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ABSTRACT
A well-exposed near depositional-dip oriented, Mississippian carbonate shelf margin outcrop was studied and is placed into a sequence
stratigraphic framework for the first time. The exposure is situated on southwest facing slopes above the South Boulder River, 11 kilometres
south of Cardwell, Madison County, Montana. The base of the outcrop is located at Latitude 45 degrees 45 ‘ 15” North and Longitude 111
degrees 57’ 05” West. Lithostratigraphically, Mississippian Madison Group strata at South Boulder Canyon are comprised of moderately wellexposed Lodgepole Formation calcareous shales and argillaceous carbonates grading upward into more resistant Mission Canyon Formation
carbonates. Thin, mostly recessive beds of Late Mississippian – Early Pennsylvanian Amsden Formation overlie the Madison Group.
Two complete and several partial stratigraphic sections were measured, with stratigraphic relationships walked out laterally and traced on
photopans. A series of polished outcrop slabs and thin sections aided in facies descriptions. The complete Madison Group section at South
Boulder Canyon is over 300 metres thick.
Mississippian strata in much of Western North America are characterized by regionally recognizable, lithostratigraphically defined Formations.
Many of these names are related to specific depositional environments seen across these broad carbonate ramp depositional systems. Regional
application of sequence stratigraphic concepts aids in understanding the relationships between these Formations.
The paleogeographic setting of the Madison carbonate shelf appears to reflect a margin facing north-northwest into the Central Montana
Trough. Regionally, outer shelf and basinal deposits existed both to the north and west (Rose, 1976; Sando et al., 1981).
A spectrum of lithofacies deposited along the Madison platform to basin transistion is seen at the Boulder Canyon outcrop. Four distinct facies
associations are recognized and, along with their bounding surfaces, are key in constructing a sequence stratigraphic framework. These range
from shallow inner ramp carbonates and siliciclastics, through upper ramp grain shoal skeletal (mainly crinoidal) – oolitic grainstones, to

middle ramp allochthonous packstones – grainstones and in situ skeletal packstones to wackestones, and finally to lower ramp to basinal
argillaceous mudstones and shales.
The Madison Group at the studied outcrop is described in the context of Sonnenfeld’s (1996) regional sequence stratigraphy. This defined the
Madison and related strata as a second-order depositional supersequence comprising six third-order component sequences, of which parts of the
middle four are herein recognized at South Boulder Canyon. Thickness of individual sequences range from less than 75 metres to over 100
metres. Sequence boundaries were traced across the outcrop and the facies which occur within each sequence can be placed into context
within and between sequences. A longer term relative sea level curve from Sonnenfeld was adapted and modified based upon the Boulder
Canyon outcrop. The interplay between longer term and third order relative sea level changes is important in determining the ratio between
accommodation changes and carbonate sediment supply, and thus is a major control on the evolution of the Madison Group from ramp
(Sequences 1 and 2) to flat-topped platform geometries (Sequences 3 to 6) (Sonnenfeld 1996). The third order sequences have been named
according to their basal sequence boundary. The Madison 2nd order Supersequence was further divided into two intermediate level Composite
Sequences (Katz et al 2009). Composite Sequence 1 includes 3rd order Sequences 1 and 2, with a MFS coincident with that of Sequence 1,
while Composite Sequence 2 includes Sequences 3 through 6, with the MFS of the Composite Sequence coincident with that of 3rd order
Sequence 4.
The lowest Madison Group exposed at the Main Gully measured section (see photopan for line of section) includes deeper ramp wackestones
of the Transgressive System Tract (TST) of Sequence 2, overlain by calcareous shales which represent the transgressive maximum (MFS) of
Sequence 2. This is overlain by a series of storm transported ramp packstones to grainstones, the early Highstand System Tract (HST) of
Sequence 2, marking the uppermost beds of the Lodgepole Fm. An interpreted 4th order Sequence Boundary in the HST of Sequence 2 is
marked by the occurrence of cycles of skeletal to oolitic grainstone. This also marks the base of the Mission Canyon Fm. Along the outcrop
this wedge of grainstone thickens to the northwest over a distance of several hundred metres and then ultimately tapers in that direction,
forming a prominent wedge of potential reservoir quality ooid and skeletal grainstone. This ooid grainstone also apparently thins to the
southeast in a landward direction.
The TST of Sequence 3 at the Main Gully section consists of poorly exposed cyclic peritidal carbonate and siliciclastic facies. The shallow
water siliciclastic beds in this interval are the most continuous and thickest observed at this outcrop. Regionally they are placed at the longer
term turnaround from falling to rising relative sea level (Sonnenfeld 1996). The Sequence 3 late TST is marked by a stack of skeletal to oolitic
grainstones, overlain by a thick package of interbedded storm derived ramp grainstones and packstones and fine skeletal lower ramp deposits.
The MFS of Sequence 3 is picked within the upper portion of this interval.
The base of Sequence 4 is well expressed as a dramatic facies offset from uppermost Sequence 3 allochthonous deeper ramp deposits to
overlying thinly bedded oolitic grainstone. To the northwest the equivalent lowest Sequence 4 beds are crinoidal grainstones (Northwest Ridge
section). In places along the outcrop these basal Sequence 4 beds show an apparent aggradational geometry. The remainder of Sequence 4 is
moderately well exposed and accessible, consisting of shallowing upward cycles of deeper ramp wackestone to storm transported packstone.
This interval includes the turnaround from long term relative sea level rise to relative sea level fall (Sonnenfeld 1996). The MFS of Sequence

4 is placed at the base of a prominent bluff, coincident with a transgression from middle to lower ramp. Following the terminology of Katz et
al 2009, the MFS of Sequence 4 coincides with the MFS of Composite Sequence 2, and perhaps the Madison Supersequence MFS.
The basal boundary of Sequence 5 is well expressed at the Northwest Ridge section - a sharp contact which places basal Sequence 5 peritidal
carbonates above Sequence 4 deeper subtidal to lower ramp skeletal wackestones. The transgressive portion of Sequence 5 is comprised of
stacked cycles of peritidal to shallow inner ramp facies. The MFS for Sequence 5 is picked at the base of the prominent bluff on the photopan,
which is comprised of thick bedded crinoidal grainstone. The MFS was picked at this contact because of the difficulty in recognizing a
distinctive transgressive maximum in Sequence 5. This is related to the position of the sequence within a longer term relative sea level fall
(Sonnenfeld 1996).
An additional section of Mississippian strata lies above the bluff –forming grainstones of Sequence 5, but is poorly exposed and was not
measured. This interval is not visible on the photopan. It is possible this interval corresponds to Madison Sequence 6 of Sonnenfeld (1996).
Exposed beds of Amsden Formation (late Mississippian – Pennsylvanian) carbonates and siliciclastics cap this covered interval. The base of
the Amsden Fm corresponds with the top of Sonnenfeld’s Madison second order Supersequence.
A well log to outcrop comparison is shown from the Windsor 22-25 well, located about 10 km east of Livingston Montana. Although the well
to outcrop distance is large (125 km), a preliminary correlation based on applying the sequence stratigraphic framework of Sonnenfeld (1996)
is shown. Facies corresponding to inner ramp, ramp crest, outer ramp, and basin are interpreted based on comparison to the Boulder Canyon
Outcrop and by using the gamma log. This approach helps provide a predictive framework for the disposition of various Madison Group
lithofacies across this broad area and refinement to mapping the extent and depositional timing of the Central Montana Trough.
The recognition of third order depositional sequences within the Madison Group at South Boulder Canyon can provide a useful template for
comparison with both other outcrops and the subsurface. This approach allows for an understanding of stratigraphic and reservoir and nonreservoir facies relationships which are important but often difficult to recognize in the subsurface. Additional fieldwork should help in
clarifying these relationships.
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The paleogeographic setting of the Madison carbonate shelf appears to reflect a margin facing north-northwest into the Central Montana Trough. Regionally, outer shelf and basinal deposits existed both to the north and west (Rose, 1976;
Sando et al., 1981)
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A well log to outcrop comparison is shown from the Windsor 22-25 well, located about 10 km east of Livingston Montana. Although the well to outcrop distance is large (125 km), a preliminary correlation based on applying the sequence
stratigraphic framework of Sonnenfeld (1996) is shown. Facies corresponding to inner ramp, ramp crest, outer ramp, and basin are interpreted based on comparsion to the Boulder Canyon Outcrop and by using the gamma log. This
approach helps provide a predictive framework for the disposition of various Madison Group lithofacies across this broad area and refinement to mapping the extent and depositional timing of the Central Montana Trough.
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An additional section of Mississippian strata lies above the bluff –forming grainstones of Sequence 5, but is poorly exposed and was not measured. This interval is not visible on the photopan. It is possible this interval corresponds to
Madison Sequence 6 of Sonnenfeld (1996). Exposed beds of Amsden Formation (late Mississippian – Pennsylvanian) carbonates and siliciclastics cap this covered interval. The base of the Amsden Fm corresponds with the top of
Sonnenfeld's Madison second order sequence.
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The base of Sequence 4 is well expressed as a dramatic facies offset from uppermost Sequence 3 allochthonous deeper ramp deposits to overlying thinly bedded oolitic grainstone. To the northwest the equivalent lowest Sequence 4 beds
are crinoidal grainstones (Northwest Ridge section). In places along the outcrop these basal Sequence 4 beds show an apparent aggradational geometry. The remainder of Sequence 4 is moderately well exposed and accessible,
consisting of shallowing upward cycles of deeper ramp wackestone to storm transported packstone. This interval includes the turnaround from long term relative sea level rise to relative sea level fall (Sonnenfeld 1996).

Kibbey

WINDSOR 22 - 25

Conodont
Ages

Lower typicus

ran
dille

a
Tr

Cor
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The Madison Group at the studied outcrop is described in the context of Sonnenfeld's (1996) regional sequence stratigraphy. This defined the Madison and related strata as a second-order depositional sequence comprising six third-order
component sequences, of which parts of the middle four are herein recognized at South Boulder Canyon. Thickness of individual sequences ranges from less than 75 metres to over 100 metres. Sequence boundaries were traced across
the outcrop and the facies which occur within each sequence can be placed into context within and between sequences. A longer term relative sea level curve from Sonnenfeld was adapted and modified based upon the Boulder Canyon
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A well-exposed near depositional-dip oriented, Mississippian carbonate shelf margin outcrop was studied and is placed into a sequence stratigraphic framework for the first time. The exposure is situated on southwest facing slopes above
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