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INTRODUCTION

During late Precambrian time, fine-grained siliciclastic and carbonate
sediments were deposited in and around an epicratonic basin presently located
over portions of Washington, Idaho, Montana, and southern British Columbia and
Alberta, Canada (fig. 1). The basin was relatively shallow and tectonically
stable over a long period of time, and accumulated a package of rocks
approximately 20 km thick known as the Belt Supergroup (Harrison and others,
1974; Harrison, 1972). This basin of deposition has been termed the Belt
basin.

Over the last few years, Harrison (1972) and others (Mudge and others, in
press) have correlated the stratigraphy in the basin. This monumental task
has provided subsequent workers a firm base for studying more detailed aspects
of basin sedimentation. Figure 2 represents present-~day interpretation of the
stratigraphy in the Belt basin.

Traditionally, the contact between the Spokane Formation and the Empire
Formation is placed at the boundary where the dominant color of the section
changes from red to green. This has led to some inconsistency in mapping,
correlation, and interpretation of these formations; however, the change in
dominant color has been recognized basin wide and thus remains a primary
criterion used for distinguishing these formations.

A distinet transition from red beds of the Spokane Formation to green
beds of the conformably overlying Empire Formation is marked by a zone of
alternating red- and green-bed sequences. This zone is referred to here as
the transition zone or TZ and comprises the upper unit of the Spokane
Formation.

Recognition of the depositional environment of the transition zone will
aid in understanding the inconsistencies in mapping, correlation, and
interpretation of the two formations. In addition, defining a small portion
of Belt basin geometry and sedimentation may find application to other Belt
Supergroup formations with similar transitional boundaries.

Within the green-bed sequences of the transition zone numerous
stratabound sulfide occurrences have been noted (Harrison, 1974, 1972; Clark,
1971). Some of these occurrences might be considered submarginal mineral
deposits and have been the subject of intense study (Harrison and Reynolds,
1979; Collins and Smith, 1977; Trammell, 1975). An understanding of the
depositional environment of the transition zone when related to the
geochemical and diagenetic environments may improve our knowledge of the
genesis of such occurrences.
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Figure l.--Generalized location of the Belt basin modified from Harrison
(1972, fig. 3). Stratigraphic sections and correlative sections as shown
are: BM, Blacktail Mountain Project; CC, Copper Creek; MC, McCabe Creek;
MM, Mission Mountains; and A-3, A-5, CH-2, diamond drill holes.
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Purpose and scope

This s:uly d=fines th: depositional environment of the transition zone
through correlation and interpretation of stratigraphic sections prepared from
outcrop description and diamond drill hole logs. Two well-exposed
stratigraphic sections and three diamond drill holes form the framework for
discussion. Outcrop measurement, description, and comparison were
accomplished during the summers of 1978 and 1979. Drill-hole information and
logs were obtained from Bear Creek Mining Co. during visits to their Spokane,
Washington, office and subsequent written correspondence, 1978-1979.

Correlation of the stratigraphic sections provides a means of
establishing facies relationships and continuity of red- and green-bed
sequences. Interpretation of lithofacies, along with primary sedimentary
structures, help 1n recognition of the depositional environment.

Previous studies

Walcott (1899) named the Spokane Formation and the Empire Formation from
exposures in the Spokane Hills and Marysville mining district, respectively,
near Helena, Montana. His type localities were incomplete exposures, and the
two formations were nowhere described together from the same exposure.

Early mapping and correlation of these formations by geologists quite
often lumped the Empire Formation with the overlying carbonate unit (Helena
Formation) or the underlying Spokane Formation (Fenton and Fenton, 1937; Ross,
1959, 1963). The Empire Formation was considered a transition zone between the
Spokane Formation and the Helena Formation.

More recent workers have recognized the Empire Formation as a separate
unit and its transitional relationship to the underlying Spokane Formationm.
However, the contact between the two formations remains unresolved. 1In the
Big Belt Mountains east of Helena, Montana, Mertie and others (1951, p. 20)
concluded that:

"The contact between the Empire and Spokane shales is gradational
and is the most difficult contact in the Belt series to establish
and map. At most places it is arbitrarily drawn at the base of

the lowest greenish, siliceous shale that characterizes the Empire,
but in a few places some of this shale is included in the Spokane."

4



Klepper and others (1957, p. 6) observed an intertonguing relationship between
the Empire Formation and the Spokane Formation in the southern Elkhorn
Mountains where they felt that the two were in part at least equivalents.

In other localities, the Empire Formation has not been recognized. Near
Evans Peak in the Scapegoat Wilderness northwest of Lincoln, Montana, Mudge
and others (1974, p. Bl1l) report that the Helena Formation rests conformably
upon the Spokane Formation. At this location there appears to be no Empire
strata.

What is the significance of any transition zone if at the localities
mentioned above there is no definite Empire Formation? This study attempts to
explain these irregularities by examining the transition zone as a time-
transgressive series of lithofacies.

Studies concerning the depositional environments of Spokane~Empire
sedimentary rocks have been limited and contradictory. Boyce (1973)
interprets the Ravalli Group (see fig. 2) as deltaic deposits, whereas Hrabar
(1971) sees them as deep-water turbidite sequences. Part of the problem
results from interpretation of sedimentary structures and sedimentation
sequences and part from correlation of stratigraphic units. Most workers,
except Hrabar, agree that Ravalli Group sediments represent a shallow-water
environment. An excellent study by Eby (1977) on the middle Belt Supergroup
carbonate exemplifies the type of work necessary to interpret depositional
environments in Belt rocks.

Geologic Setting

The Belt basin is exposed over an approximate area of 53,000 km2 as shown
in figure 1. Margins of the basin are obscure due to overthrusting and
insufficient geologic mapping and interpretation. According to Harrison and
others (1974, p. 1), "The Belt basin is one of several epicratonic reentrants
formed along the eastern edge of the Cordilleran miogeocline during
Precambrian Y time." Other basins he refers to are the Uinta Basin and Apache
basin, both reentrants on the North American craton. As cratonic basins, all
three are characterized by very thick wedges of shallow water, fine-grained
clastic and carbonate sedimentary rocks.

The reported age of the Belt rocks ranges from 1,700 m.y. to 760 m.y.
(Obradovich and Peterman, 1968; Harrison, 1972). Ages were calculated by K-Ar
and Rb-Sr techniques using whole-rock and mineral samples.

The age of the Spokane Formation has been estimated at 1,300 m.y.
(Harrison, 1972, p. 1236). Paleomagnetic studies by Vitorello and Van der Voo
(1977) agree well with 1,300 m.y.; however, an age 200 m.y. greater cannot be
discounted (Evans and others, 1975).

In light of the foregoing discussion, the age of the Spokane and Empire
Formations could range from around 1,500 m.y. to 1,095+22 m.y. as suggested by
Obradovich and Peterman (1968, p. 742). This period corresponds to
Proterozoic Y time, and commonly throughout this text, the Spokane Formation
will be referred to as Ys and the Empire as Ye.



Facies relationships are subtle but pronounced over wide distances in the
Spokane and Empire Formations. Stratigraphic sections for measurement
description and correlation were selected to emphasize facies relationships.
The study area shown in figure i indicates the position of these sections.

Source areas for sedimentation during Spokane-Empire time were Belt
island to the southwest (Harrison and others, 1974) and cratonic shield areas
to the east and northeast (Price, 1964). Because of observed facies
relationships and the geometry of the basin, sedimentation within the study
area appears to have been from an eastern source.

Belt Supergroup rocks along the eastern limit of the basin are remarkably
unmetamorphosed for Precambrian rocks, except locally near intrusives of
Precambrian Y and Z, Cretaceous, and Tertiary age. Effects from burial and
subsequent regional metamorphism indicate an increase in grade from east to
west across the basin (Maxwell and Hower, 1967).

Especially noteworthy is the striking color change in red and to some
extent green strata of the Spokane Formation as they become increasingly
metamorphosed. In particular, the bright reds and maroons of eastern marginal
deposits progressively increase in chroma saturation, approaching grayish-
black near intrusive contacts. Red sedimentary rocks in the Mission Mountains
and Flathead Range to the west take on purple hues as the effects of regional
metamorphism increase.

Sills and dikes ranging in composition from gabbro to diorite are
commonly found within the Spokane and Empire Formations and have been dated at
750425 m.y. or Proterozoic Z age (Mudge and others, 1968, p. El1l1). Other thin
sills of meta-andesite have been assigned a Proterozoic Y age (Earhart,

1975). The younger sills are fairly thick and are bounded by well-developed
zones of hornfels. For this reason, stratigraphic sections were chosen to
void the hornfelsed zone which may extend far from the sills.

Most of the area lies within the Montana disturbed belt (Mudge 1970)
which is characterized by numerous thrust and normal faults. Movement along
the thrusts is northeastward and estimated to be as much as 70 km in places
(Mudge and Earhart, in press). As a result, several of the stratigraphic
sections, if not all, are allochthonous. In this study, all sections were
observed in the westernmost thrust plate.

Within the western plate, many sections are offset by west-dipping,
listric normal faults. The amount of vertical offset is often .small and can
be identified.

The net effect of all structures does not negate interpretations on
depositional environment if one recognizes that the environment has simply
been telescoped eastward. Palinspastic reconstruction awaits detailed
stratigraphic studies by workers in other parts of the basin.

Stratigraphic Subdivision
Five stratigraphic sections were chosen for this study. Two sections

were compiled from detailed measurement and description of outcrop exposure,
and three were constructed from diamond drill hole logs provided by Bear Creek



Mining Company. Locations of the five sections were selected using two
criteria:

(1) Best exposure of the transition zone along the eastern limit of the

Belt basin.

(2) Increasing offshore distribution to highlight facies changes.
In addition, partial sections were visited in the Mission Mountains west of
the measured sections, and drill core penetrating the TZ from the USGS
Blacktail Mountain research project even further west was examined at the core
library in Denver. Figure 1 depicts the location of the sections relative to
the Belt basin.

Rock coloration plays an important role in distinguishing the Ys/Ye
contact and limits of the transition zone. Consequently, measurement of the
sections began some distance below the lowest green-bed sequence in the upper
Spokane Formation and proceeded upward 20-25 m above the highest major red-bed
sequence and well into the Empire Formation. The section can thus be
subdivided into the upper middle Spokane Formation, the transition zone (upper
Spokane Formation), and the lower Empire Formation. Such a scheme would allow
correlation of red- and green-bed sequences and provide an interval where
lithofacies could be identified and correlated. The drill logs were
constructed using the same plan.

Lightness of rock coloration or value and hue are primarily a function of
grain size, sorting, depositional environment, and temperature during burial
or metamorphism. Carbonate content slightly affects both hue and value.

More detailed description of individual units within the measured
sections can be found in Appendix B. Diamond drill logs were not as detailed,
and only limited description is present in Appendix B. Terminology used for
lithologic description is defined in Appendix A.

PRIMARY SEDIMENTARY STRUCTURES

Features observed in sedimentary rocks, which formed at the time of
deposition or shortly thereafter, are termed primary sedimentary structures
(Pettijohn and Potter, 1964). As defined by Pettijohn and Potter (1964, p. 3)
they include,

". « . bedding or stratification, especially the external

form of the bed and its continuity and uniformity of thickness,
the internal structure and organization of the bed, the
interfacial or bedding plane hieroglyphs or markings, both on
top and on the bottom of the bed, and the structures produced by
soft-sediment deformation."

Primary sedimentary structures abound in Belt Supergroup rocks and are well
preserved. Without distinct organisms and fossils, however, interpretation of
depositional environments of Precambrian sedimentary rocks has been greatly
hindered in the past. More recently, laboratory and field studies relating
sedimentary structures to depositional environments have inspired some
scientists to tackle this aspect of p6é strata (Klein, 1970; Singh, 1969;
Gavelin and Russell, 1967).



The emphasis of this paper is on description and interpretation of
primary sedimentary structures of the Ys/Ye transition zone as they aid in
delineating the depositional environment. This is partially accomplished in
the following section where dominant structures are defined and described.
Nther workers are beginning to recognize the significance of sedimentary
structures in Belt rocks, as evidenced by papers presented at the Belt
Symposium, 1973, Moscow, Idaho, and more recently by student theses (Bowden,
1977).

Bedding and Lamination

Bedding and lamination thickness determination and terminology are
defined in Appendix A.

sraded Lamianation

Worms™ - #roular craded laminatios crne cts of sedime ¢ grzins grading
vowsed Treom coarse to fine in a single laminaa. PRounding ccntacts between
Laminae are generally erosional and slightly iriepulair. Within a graded
laminae, sharply defined internal boundaries may exfst due to separate
mechanisms of sediment transport or sediment load and produce a fining-upward
couplet which may appear as two separate laminae.

Graded lamination is common in all sections studied. Lamination consists
of couplets that range in thickness from 10 mm to 40 mm (fig. 3). In keeping
with the overall trend of the TZ to become finer grained upwards, couplets
decrease in grain size upward; that is, fine to very fine grained sand grading
to medium silt at the base of the section progressively becomes a couplet of
medium silt grading to clay-sized sediment at the top of the TZ. 1In addition,
the coarse-size fraction of the couplet becomes thinner upward, being
dominated by clay-sized sediment.

The coarse-size fraction of many couplets is often rippled, indicating
traction transport, while the finer grained part of the couplet is draped over
the ripples, suggesting suspension sedimentation. Silt and clay couplets may
be all suspension sedimentation. Tops of couplets are almost always eroded by
the next succession which results in sharp contacts between couplets (fig. 4).
Graded couplets in red-bed sequences, although not dominant, exhibit more even
and parallel boundaries than green-bed sequences where graded lamination is
wavy and irregular (figs. 5, 10).

In outcrop, top set can be determined by superposition of erosional
contacts, grain size, and differences in color between the coarse and fine
fractions of the couplet. Specifically, in unmetamorphosed red-bed sequences
the coarse fraction is lighter in chroma than the fine fraction, whereas in
green beds the reverse is true, compare figures 3 and 5.

Graded bedding and lamination is commonly associated with turbidity
currents and deep-water sedimentation. These sedimentation units are
frequently thick sequences measured in terms of meters. No attempt is made
here to elaborate on the various orgins of graded bedding or lamination which
are adequately discussed by Klein (1965). However, thin-graded laminations
characterize shallow-water deposits, especially in tidal environments of
waning current activity (Reineck and Singh, 1975) or waning tidal cycle
(Thompson, 1968).
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Lithofacies C

This red, calcareous lithofacies is characterized by rhythmic sand-to-mud
bedding mainly as flaser and lenticular lamination. Other types of lamination
occasionally present are planar and graded (figs. 3, 6). Flaser lamination
consists of rippled subfeldspathic arenite with overlying fine-grained siltite
and argillite preserved in ripple troughs and to some extent over crests.
Lithofacies C at the top of the transition zone contains thinly bedded arenite
with pyrite casts. Thick, intercalated green laminae (20 mm) are sparsely
present and discontinuous laterally over tens of meters.

Primary sedimentary structures abound in this facies. Especially
prolific are subaerial shrinkage cracks and raindrop impressions in argillite
and fluid escape and load structures. Also found are truncated asymmetrical
ripple marks, wrinkle marks, diapiric and contorted structures, and flow
structures.

Lithofacies D

Green, wavy, parallel laminated calcareous siltites and argillites typify
this lithofacies. At Copper Creek, upper green units contain much algal
lamination as well. Clean, whitish quartz arenites are commonly
interlaminated with siltite and argillite couplets. Within the transition
zone, lithofacies D alternates with C in two intervals which can be correlated
across the study area (figs. 41, 42).

Subaqueous shrinkage cracks, birdseye structures, gas expulsion pits, and
algal lamination are unique to this lithofacies. No subaerial or emergent
structures were observed in green beds. Stratabound sulfide minerals are
likewise confined to green sequences, although not all green sequences are
mineralized. Deformational, contorted, and fluid escape structures are
rare. Asymmetrical ripples are confined to quartz arenite laminae and beds.

CORRELATION

Correlation of stratigraphic sections can be accomplished using
lithofacies and color. Figures 41 and 42 illustrate the correlation. 1In
particular, the thickness of red and green sequences varies across the study
area in response to the geometry of the depositional environment. Lithofacies
defined by dominant grain size, rock color, carbonate content, and sedimentary
structures correlate well laterally.

Lithofacies coarsen eastward; that is, the sand-size fraction becomes
more abundant shoreward. In addition, obvious changes in dominant grain size
occur at the top and bottom of the transition zone in both measured sections
(figs. 43, 44).

Individual sedimentation units, namely the thicker sand bodies, show a
possible correlation between measured sections. Compare units 63, 56, and 29
of the McCabe Creek transition zone with units 79, 74, and 38, respectively,
of the Copper Creek section, from description in Appendix B.
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Several other exposures of the Ys/Ye transition zone were visited across
the Belt basin and are shown on figure 1. At Dutcharm Lake, 85 km northwest
of McCabe Creek in the Mission Mountains, outcrops expose the upper part of
the TZ, particularly lithofacies C. The top of the Spokane Formation, as
determined by color, is also marked by sand units very similar to McCabe and
Copper Creeks. Sands are medium grained, coarser than other sections, and
composed of subrounded quartz in a grain-supported fabric.

At Blacktail Mountain, approximately 50 km northwest of Dutcharm Lake, 22
closely spaced, shallow drill holes penetrated the Ys/Ye transition.
Alternating purple and gray sequences with greenish-gray units characterize
approximately the upper 40 m of the transition zone. Discontinuous disrupted
laminae consisting of graded couplets, generally siltite and argillite, are
typical of purplish beds. Greenish units exhibit the normal wavy parallel
lamination as graded, fining-upward couplets of siltite and argillite with
truncated upper bounding surfaces. Notably absent are sand and mud couplets
and sand as thicker arenite units. Fluidization channels are common in the
red beds and most consistently at the base and top of green units.

DEPOSITIONAL ENVIRONMENT

Most workers in the Belt basin agree that the Spokane Formation and
Empire Formation represent a shallow-water environment (Price, 1964; Boyce,
1973; Winston, 1977; Harrison and Reynolds, 1979). Based on primary
sedimentary structures and grain size, environments of deposition depicted for
these sediments range from fan deltas to tidal flats having gentle, nearly
horizontal slopes.  Only Winston (1977) and Harrison and Reynolds (1979) have
attempted to relate color to depositional environment. Interpretation of
lithofacies in this study permits the use of several criteria necessary for
recognition of the environment of deposition.

Lithofacies Interpretation
Lithofacies A

Characteristic fining-upward rhythmic successions of oxidized red
sediments are interpreted as fluvial or sheet-wash deposits. Braided,
shallow, low-gradient streams deposited these sediments on a featureless delta
plain. At McCabe Creek, finer grain size, occasional lenticular lamination,
and thinner rhythmic successions suggest a more distal facies than at Copper
Creek where successions are thicker, coarser grained at the base, and contain
more mudchip breccias and ball-and-pillow structures, indicating stronger
current velocities and rapid sedimentation.

Lithofacies B

Thinly laminated argillites in thick succession are representative of
upper intertidal environments where mud aggregates from suspension during
slack-water periods. The abundance of subaerial shrinkage cracks and mudchip
breccia indicates recurrent emergence during tidal cycles. Thin interbedded,
irregular arenite units are interpreted as low incipient beach berms formed
during storms or more intense tides and wave action.
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Lithofacies C

Flaser and lenticular bedding or lamination dominates this red facies and
is most diagnostic of intertidal settings. Argillite flasers often contain
subaerial shrinkage cracks, suggesting periods of emergence typical of tidal
flats. Thicker arenite units of this facies, such as those at the top of the
transition zone, represent reworked bottom sediments and are interpreted as
lower intertidal to subtidal lag sands formed by waves and possibly longshore
currents during marine transgression.

Primary sedimentary structures abound in this facies. Load casts and
contorted, diapiric, and ball-and-pillow structures are common indicators of
rapid sedimentation and suggest pulses of fluvial deposition onto upper
intertidal mud flats. In addition, fluid-escape structures characterize some
sequences of this facies and probably were produced near the distal margins of
the delta plain.

Thin green siltite and argillite beds are interpreted as tidal pool
sediments. Large, shallow tidal pools preserved enough organic matter to
produce local reducing conditions and green coloration in sediments. These
atypical, green-colored units display even, parallel graded lamination unlike
lithofacies D.

Lithofacies D

Thicker green sequences, characterized by wavy, parallel lamination and
the absence of subaerial sedimentary structures, are interpreted as subtidal
deposits. Green coloration is the result of ferrous chlorites produced in the
sediments where the decay of preserved organic matter was instrumental in
producing early reducing conditions. The presence of stratabound sulfides
demonstrates a reducing environment.

At Copper Creek, algal lamination, birdseye structures, gas expulsion
pits, subaqueous shrinkage cracks, and oncolites are unique to green beds and
suggest a subtidal environment of deposition.

The base of lithofacies D is typically marked by a thin lag sand formed
during marine transgression. A sharp color contrast exists between the
lithofacies and underlying red beds, whereas the color boundary at the top
exhibits a broad transition into red beds. It is suggested that the top of
this lithofacies denotes marine regression and emergence, whereupon ferrous
iron in the upper green laminae was partially oxidized producing a
transitional boundary.

Wide correlation of this lithofacies (fig. 42) supports the

interpretation of a subtidal environment over a broad, uniform shallow
shelf. Water depths probably did not exceed 12 m.
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Depositional Model

Klein (1971, 1972) has proposed a sedimentary model for peritidal
environments where recognition is dependent on prograding tidal deposits
showing a fining-upward sequence beginning with crossbedded sands and ending
with muds. The depositional model presented in this paper does not fit the
model precisely. Some of the major differences, such as the absence of tidal
channels, low sand supply, low wave-energy, and tidal currents, preclude the
formation of a fining~upward stratification sequence.

Tidal-flat sediments in the Gulf of California are very similar to Ys/Ye
transition zone sediments. One exception is the dominance of flaser and
lenticular lamination on intertidal flats as opposed to uniform horizontal
lamination and bedding that characterizes the Gulf sediments (Thompson, 1975,
pe 64). Another exception is the apparent absence of evaporite minerals,
especially gypsum. This could be a reflection of aridity, seawater
composition, or early diagenetic history. Salt casts are well preserved in
younger Belt rocks, but not well documented in the Spokane or Empire
Formations.

Interpretation of the lithofacies suggests an arid to semiarid pertidal
model as the depositional enviromment of the Ys/Ye transition zone. Alternation
and interspersal of lithofacies C and D within the transition zone indicate
cycles of marine transgression and regression across a broad, featureless
tidal flat with an ultimate major transgression occurring at the beginning of
Empire time.

Figure 45 illustrates the depositional model and environment. The mere
magnitude and extent of the environment prevents finding a suitable modern
analog, with the partial exception of the Gulf of California after which much
of the lithofacies interpretation was made.

Critical to the interpretation of the lithofacies and construction of the
depositional model is the nature of red and green coloration in the
sediments. Although sediment color at the time of deposition was probably
pale brown to brownish gray, such as that seen the Gulf of California
(Thompson, 1968), rapid oxidation of exposed and intermittently exposed
sediment fixed the iron in the ferric state, oxidized organic matter, and
began the reddening process, especially in the absence of much interstitial
organic matter competing for oxygen. The formation of ferric oxides and
ferric hydroxides from the alteration of ferromagnesian minerals ultimately
resulted in red coloration by hematite (Walker and others, 1967).

Arid climates are strong oxidizing environments and promote red bed
formation, both continental and nearshore marine (Walker, 1967). Thompson
(1975, p. 61) expertly describes this process in the Gulf and in addition
comments on the reducing conditions in subtidal environments producing gray
sediments. Reduced iron is ultimately bound up in ferrous chlorites, the
significant mineral forming green coloration (Harrison and Grimes, 1970).
Reducing conditions are most likely produced by the decay of entrapped and
preserved organic matter. Final fixing of the bright-red and green hues
occurs diagenetically but only as a function of time.
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LITHOFACIES A

LITHOFACIES B/C

LITHOFACIES D

Figure 45.--Peritidal depositional model for the Spokane Formation-
Empire Formation transition zone. Model illustrates cyclic marine
transgression and regression recorded by the pertidal lithofacies.
Horizontal scale in tens of kilometers, vertical scale in tens of

meters.
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Within the sequences studied, the distribution of primary sedimentary
structures confirms this notion. Subaerial structures are found in red beds,
subaqueous in green beds. Recent investigations of Belt rocks by Harrison and
Reynolds (1979) and work reported by Winston (1977) reach similar conclusions
regarding the relations between color of the sediments and their depositional
environment.

Of particular consequence is the definition of the Spokane Formation and
Empire Formation boundary. Having in the past been defined as a color
boundary, one close look at the depositional environment confirms the
suspicion that boundaries are diachronous. Willis (1902, p. 332) recognized
this problem early while studing the analogous lower Spokane Formation and
Greyson Formation boundary and stated, ". . .the line of distinction between
them is one diagonal to the stratification."”

Apparent unconformities between the Spokane Formation and Helena
Formation, as noted earlier, are best understood in light of the depositional
model. Distinct topographic highs on the tidal flat acted as islands of
oxidized sediments during marine advances (fig. 45). Consequently, green beds
of the transition zone and the Empire Formation never were deposited over the
highs but lapped onto them. Such an environment might explain the
intertonguing relationship observed in the southern Elkhorn Mountains. Only
during the major marine advance of Helena time did the red bed highs become
inundated. As expected, Helena carbonates would then rest on Spokane red
beds. In addition, shoals that developed over and around these highs were
active sites for stromatolite growth. This condition is well exposed at Evans
Peak, as cited in the introduction.

Cyclic transgressions and regressions recorded by the transition zone
were probably caused by eustatic changes in sea level or subtle fluctuations
in basin subsidence.

Paleotidal Range

Previous studies of paleotidal ranges in Precambrian rocks have been
based on the fining-upward model for prograding shorelines proposed by Klein
(1971, 1972). Paleotidal range sequences, identified by Klein, used Holocene
analogs from temperate climates, mostly in the lee of barrier islands or
protected coastal embayments such as the North Sea Coast. Tidal ranges from
these areas rarely exceed 4 m, but occasionally reach a maximum of 15 m, such
as observed in the Minas Basin, Bay of Fundy, Nova Scotia (RKnight and
Dalrymple, 1975). 1In these environments, the base of a prograding clastic
tidal sequence is marked by cross-stratified sands with bipolar-bimodal dip
orientation and is terminated upward by silty clays (Klein, 1971, p. 2589).

In the Gulf of California, lack of tidal circulation, sand supply, and
wave energy hinder the development of a fining-upward tidal sequence
(Thompson, 1975, p. 64). From the type and distribution of surface sediment
across the peritidal complex of the Gulf and recognition of gray, burrowed and
laminated silt and clay as subtidal sediments, a prograding shoreline should
produce a paleotidal range sequence beginning with brown mottled sand and mud,
terminating with brown laminated silt and clay (see Thompson, 1968, p.

15-54) . Such sequences can be observed in several borings, indicating tidal
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ranges from 2 to 3 m (see Thompson, 1968, p. 56, fig. 12). This agrees well
with recorded present-day diurnal neap tides in the area of 3 m.

Within the Spokane Formation and Empire Formation transition zone, two
episodes of marine regression or shoreline progradation are recognized.
Paleotidal range can be identified as the thickness of lithofacies C and B
when preceded by lithofacies D or green, subtidal siltites (fig. 42). The
average paleotidal range recorded in the stratigraphic sections is 33 m.

Paleotidal range determinations by Klein (1972, p. 397; 1975) for late
Precambrian environments range from 0.3 to 13.0 m. By comparison, paleotidal
range, as determined above for the transition zone, seems too large; however,
exaggerated paleotidal ranges as much as 50 m have been proposed for early
Precambrian (2,100 to 3,200 m.y.) peritidal sequences from South Africa using
the fining-upward model (Von Brunn and Hobday, 1976; Button and Vos, 1977; Von
Brunn and Mason, 1977). 1In addition, at least one middle Proterozoic tidal
sequence in the Arctic Archipelago indicates paleotidal ranges as much as 30 m
using the same model (Young and Jefferson, 1975, p. 1742).

Several reasons may account for the exaggerated paleotidal ranges. (1)
Tectonic subsidence in the basin caused overthickening or stacking of the
measured sequence. (2) Earth-moon distance was shorter, causing increased
tidal currents and amplitudes. (3) Shelf widths were more extensive than is
presently known and greatly influenced tidal range as suggested by Redfield
(1958).

It is postulated that enlarged shelf width and embayment by the
epicratonic basin during Ys/Ye time were the determinant factors controlling
tidal range, as the effects of either basin subsidence or closer earth-moon
distance are not reflected in sediment grain size or sedimentary structures,
both of which indicate a low-energy regime. Klein (1977, p. 286) adequately
summarizes this situation by stating, "The infracratonic settings of
Proterozoic sedimentary basins suggests that shelf width may have been an
important control on tidal range."
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Appendix A, Terminology

Terminology used in describing the lithologic properties of measured
sections was adopted from the following sources:

Rock name, modified after Pettijohn and others (1973, p. 158) and
Harrison and Grimes (1970, p. 3).

Color, rock color chart; Geol. Soc. America, 1970.

Carbonate content, subject field observation with 10 percent HCl.

Grain size, Wentworth size class in millimeters.

Grain rounding and sorting, Pettijohn and others (1973, p. 585-586).

Bedding and lamination, Reineck and Singh (1975, p. 83) and Campbell
(1967, p. 18).

Appendix B, Stratigraphic Sections
McCabe Creek Section

The McCabe Creek section is located approximately 15.3 km north of
Ovando, Montana. Access is gained by 12.9 km of dirt road and 2.4 km of U.S.
Forest Service trail. Exposure is on a south facing spur ridge between McCabe
Creek and a small tributary (fig. 46). The transition zone has approximately
97 percent outcrop exposure, most of which has moderate lichen cover.

Figure 47 depicts the geologic setting of the section. A gabbroic sill
is approximately 540 m (topographic measure) below the starting point of the
section and has had negligible effect on the sediments of the transition zone.

The total exposure measured amounts to 223.87 m. The transition zone
begins 57.94 m up from the bottom of the measured section and ends 27.35 m
below the top, comprising a thickness of 138.58 m. Empire strata constitute
the upper 27.35 m of the section.
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Qg Glacial material (Quaternary)
Zd Diorite sill (Proterozoic 2)

Yh Helena Formation
Ye Empire Formation (Proterozoic Y)
Ys Spokane Formation

Contact Dashed where approximate

Fault Bar and ball on downthrown side; dotted where
concealed, dashed where approximate

Strike and dip

Line of measured section
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Figure 47.--Geologic map of the McCabe Creek area and
location of measured section.
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Empire Formation, lower part (Middle Proterozoic):

15.

14.

13.

12.

11.

10.

7

Siltite, greenish-gray (5G 6/1); slightly
calcareous; medium grained; very thick
(75 mm) to medium lamination

Quartz arenite, greenish-gray; slightly
calcareous; very fine grained; ripple
laminated with coarse siltite

Siltite; same as unit 15

Siltite, greenish-gray; slightly
calcareous; thin lamination with minor
interlaminated argillite; syneresis cracks
in argillites

Quartz arenite, dark-greenish-gray

(5G 4/1); slightly calcareous; very fine
grained; interbedded, and interlaminated
coarse to fine siltite; some hackly
cleavage in fine siltite

Siltite; same as unit 12

Siltite, greenish-gray to dark-greenish-
gray; slightly calcareous; thin
lamination with prominent hackly
cleavage

Siltite, greenish-gray; slightly
calcareous; medium grained; very thick
(85 mm) lamination; interlaminated
lenticular stringers of microspar as
birdseye structure

Siltite, greenish-gray; slightly
calcareous; ripple and wavy lamination,
thin to medium

Quartz arenite, very light gray (N8);
fine grained, well sorted; subrounded
grains; ripple crossbedded

Siltite, greenish-gray; slightly
calcareous; ripple, wavy, and
lenticular lamination, thin to medium;
some milky quartz veinlets
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Thickness
(equivalents)
Meters Feet
3.8 12.46
065 2’13
3.3 10.82
2.95 9.68
1.3 4.26
1.45 4.76
.73 2.3q
1.1 3.61
5.1 16.73
.1 .33
2.4 7.87



Empire Formation, lower part--Continued

be

Siltite, greenish-gray; slightly
calcareous; coarse grained; ripple
laminated; stratabound limonite after
pyrite in cubic casts (3-4 mm)

Siltite; same as unit 7

Siltite; same as unit 4

Siltite, greenish-gray; slightly
calcareous; medium to fine grained;

wavy, thin lamination; interlaminated
ripple very fine grained arenite

Total thickness of the lower part
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Thickness

(equivalents)
Meters Feet
.115 .38
2.05 6.72
4 1.31
1.9 6.25
27.35 89.71



Spokane Formation (Middle Proterozoic)

Transition zone (contact with overlying Empire

Formation conformable):

63.

62.

61.

60.

59.

58.

57.

56.

55.

54.

53.

52.

51.

Subfeldspathic arenite, moderate-light-
gray (N7.5); very fine grained; thin
bedding

Siltite, grayish-red (10R 4/2); coarse
grained; minor interlaminated very fine
grained arenite

Siltite, moderate-grayish-pink (5R 7/2)
to tan weathering; slightly calcareous;
medium grained; medium lamination

Siltite, moderate~grayish-pink; slightly
calcareous; medium to fine grained;

thin to very thin lamination, hackly
cleavage

Siltite, grayish-red; coarse grained;
medium lamination

Subfeldspathic arenite; same as unit 63

Siltite, moderate-grayish-pink; slightly
calcareous; coarse to fine grained;

medium to thin lamination; interlaminated

argillite and minor very fine grained
arenite; some desiccation cracks

Subfeldspathic; same as unit 63
Covered

Siltite, grayish-red; fine to minor
coarse grained; intermittently
calcareous; thin and ripple lamination;
interlaminated argillite; desiccation
cracks; hackly cleavage

Subfeldspathic arenite; same as unit 63
Siltite; same as unit 54

Siltite, moderate~grayish-pink to tan
weathering; calcareous; coarse grained;
thin to medium lamination; minor

interlaminated very fine grained
arenite; hackly cleavage

72

Thickness
(equivalents)
Meters Feet
0.455 1.49
073 2‘39
1.7 5.58
4.08 13.38
1.25 4.1
.1 -33
4.1 13.45
1.5 4.92
<75 2.46
7.25 23.78
075 25
.78 2.56
08 2062



Transition zone-=~Continued

50.

49.

48.

47.

46.

45.

44.

43.

42.

41.

40.

39.

Argillite, grayish-red; slightly
calcareous; thin lamination; hackly
cleavage

Subfeldspathic arenite; same as unit 63

Argillite, moderate-grayish-pink;
slightly calcareous; interlaminated
siltite; desiccation cracks

Subfeldspathic arenite, pale-~green
(10G 6/2); slightly calcareous; very
fine grained

Argillite; same as unit 48

Siltite, grayish-red; slightly calcareous;
coarse to medium grained; thin and

ripple lamination; interlaminated very
fine grained arenite

Siltite, grayish-red; slightly calcareous;
interlaminated argillite in rhythmic
succession; successions average 2.5 m

Subfeldspathic arenite, medium greenish-
gray (5G 5/1); slightly calcareous;

very fine grained; ripple laminated
with coarse siltite

Argillite; same as unit 48

Siltite, moderate-grayish-green

(10G 5/2); slightly calcareous; coarse
to medium grained; wavy to lenticular
lamination, thin

Siltite, dark-greenish-gray (5G 4/1);
slightly calcareous; fine grained;
thin lamination; hackly cleavage

Siltite, moderate-grayish-green; slightly
calcareous; thin to medium lamination;
stratabound chalcocite, bornite(?), and
malachite

73

Thickness
(equivalents)
Meters Feet
1.7 5.58
o1 .83
2.45 8.04
«045 .15
3.5 11.48
5.75 18.86
7.4 24.27
1.08 3.54
48 1.57
11.05 36.24
1.4 4.59
2.2 722



Transition zone--Continued

38.

370

36.

35.

34.

33.

32.

31.

30.

29.

28.

27.

26.

25.

Siltite, moderate-grayish-green; slightly
calcareous; coarse grained; thin to
medium lamination; minor interlaminated
very fine grained arenite

Subfeldspathic arenite; same as unit 63

Argillite, dusky-red (5R 3/4); minor
interlaminated coarse siltite; mudchip
breccia, desiccation cracks

Siltite, moderate-grayish-green (10G 5/2)
to medium-greenish-gray (5G 5/1);

coarse to medium grained; thin to

medium lamination; minor interlaminated
argillite, hackly cleavage

Argillite; same as unit 50

Argillite, dusky-red; interlaminated
grayish-red siltite; desiccation cracks
and mudchip breccia common

Siltite; same as unit 59

Siltite; banded grayish-green (5G 5/2)
and pale-pink (5RP 8/2), 2-10 mm bands;
thin to very thin lamination

Siltite; same as unit 33

Subfeldspathic arenite, medium-brownish-
gray (5YR 5/1); very fine grained; thin
bedding; load structures at base

Argillite; same as unit 33
Siltite; same as unit 59

Subfeldspathic arenite, medium-brownish-
gray; fine to very fine grained, well
sorted; subangular to subrounded grains;
interbedded and interlaminated coarse
siltite; some milky quartz veinlets

Siltite, grayish-red-purple (5RP 4/2);
slightly calcareous; interlaminated
argillite; thin lamination; desiccation
cracks and water-escape channels

74

Thickness
(equivalents)
Meters Feet
1.3 4.26
03 ‘98
.9 2.95
4.5 14.76
2.1 6.89
3.7 12.14
1.37 4449
.68 2.23
1.65 5¢41
06 1‘97
15.85 51.99
2.2 7.22
08 2062
1.2 3.94



Transition zone-~-Continued

24.

23.

22.

21.

20.

19.

18.

17.

16.

15.

14.

13.

12.

Siltite;

Siltite,

same as unit 59

grayish-red-purple to medium-

brownish-gray; slightly calcareous;
coarse to fine grained; ripple and
lenticular lamination with fine to very

fine grained arenite and argillite; some

flaser bedding

Siltite;

Siltite,

same as unit 59

grayish-red to grayish-red-

purple; slightly calcareous; coarse to
fine grained; interlaminated argillite
as graded rhythmites; rhythmic

succession ranges from 100 mm to 140 mm

Siltite, medium-brownish-gray to grayish-

red-purple; intermittently calcareous;
coarse grained; interbedded and

interlaminated very fine grained arenite;

minor argillite; minor ripple cross
lamination

Siltite, grayish-red-purple; fine grained;

thin lamination; hackly cleavage

Siltite,

pale-blue-green (5BG 7/2);

calcareous; fine grained; thin to
medium lamination

Siltite,
grained;
arenite

Siltite,
grained;

Siltite;
Siltite;
Siltite;

Siltite,

grayish-red-purple; coarse
interbedded very fine grained

grayish-red; medium to fine
thin lamination
same as unit 18
same as unit 16
same as unit 18

grayish-red; coarse grained;

medium lamination; minor interlaminated

argillite

75

Thickness

(equivalents)
Meters Feet
1.05 3.44
5.8 19.02
5.0 16.4
1.65 5.41
4.8 15.74
1.65 5.41
.72 2.36
1.2 3.94
3.1 10.17
.25 .82
.3 .98
05 1'64
2.9 9.51



Transition zone--Continued

11.

10.

1.

Siltite; same as unit 18

Siltite, grayish-red-purple; coarse to
fine grained; interlaminated and ripple
laminated very fine grained arenite and
argillite as graded rhythmites; rhythmic
succession averages 1 m

Siltite; same as unit 18
Siltite; same as unit 12

Siltite, pale-blue-green; slightly
calcareous in part; coarse to fine
grained; thin to very thick lamination;
hackly cleavage; very fine grained
arenite at top; stratabound copper
sulfides

Siltite, grayish-red-purple; coarse
grained; ripple lamination;
interlaminated fine to very fine
grained arenite with minor argillite;
some load structures

Siltite, pale-blue-green; upper part
slightly calcareous; coarse to medium
grained; some ripple laminationj;
interbedded fine to very fine grained,
well sorted, and subrounded quartz
arenite at base (5YR 7/1); stratabound
copper sulfides

Argillite, dusky-red-purple (5RP 3/2);
calcareous; very thin lamination (0.5 mm)

Subfeldspathic arenite, medium-light-gray
(N6) to grayish-red-purple (5RP 4/2);
calcareous to slightly calcareous;

thick lamination

Siltite, grayish-red-purple; calcareous
to slightly calcareous; thin lamination;
interlaminated argillite

Siltite, pale-green (10G 7/2); slightly
calcareous; medium lamination

Total thickness of Transition zone

76

Thickness
(equivalents)
Meters Feet
0.46 1.51

1.9 6.23
«555 1.82
1.2 3.94
1.695 5.56
1.63 5.35
2.27 745
+65 2.13
«43 1.41
.8 2.62
.2 '63

138.58 454.54



Spokane Formation, upper middle part (Middle Proterozoic):

24.

23.

22.

21.

20.

19.

18.

17.

16.

15.

Subfeldspathic arenite, medium-~light-gray

(N6) to grayish-red-purple (5RP 4
calcareous to slightly calcareous
thick lamination

/2);

.
14

Siltite, grayish-red-purple; calcareous
to slightly calcareous; thin to medium

ripple lamination; interlaminated
argillite; some flaser bedding

Quartz arenite, medium-light-gray
calcareous to slightly calcareous

.
bd

; fine

to very fine grained; subrounded to

rounded; minor interlaminated sil

tite

Siltite, grayish-red-purple; medium

grained; ripple laminated, lentic

ular,

well sorted, fine to very fine grained

arenite; interlaminated argillite

with

desiccation cracks and mudchip breccia;

well developed ball-and-pillow structures

and flame structure

Covered

Subfeldspathic arenite, light-gray (N7)

to very-light-gray (N8); slightly

calcareous; very fine grained; minor

tangential crossbedding

Siltite, grayish-red-purple; coarse
grained; interbedded very fine grained

arenite

Subfeldspathic arenite, medium~light-gray

(N6); very fine grained; thin bedding;

interbedded coarse siltite as gra
rhythmites

Siltite; <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>