c¢cm. and amplitudes of 2 cm.. Most ripples are

symmetrical and sharp-crested but some are flat-topped or reworked into

10



Figure 6. Wavy couplet sediment type.
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interference patterns. Thin mud layers form drapes less than 1 cm.
thick over the rippled sand Tayer beds. Together, a sand layer over-
lain by a mud layer constitutes a couplet which ranges from 0.5 to

3 cm. thick. Couplets cut by mudcracks commonly occur in this sediment
type but in many parts of the section they are absent.

Interlamination of sand and clay forming wavy beds result from
periods of traction-load transport and deposition from diurnal tidal
currents alternating with periods of suspended-load deposition from
standing water (Reineck and Singh, 1975). Because mud layers are pre-
served in wavy bedding, current velocities were probably Tow. Asymmetri-
cal ripples in the sand layers result from tidal currents. During high
water; symmetrical ripples formed by wave oscillation in shallow water
and flat-topped ripples formed by receeding water and subsequent ex-
posure. Finally, clay settled from suspension in standing water onto
these rippled beds. Shallow mudcracks indicate brief subaerial exposure.
Mudchips were probably deposited by tidal currents in the sand layers
(Fig. 7).

Many workers describe similar sedimentary packages from modern
tidal environments (Reineck and Singh, 1975; Reineck, 1975; Sellwood,
1975) and others have interpreted similar Proterozoic sequences as inter-
tidal deposits (Button and Vos, 1977; Bhattacharyya and others, 1980;

Watchorn, 1980; Whipple, 1980).



Figure 7. Mudchips in the wavy couplet sediment type.
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Fine Sand Sediment Type

The fine sand sediment type consists of very fine-grained, well-
sorted, quartzose sand beds which average 3 to 8 cm. in thickness.
Locally they range up to 40 cm. thick. Where fine sand beds are less
than 5 cm. thick, internal stratification is dominated by asymmetrical
ripple cross-laminations. As in the wavy couplete sediment type, they
mostly appear sharp-crested, but are locally flat-topped and reworked.
Beds thicker than 5 cm. are horizontally-laminated at the base, changing
to ripple cross-Taminated near the top (Fig. 8). Fine sand beds capped
by mud drapes are interstratified with the wavy couplet sediment type.

Horizontally-laminated sand beds form in the plane-bed phase of the
upper flow regime by traction-load current sedimentation (Simons and
others, 1965). Flat laminations have also been produced in a flume by
migrating oscillation ripples (McBride and others, 1975). Several
workers have interpreted horizontally-laminated and ripple-topped sand
layers as subtidal to intertidal deposits. Button and Vos (1977) and
Klein (1970) proposed shallow subtidal sand bodies or bars as a possible
explanation for these types of sand beds. Some authors postulate a more
landward environment, such as shoreface deposits or reworked tidal sand
shoals (Bhattacharyya and others, 1980; Watchorn, 1980). Ripple-topped
sand béds may also be evidence for late-stage emergence run-off in an
intertidal flat (Watchorn, 1980}. Fine sand beds probably formed in
environments that ranged from subtidal to high intertidal. They are

common throughout the section regardless of evidence for subaerial

exposure in the surrounding wavy couplete sediment type.



Figure 8. Fine sand bed horizontally-laminated
at base, changing to current ripple
cross-1aminated near top.
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The frequency and regularity of fine sand beds suggest that they
represent fair weather processes. Whipple (1980) interprets fining-
upward sequences that begin with similar fine sand beds as fluvial or
sheetwash deposits in the Upper Middle Spokane. The fine sand beds of
the Greyson-Spokane transition sequence probably represent fluvial or

sheetwash deposits reworked by tides.

Microlaminated Couplet Sediment Type

The microlaminated couplet sediment type consists of millimeter-
scale silt layers sharply overlain by mud layers of the same scale.
Individual couplets are less than 5 mm. thick and are laterally con-
tinuous for several meters. Locally, silt layers pinch out or pass
laterally into millimeter-scale foreset cross-laminations. Couplet
thickness ranges from less than 1 to 5 mm. and composition ranges from
terrigenous through carbonaceous or calcareous. Thinner, carbonaceous
couplets are commonly dislocated as tabular sheets and form centimeter-
scale soft sediment folds. Locally, sets of couplets are truncated by
scour and fill structures (Fig. 9). These carbonaceous couplets commonly
occur interstratified with dolomitic couplets, which are normally thicker
and contain "molar-tooth" (Fig. 10; see 0'Connor, 1972, for description
of molar-tooth). Stromatolites and stromatoforms are interstratified
with molar-tooth structures.

Silt layers overlain by clay Tayers reflect alternating current
velocities, possibly from tidal currents. Variations in currents and

subsequent reworking caused the laminations (Thompson, 1975). The



Figure 9. Soft-sediment deformation in carbonaceous
microlaminated couplets.
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Figure 10. Molar-tooth structures in calcareous microlaminated
couplets.
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carbon-rich couplets incorporate organic material which may represent
very thin cohesive mats that required slightly higher current velocities
to remove (Grotzinger, 1981). Stronger, possibly storm currents induced
the sofﬁ-sediment folds and scour and fill structures in the carbonaceous
couplets. Stromatolites have been recognized as both intertidal and
supratidal indicators (Reineck and Singh, 1975; Button and Vos, 1977)

and as subtidal indicators as well (Gebelein, 1969; Bhattacharyya and
others, 1980). Stromatolites within the microlaminated couplet sediment
typé are probably a good indicator for the subtidal environment because

they lack any evidence for subaerial exposure.

Coarse Sand Sediment Type

A. Horizontally-laminated Coarse Sand Subtype -

The horizontally-laminated coarse sand subtype consists of indivi-
dual, horizontally-laminated sand beds up to 80 cm. thick (Fig. 11).
Grain size varies from less than 1.0% to 2.5@, with poor to good sorting.
Grains probably from the coarse sand environment are scattered in the
fine sand sediment type and in the sand layers of the wavy couplet
sediment type. These beds are interstratified with the wavy couplet
sediment type.

Horizontally-laminated beds of the coarse sand sediment type record
deposition from the upper flow regime like those of the fine sand-
sediment type. However, this sedimént subtype is less abundant and
includes a wider rénge of grain size and sorting than the fine sand

sediment type. Larger grain size and individual bed size indicate



20

Figure 11. Horizontally-1aminated coarse sand bed
interbedded with the wavy couplet sediment type.
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greater and more variable current velocities and perhaps a different
source area, possibly reflecting transport by longshore currents
(Winston, pers. comm.). Bhattacharyya and others (1980) interpreted
poorly-sorted, horizontally-laminated sand beds as high intertidal
storm deposits. Variations in bed size, grain size, and sorting plus
association with subaerial sedimentary structures also support this

hypothesis.

B. Planar Cross-bedded Coarse Sand Subtype

Planar cross-bedded sand beds form low angle tabular sets which
range from 10 to 50 cm. thick (Fig. 12). Individual sets are con-
tinuous across several meters of outcrop but Tocally contain foreset
laminations or are truncated by other low-angle cross-beds. This sub-
type is interbedded with the wavy couplet sediment type.

Low-angle planar cross-beds may represent upper flow regime processes
in the marine foreshore. Slight deviations in beach slope between
tidal cycles causes truncation of previously deposited layers and there-
fore produces low-angle cross-bedding that is typical of foreshore deposits
(Clifton, 1969). Foresets within this subtype may represent micro-

delta bar deposits formed by washover fans (Schwartz, 1982).
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Figure 12. Low-angle planar cross-bedded coarse sand bed
interbedded with the wavy couplet sediment type.



CHAPTER III
CORRELATION AND STRATIGRAPHTIC SYNTHESIS

The last chapter discussed individual sediment types and proposed
some depositional environments. The vertical succession of these
sediment types in the Greyson-Spokane transition sequence defines three
lithofacies labelled A, B, and C. This section 1) describes specific
depositional environments for each of the lithofacies based on sediment
type and stratigraphic juxtaposition, 2) correlates the measured
sections, and 3) discusses conclusions based on the stratigraphy gnd

sedimentation of the Greyson-Spokane transition sequence.

Lithofacies A

Lithofacies A consists primarily of the microlaminated couplet
sediment type with occasional interstratified beds of the fine sand
sediment type. Paral]é] lamination, absence of subaerial sedimentary
structures, common dolomite, and stromatolites typify this 1ithofacies.

The structures within this lithofacies are characteristic of
subtidal deposits. Carbonaceous microlaminated couplets probably
formed by algal mats and stromatolites indicate deposition in the photic
zone. Therefore, the subtidal environment of this part of the Helena em-
bayment was probably shallow. The fine sand beds within this subfacies
are generally thicker and less common than those interbedded with the
wavy couplet sediment type. Subtidal fine sand beds were probably

deposited and reworked by longshore currents (Whipple, 1980).

23
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Lithofacies B

Lithofacies B consists primarily of interbedded wavy couplet
and fine sand sediment types. The planar cross-bedded coarse sand
subtype also occurs in this lithofacies. Mudcracks and mudchips
commonly occur within the wavy couplets sediment type. Wavy bedding
along with desiccation structures generally indicates an intertidal
flat environment. Horizontally-laminated fine sand beds represent
reworked, Tower intertidal sand shoals. Planar cross-bedded coarse
sand beds represent beach deposits also in a Tower intertidal

environment.

Lithofacies C

Lithofacies C consists of the horizontally-Taminated coarse sand
sediment subtype. This lithofacies occurs interstratified with the
wavy couplet sediment type and is interpreted as an upper intertidal
deposit. Whipple (1980) interpreted similar deposits in the Upper
Spokane formation as beach berm deposits. Bhattacharyya and others
(1980) interpreted horizontally-laminated coarse sand beds to be storm

deposits which resulted from more intense wave action and turbulence.

Correlation

Each measured section has been subdivided into sequences of
Lithofacies A, B énd C. Correlation based on the succession of 1itho-
facies reveals four marine regressive-transgressive cycles. Each

cycle comprises an upward succession of Lithofacies ABCB (Fig. 13).
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The four cycles form the transition sequence and each cycle correlates
well throughout all four measured sections (Fig. 14). Sections at
Wolf Creek, Trout Creek, and Beaver Creek are approximately 100 meters

thick while the Spokane Hills section 1is 220 meters thick.

Stratigraphic Synthesis

The Greyson-Spokane transition sequence represents-a regressive
sequenceiin a tide~-dominated environment. However, it does not fit
the "classic" tidal sequence because: 1) it lacks tidal channel
deposits, and 2) lack of documented bimodal-bipolar current directions.

Several workers have interpreted Precambrian sequences (Klein,
1970a; Siedlecka, 1978) and Paleozoic sequences (Barnes and Klein,
1975; Walker and Harms, 1975) which lack evidence for tidal channels
as tidal deposits. Several conditions might explain the absence of
tidal channels. In a predominantly fine-grained system, a large volume
of silt and clay that overwhelms sand may diminish development of
beaches and shoals. Therefore, unrestricted tidal currents move over
the flats in broad, uniform flow with Tittle tendency to form channels.
Lack of vegetation in the Proterozoic and the subsequent lack of a
cohesive framework binding the surface of the tidal flat also enabled
tidal currents to flow uniformly over the flat.

Sedimentary structures and bed configuration in the Greyson-
Spokane transition sequence suggest an environment with low hydraulic
energy. Extensive lateral continuity of individual beds suggest a

broad, flat, featureless tidal flat and shelf. Nearshore wave intensity
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was probably generated by local winds rather than the wind fetch

across the entire Belt sea. Because of the very large, shallow shelf,
‘waves generated further out in deeper water "felt bottom" and Tost

energy as they travelled to shore. Additional evidence for low energy
includes: 1) suspension-deposited silt and clay in the subtidal and
intertidal zones rather than cross-bedded sands of more turbulent systems,
“and 2) preserved clay in wavy bedding rather than flaser bedding in

the current-formed deposits.

Only apparent current directions were observed at the measured
sections, therefore bimodal-bipolar current directions could not be
documented. ATlthough bimodal-bipolar current directions provide strong
evidence for tidal currents, not all tidal deposits are bipolar.
Time-velocity asymmetry produces unimodal crossbed directions in some
tidal regimes (Klein, 1971; Watchorn, 1980). Therefore, even though
tidal channels and bimodal-bipolar current directions are not documented
in the Greyson-Spokane transition zone, a tidal flat interpretation is
still possible.-

Very fine sand, silt, and clay dominate the Greyson-Spokane
transition zone. In the upper middle Spokane Formation, Whipple (1980)
interprets horizontally-laminated subfeldspathic arenites as delta
sheetwash and braided alluvial deposits surrounded by tidal flat
deposits. The fluvial sediment input certainly affected- sedimentation
in the Spokane Formation. However, fine sand beds in the Greyson-
Spokane transition sequence never occur in sets and never appear to

be channel deposits. They probably represent totally reworked
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sediments of a tidal environment whereas higher in the Spokane, they
may represent primary fluvial deposits. The coarse sand size in the
beach and storm deposits may indicate a different source with transport

by Tongshore currents.



CHAPTER IV
GRAVITY ANALYSIS

The purpose of a gravity analysis of the study area was to Took
for more evidence for the proposed Proterozoic fault zones. Ideally,
blocks of crystalline basement Vertica]]y bffset near the fault zones
would cause Tateral changes in density and produce gentle, low fre-
quency gravity trends. High frequency anomalies result from shallower
sources. This study examines regional trends, anomalous residual
features, and discusses interpretation of these features with respect
to the proposed fault zones.

GraQity data were obtained from the U.S. Department of Defense.

[ hand-contoured Bouguer anomaly values at 5 milligal intervals over
the study area and used a computer program to model a gravity profile
over the area. Density contrasts are based on values published by
Davis and others (1963) and Harrison and others (1980).

A generalized geologic map and Bouguer gravity map are shown in
Figures 15 and 16. Major structural features include: 1) the Eldorado
and related thrusts (York, Trout Creek, and Wolf Creek thrusts),

2) the exposed Paleozoic rocks north and east of the Scout Camp
thrust, 3) the Helena and Townsend Valleys, and 4) the Boulder batho-
1ith and other Cretaceous intrusives.

The 1imited availability of gravity data beyond the study area

made it difficult to discern a regional trend. Ballard (1980)
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p€b Precambrian Belt

Figure 15. Generalized geologic mep of the study area. See

figure 4 for compilation index.
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Figure 16. Bouguer gravity map of the study area. Contours
at 5 mgal. Cross-section in figure 17 from A to A'.
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determined the regional trend near Helena to be a southwest-dipping
plane which varies no more than 5 milligals through the study area.
Therefore, regional gravity was ignored because of its negligible
effect over the study area.

The higher frequency anomalies are well correlated with Tocal
geology. The Eldorado and related thrusts are reflected by a relatively
high ridge which follows fhe thrust's north-northwesterly trend.
Gravity lows with amplitudes of 20 to 25 milligals coincide with the
Helena and Townsend Valleys and their Tow density fill (about 2.4
g/cm3). The Boulder batholith and satellite quartz monzonite in-
trusives also show up as gravity ]oﬁs because of their negative density
contrast with Belt rocks. Belt rocks generally coincide with higher
gravity readings than the Paleozoic rocks so that the gravity low
situated just south and west of the Scout Camp thrust and east of the
Eldorado thrust requires further explanation.

Figure 17 shows the observed gravity and calculated anomalies from
A to A' on Figure 16, a subsurface structure map and assumed density
contrasts. In the cross-section, the gravity low over the Helena
Valley is best modelled using a -0.4 g/cm3 density contrast with
surrounding Belt rocks. Using this model, basin fill approximates
2000 meters thick, in good agreement with values of 1800 meters
obtained by Davis and others (1963). The gravity high to the east of
Helena Valley may be explained by Belt rocks ramped over Belt rocks.
Belt rocks also crop out immediately east of the York and associated

thrusts, althouah the gravity is anomalously low. Further to the
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east, Paleozoic rocks are exposed along the Scout Camp thrust, and
generally cover the northeastern corner of the study area. The
anomalous gravity low over the Belt rocks south of the Scout Camp
thrust may best be explained by Belt rocks thrust over Paleozoic
rocks. A gravity model which places a Tower density slab beneath

Belt rocks in between the Eldorado and Scout Camp thrusts adequately
accounts for the observed gravity Tow. As shown in Figure 17, the Tow
density slab is flat-Tying and near the surface.

The high frequency gravity data of this study are well explained by
near surface geology, such as basin fill, intrusive stocks, and major
thrust faults. Crystalline basement caﬁ not be delineated because
the maximum anomaly expected over the uplifted basement block would be
10 to 12 milligals (using +0.1 g/cm3 density contrast at 2400 meters
depth). Near surface structures produce anomalies with amplitudes of
20 to 25 milligals which might mask lower amplitude anomalies. However,
it is reasonable to discuss the possible control of near surface
structures by deeper structures. Several workers note changes in
tectonic style around the area marked by the intersection of Winston's
(1982 ms.) Greenhorn and Townsend Tines.

Major thrusts within the Helena embayment steepen and curve west-
ward as they approach the Greenhorn line (Reynolds, 1978) and pass
into left-Tateral strike slip faults north of the line (Birkholtz,
1967; Bregman, 1976; Woodward, 1981; Fig. 18). The Eldorado thrust
also shifts westward north of the Greenhorn line. Bregman (1971, 1976)

noticed tHat the thrust changed from high-angle imbricate slices north
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of the Helena embayment to a single, low-angle slab near the Greenhorn
Tine. He concluded that the imbricate thrusts north of the line
resulted from buttressing by the crystalline basement. South of the
line, where no similar buttressing exists, the thrust was able to ride
at a low angle into the Helena embayment (Fig. 18). The most sig-
nificant finding of this gravity study supports the hypothesis of Tow-
angle, single sheet thrusting in the Helena embayment. Presumably,
Belt rocks moved over nearly flat-1ying Paleozoic rocks as a single
sheet without the buttressing effect from a crystalline basement
block.

The gravity part of this study did not prompt any new conclusions
about crustal or near surface structure. Also in part, because of
limited data outside the study area, there are no indications of "deep"
basement offsets in the data. However, they do suggest a change in the
tectonic style of the eastern thrust belt near Helena, which might

represent a change in deeper crustal configuration.
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CHAPTER V
CONCLUSIONS

The stratigraphy and sedimentary structures of the Greyson-
Spokane transition sequence reflect sedimentation in the intertidal
to subtidal zone of a sha11ow,.f1at shelf. Rocks in the transition
sequence record an overall marine regression including four regressive-
transgressive cycles. The four cycles define the transition sequence
and are well correlated across the four measured sections. The
occurrence of both horizontally-laminated fine sand beds and hori-
zontally-laminated coarse sand beds suggests two source areas. Sheet-
wash and fluvial deposits which occur in the Upper Middle Spokane
Formation (Whipple, 1980) probably represent the source for the
abundant fine sand fraction. Variation in sediment input from this
source may explain changes in the proportion of fine sand to silt and
clay size material throughout the Greyson-Spokane transition sequence.
Coarse sand, possibly reflecting a different source, may have been
brought in by longshore currents.

Gravity data in the area encompassing the measured sections
generally reflect near surface geology and structure. An anomalous
gravity low over Belt rocks on the upper plate of the Scout Camp
thrust may be modelled by placing a thin stab of Belt rocks over a
nearly horizontal block of Tower density, Paleozoic rocks. These

results suggest that the Scout Camp thrust is a low-angle, single

40



41

sheet thrust, and agree with Bregman's (1971, 1976) conclusions about
the Eldorado thrust to the west.

Evidence for Proterozoic fault zones from the data in this thesis
is similar to data used by Winston and others (1982 ms.). Their
primary evidence consists of stratigraphic thickness changes and
differential thrusting response across their proposed Tines. North
of the Greenhorn line and east of the Townsend Tine, the Greyson-
Spokane transition sequence is approximately 100 meters thick. South
of the Greenhorn line, in the Helena embaymént, the sequence is 220
meters thick. Since the measured sections are located on two different
thrust plates, only sections on the same plate may be correlated with
known distance between them. Some reconstruction is necessary to
compare sections across the Eldorado thrust. Several estimates of
shortening from the Idaho-Wyoming and Canadian thrust belts fall very
close to 50 percent (Royce and others, 1975). The Trout Creek (120
meters) and Spokane Hills (240 meters) sections lie on opposite sides
of the Eldorado thrust approximately 10 kilometers apart. Using the
50 percent shortening value, the minimum distance between two sections
which straddle the Greenhorn Tine increases to 20 kilometers. This
displacement value agrees fairly well with Bregman's (1971) estimate
of 16.9 kilometers. A slight thickness change south of the Greenhorn
Tine may suggest a higher rate of subsidence however, evidence for
faulting seems weak.

An additional conclusion drawn from this study is the suggestion

for a mappable contact between the Greyson and Spokane Formation.
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Previous workers used the first appearance of red color in the rocks
for the contact (Mertie and others, 1951; Durham, 1972). The lowest
red beds vary in stratigraphic level from section to section in the
transition sequence. A change in primary sedimentary features rather
than secondary diagenetic features would be more clearly definable

and consistent. For this reason, I propose that the contact be drawn
at the top of the last calcareous microlaminated coup]ef sequence.
This would reduce the confusion caused by the irregular diagenetic red
and green coloration of the rocks in the Greyson-Spokane transition

sequence.
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Appendix A

Exact locations of measured sections



WOLF CREEK SECTION

Located in Section 15, T.14 N., R.4 W.

(2.8 miles south on I-15 from Wolf Creek, Montana)
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BEAVER CREEK SECTION

Located in Section 11, T.12 N., R.2 W.

(1.3 miles east from Nelson, Montana)
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TROUT CREEK SECTION

Located in Section 9, T.11 N., R.2 W.
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1880

23815

e

SPOKANE HILLS SECTION

Located in Section 12, T. 10 N., R.2 W.

(on Curly McMaster's property)



Appendix B

Measured Sections
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Appendix D

Two-dimensional gravity modeling program



DIMENSION XX(3749),X(52),2(51),GSUM(3T0), XA(S

DIMENSION POLY(SL)
TAN(X)=5IN(X)/CIS5(X)
FI=3,1415927

CPEN(URIT=1),LEVICZI="CSK ,ACC2SS="85Q3yr*, FILL="

TYPE 790

790 FORMAT(® TNTZR YUZBER OF POLYGINS IN 40JEL?/)
AcCcerT 791,%PCL

791 FORMAT (D)
TYPE 82

90z FORMAT(® INTFT MNUMJELR UF PTINTS IN PRIFILZEC

ACCTPT 823,KXK
8¢3 FCREAT(I)
TYPEZ 874
£lb FOEMAT(® SNTZIE DISTANCE (IN ¥) INTEZRVAL
ACCEPT BCT, CG
£LT FORMAT(F)
C...ac.?C ’:Hl: POLY A;‘*’.\Y
C0 925 I=i,KKK
92¢ POLY(I) =2,
GEE=6.6TE=3

Ceoe o NUW LOOP THROUSH CUMPUTATIONS FOR APOL TIMES

DO 650 NCO=i,4POL
TYPE 799,NCO

799 FORMAT(° PILYSON NUMBER “,I5)
TYPE 2n{

BLJ FORMAT(® ENTZR NU4BZR OF SIDES OF POLYGIN®/)

ACCEPT 301,¥
21 TOFMAT (1)
TYPE 3" 4
G4 FORAAT(® ENTZE TAE DENSITY COUNTRAST?/)
ACCEZPT 3C5, DLNS
(S FOPMAT(F)
TYPL 879

845 FORMAT(® RIAD IY COCRDe(M) IN CLOCKAISE

1X,2 PAIR PEx LINI®/)
BQ 9909 I=1,N
ACCEPT A1%, X(1),2(I)
613 FORMAT(ZF)
SN CONTINUE
-0 29 I[=1,%
XA(I)=7(I)
2AC0)=4(D)
20 CONTINUZ
X(N+1)=X(1)
Z(L+1)=7(1)
LIST==CO
CeoslER0 THE GEAVITY ARFAY
00 928 I=1,KXK
920 GSUM(I)=3,,

RO 600 K=1,KKK
DIST=DIST+CO
A2(K)=DIST

&8h FUrRMAL(/)
25 [0 590 =1,V

J=1+1

A(52)

GRAVOLDAT®)

FASHION,CNE

104

ITJEEN PROFILE PGINTS®/)



105

G0 T0 99
¢ THE FOLLCAING LJGIC THESTS FCR SPEZCIAL CASES
49 IF(A) 71,51,72
5L IF(C)52,5%,52
52 IF(B) 53,53,53
53 IF (C=U') 113,330,113
71 IF(FR) 72,81,72
T2 THETALI=ATAN(C/N)
THETAZ=ATAN(D/2)
IF (THRETAL=THETA2) T3,50,73
73 IF (A=%) 743,148,774
74 IF (Cww) 150,139,1K%
31 IF(C=D) 32,130,32
&2 IF(0=8) 122,50,22¢
c COMPUTATION FOI CASZ QONE
110 CALL APCHEC(A,B,C,0,PHI)
CALL ATEZPM(A,B,C,D,PHI, AL)
CALL A2CHEL(B,0,72)
ALPHA=T2=PI/ 2,0
TPHI=((D=C)/ (B=))
QET&=TPHI®ALIG(COS(T2)™
490 GZ=AA*(ALPHA+EITA)®(=1.
GO TO 499
C  COMPUTATION FDX CaSE T»C
120 CaLL APCHEC(4L,B,C,D,24I)
CALL ATEXM(4,8,C,D,Pils4R)
CALL BICHEC(4,C,T1)
ALPHA=TL1=PI/2,"
TPEI=((D=C)/(L=1))
HETASTEHI*ILIG(COS(TL)*(TAN(TL)="PHL))
GL=ARY(ALPHA+RBLITA
GC T 499
¢ CUMPUTATION FOR CAZSE 7TYREE
130 IF(8) 131,135,131
131 IF(R) 134,133,134
132 Tl=F1/2.0
CALL A&2CHEK(B,D,T2)
G0 TQ 135
133 72=PI/2,
CALL MICHEC(A,C,T1)
GQ 177 135
134 CALL AILCHEC(4,C,T1)
CALL AZCHEX(4,D,T2)
135 GZ4=C*(T2=T1)
PHI=2,0
G 7D 499
c COMPUTATION FJ8 CASZ FOUR
140 CALL MCHEC(A,C,T1)
CALL ¥.CHEL(B,2,12)
GZ=ATALDGCABS((CI3(T1))/(CAS(T2))))
E‘H.I:'}ov
GO T3 499
c COMPUTATION FJIR T'Y GoNIRAL CASE
162 CALL APCHEC(A,#,C,[,PHI)
CALL ATESM(A,3,C, 0,55, A4)
CALL AICHEC(i,C,T1)
CALL %2CHEX(3,4,72)
ALPHA=TL-T2
TPHI=((D=C)/(3=21))
TI=CUS(TI)*(TANM(T2 )=TPH])
AL=CAS(T2) (TLa(T2)=TPHI)
w=b/rd
UOTA=STPHI®ALIG(R)
CZ=AAY(ALPHA#3ZT2)
299 GRUA(K)=GL*24 TDLNITOLE+GSUM(K)
207 CONTINGR

(TAN(T2)=IPHI))
)




106

WN=N+1
5O 19 I=1,4%
X(L)=X(I)=Cn
13 CONTINUE
6¢0 CONTINUE
C FOR HOITZUNTAL DISTANCT GUTPUT IN M&TERS3, OROF THIS LU LOOP
D0 12 K=1, KKK
AX(K)IZAX(K)/1u5Cat
12 CONTINUE
TYPE 90§
DO 792 K=1,KKX
TYPE 915, XK(K), 5SUM(K)
FOLY(K) = PCLY(X) + GSUM(X)
797 CGNTINUE
651 CONTINUE
IF(NPOL.LEW1)E0 TQ 677
TYPT o0 4,N20L -
9C4 FORMAT(//° COMBINED GRAMVITY EFFICT 3F //°13,//° POLYGONS//”*)
TYPT 65 .
G085 FOEMAT(? X (I3 X¥) G (IN MGALWY“//)
DO o607 K=1,K%X
TYPS 210, XX(X),POLY€EX)
G10 FORMAT(F1l.4,2X,F12,3)
WRITE(10,935) XX(K),PGLY(K)
96 FORMAT(F11.4,24,412,3)
657 CONTINUEZ
STCP
EN
SUBEOUTINE ATERM (AX,89X,CX,DX,P2,A4)
AL=AX4(DX*((5X=3X)/(CX=0X)))
AATAL*SIN(P2)*COS(PL)
RETURN
ERD
SUBRUUTINE ALCHIC (XA,XC,T1)
PI=3,1415927 .
IF (XC/XA) 2,4,4
2 TLZATAN(XC/XL)+E]
o =0 11
4 TLZATAN(CXC/XA)
11 CCONTINUE
RETURN
END
SUBRNDUTINE AICHTK (X3,%D,T2)
PI=3,1415927
IF (XD/XB) 5,6,5
5 T2zATAN(XD/XB)+PI
30 TO 11
b T2=ATM (XD/XYB)
11 CONTINUE
SETURN
LD
SUBROUTINE APCHEC (XA,XB,XC,XD,PHI)
PI1=3,1415927
IF ((Xu=X$)/(XB=X4)) 71,8,8
7 PPI=ATAN((X)=XC)/(XB=XAa))+PI
GO 70 11 .
2 PHIZATAN((A0=XC)/(XB=X1))
11 CONTINUE
FETURN

I
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