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Abstract

Hydrocarbon production success from the Bakken Btaon of the Williston Basin
has led to interest in time-equivalent Devoniang¥isippian strata. One of these Bakken-
equivalent formations is the Sappington Formatibwestern Montana. This regionally <30
ft. to >120 ft. thick mixed carbonate and fine-gead siliciclastic unit occurs between thick
Devonian and Mississippian carbonates and was dedos the low-accommodation
intracratonic Sappington Basin of the Central Maatdrough (CMT). Differential foreland
subsidence and uplift of the CMT resulted in chaggiepocenter geometries. Despite the
tectonic and paleogeographic differences betwees#ppington Basin and the Williston
Basin, the Sappington and Bakken share similaaénatonic depositional elements.

This study focused on outcrop Sappington sectionise Three Forks, Montana area.
Regionally, the Sappington pinches out to the saathnortheast onto the paleogeographic
highs of the Beartooth Shelf and Central Montan&ftJjo the west, correlation of
Sappington and Antler Foreland Basin units have lmeenplicated by Sevier and Laramide
deformation. Within the Sappington Basin thinnimgl dateral facies relationships suggest
significant early western accommodation of facié wotential for local proximal
variations.

Similar to the coeval Bakken Formation, the Sapjoing three members (Lower,
Middle, Upper) are separated by abrupt faciesshifid unconformities. The Lower and
Upper Members both display black organic preseswatiuring periods of quiescent anoxic
bottom water conditions. Such conditions were drikg early Gondwanan glaciation
producing widespread equatorial Late Devonian ¢astéfects. The Middle Member is a
well oxygenated mix of wave and tidal dominant gres located within the shoreface
regime.

The low-accommodation intracratonic character ef$lappington Basin complicates
establishment of a sequence stratigraphic framevigpisodic flooding and draining of the
Sappington Basin is represented by four prominanbaoformities within a succession of
rocks averaging 75 ft. in thickness and with a dégpmal timeline of ~8 million years.
Subsequently, lowstand system tracts depositsarelserved in the study area and are

represented by stacked sequence boundaries asdreasive surfaces.
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1. Introduction
General Statement

The Late Devonian-Early Mississippian Sappingtomtation is a thin package of
widely occurring mainly siliciclastic rocks situdte@nconformably between very thick
carbonates of the Mississippian above and the Damdrelow. The Sappington was
deposited in the Sappington Basin of the greatetr@eMontana Trough (CMT) in present
day southwestern Montana. The formation has nat bemoughly studied since the
1960’s/1970’s and consequently many questions renmegjarding enigmatic vertical and
lateral facies relationships. Although individualrrcal lithostratigraphic stacking patterns
are widespread, internal facies changes withinetmadely observed, primarily fine grained
units, are not well understood.
Objectives

The main objectives of this outcrop based study@dg synthesize past work on the
temporal relationships of the Sappington stratigrapnits, 2) provide detailed Sappington
Formation focused lithofacies classifications apgaskitional environment interpretations, 3)
create and review sequence stratigraphic frameworkbe Sappington, 4) interpret the
lateral Sappington lithofacies relationships in aped down-dip oriented directions, and 5)
interpret a depositional model for the SappingtasiB during Sappington deposition.
Location of Study

Montana Sappington Formation outcrop sectionsigdtudy are located in a west-
east corridor between Whitehall and Livingston (ffey1.1). The red pins represent studied
outcrop locations and the yellow pins represerdatioos from McMannis (1962) where the
Sappington is not present. The McMannis (1962)i@estwere not visited, but were used to
show the pinch out of the Sappington onto soutleeagtaleo-highs. The study sections were
chosen for the accessibility and potential up- @odn-dip oriented outcrops.
Previous Work

The term “Sappington Sandstone” (the Middle Membehis paper (Figure 1.2) of
the Sappington Formation) was first proposed byBgr943) for the Milligan Canyon
location (Sappington type section) and was namigdl tife nearby town name of Sappington,
Montana. Berry (1943) distinguished the stratigrapimit by the yellow sandstone in
between the Three Forks Formation and the MadisongsLimestone. In the 1950’s and



1960’s the Sappington was the focus of simultanstudies by separate groups: Achauer
(1959), Gutschick (1957, 1959, 1962, 1967), McMar{@ab55, 1962), Rau (1962), and
Sandberg (1962, 1965, 1967). In the Bridger MounstaiicMannis (1955) added the two
“shaley” units (the Lower and Upper Member in thtigdy (Figure 1.2)) thus creating the
three member Sappington Formation. Interpretatodiishofacies, depositional
environments, paleontology, and biostratigraphyeWecused on more extensively by
Achauer (1959), Gutschick et al. (1962), Sandb&8$%), and Sandberg et al. (1972).

Gutschick et al. (1962) created a lettered (A-Ineaclature for the stratigraphy of
the Sappington, and Sandberg (1965) created a reahér-5) nomenclature. The A-I
nomenclature included four different shale lithaésqlithofacies 1A-1D in this study, Figure
1.2) within the Lower Member (Unit 1 in this stuiigure 1.2) of the Sappington), as well
as four stratigraphic unit subdivisions in the MaltMember (Units 2-5 in this paper
(Figurel.2) of the Sappington), and one in the Wpbember (Unit 6 in this paper
(Figurel.2) of the Sappington). Sandberg’s (1965)ibmenclature subdivided the Middle
Member into the same stratigraphic unit subdivisjdyut did not subdivide the Lower
Member and did not include the Upper Member. Sargd{i967) later classified the Upper
Member as a Mississippian age black shale knovthea€ottonwood Canyon Member of
the Lodgepole Formation. McMannis (1962) discugbedenigmatic relationship of the
Upper Member with both the Sappington Formation tlved_odgepole Formation. It was
proposed by Sandberg and Klapper (1967) that theetJlember of the Sappington is
equivalent to the Cottonwood Canyon Member of tbddepole Formation. Depositional
environment interpretations from this era of Sagfon investigations varied from shallow
marine environments intermittently above wave l&sai, 1962) to a mix of poorly
circulated lagoonal basins (Gutschick et al., 1962ndberg and Klapper, 1967) for the
Upper and Lower Members and mud/tidal flats (Gutdchkt al., 1962) for the Middle
Member.

Recent master degree theses (Schietinger, 2019u2el, 2014; Nagase, 2014) on
the Sappington Formation have been driven by hyathmn production success of
correlative Late Devonian-Early Mississippian fotimas (Bakken Formation, Woodford

Shale, Antrim Shale, etc.). These studies haveigedvinsights into first order Sappington to



Bakken correlations including isopach maps, as astheneral lithofacies classificats,
depositional environment interpretations, and segeetratigraphy interpretatio
Paleogeographic Setting

North America in Late Devoni-Early Mississippian time was partially encircled
convergent plate interactiorFigure 1.3). Theseonvergent boundaries of the No
American Plate resulted in high compressive stesisthe loading of the crust at the mar
of the North American plate. Loading of the mar (Dorobek et al., 1991ed to the
formation of intracratonic basins on the North Aroan Plate

Figure 1.4Paleogeographic map (Blakey, 2005) orth Americaat 360 Mi showing
Late Devonian basirend the formation that was deposited within therts.

). Many of these basins are current or proposegtaio hydrocarbon exploratiot

The Sappington was deposited in the CMError! Reference source not
found.Figure 1.9, an intracratonic basin that formed perpendictdahe plate margin ar
subsided anflooded within a reactivated Precambrian aulacoAt least two su-basins
(Figure 1.9 existed within the CMT. These basins are the Bappn Basin, which was t



depositional center for the Sappington Formatiowl, the Cottonwood Canyon Basin, which
was the depositional center for the Sappington Upfmmber equivalent Cottonwood
Canyon Formation. West of the Sappington Basirtlie Antler Foreland Basirk(ror!
Reference source not foundrigure 1.5), which was created as a flexural resp@gB®orobek
et al., 1991) to the formation and loading of th&lér Highlands inboard of the Antler
convergent margin. Flysch deposits of the Lodgepglévalent McGowan Creek Formation
in Idaho are evidence of known Antler Foreland Bakavelopment (Figure 1.9) in the Early
Mississippian. However, similar evidence to suppgartier Foreland Basin development
equivalent to Late Devonian Sappington depositias ot been found. Consequently, the
Antler Foreland Basin during the time of Sappingieposition is referred to from this point
on as the incipient Antler Foreland Basin. Palaghki(Peterson, 1986) existed to the east
(Central Montana Uplift)Error! Reference source not foundFigure 1.5), northwest
(Montania) Error! Reference source not foundFigure 1.5), and south (Beartooth Shelf)
(Error! Reference source not foundFigure 1.5). In addition to the Sappington Basin,
Cottonwood Canyon Basin, and incipient Antler Fanel Basin, additional regional basins
included the Williston Basin (depositional center the Bakken Formation) and Prophet
Trough (Richards et al., 1994) (depositional cefaethe Exshaw Formation) (Figure 1.5).
Paleoclimatic Setting

During the Late Devonian-Early Mississippian th@@agton Basin was located at similar
similar latitudes (



Figure 1.4Paleogeographic map (Blakey, 2005) orth Americaat 360 Mi showing
Late Devonian basirend the formation that was deposited within therts.

) to the Williston Basin (Sonnenberg and Pramud@f)9) just north of the equatt
in a tropical to subtropical climate. Globally, thate Devonia-Early Mississippia was at a
critical point in the transition from a global grduse to icehouse climate (Fischer
Arthur, 1977). Along with local tectonic paleogeaghy and global eustasy, expanding
contracting climate belts were likely a factor inrée Forks/Sajington sediment supply ar
depositional changes (Isaacson et al., 2008). éenbglobal carbonate demise, such &
the Late Devoniarzarly Mississippian, are commonly attributed to on@ combination c
the following factors: sebevel chinges, temperature, salinity, detrital ingutbidity, and/or
eutrophication (Caplan et al., 1996). Studies ef$lappington equivalent Exshaw Forma
(western Canada) and underlying Three Forks eqenvd@dig Valley Frmation by Caplan ¢
al. (1996), attribut¢he mechanism of carbonate demise to a shift frasatmophic tc

eutrophic conditions. An influx of nutrients in thate Devonian created eutropl



conditions, which resulted in absorption of all theggen in the bottom waters and
subsequent anoxia and organic preservation (eapla@ et al., 1996; Algeo and Lyons,
2007; Ettensohn et al., 2009). This organic presem is reflected in the character of the
Lower Member of the Sappington, Black Shale Mendsehe Exshaw, and Lower Member
of the Bakken. The nutrient influx responsible thoe creation of eutrophic marine conditions
on the shelf of western paleo North America is psgal to be the upwelling of nutrient-rich
deep marine waters (Caplan and Bustin, 1999) asteacwith an unstable climate. Major
changes in land plant evolution also may have playele in sediment/nutrient supply and
eutrophication (Algeo and Scheckler, 2008). Studfasterglacial periods from the Eocene
(Frakes et al., 1992) and Quaternary (Anklin etl#193) have shown evidence of climatic
instability. Caplan and Bustin (1999) suggest samdlimatic instability at the Late
Devonian-Early Mississippian climate transitionshort, the proposed driving mechanism
for this instability is the creation of an unstabtean through the mixing of water sourced
from low and high latitudes driven by the onsetobling and increased glaciation as
Gondwana moved over the South Pole (Caplan andrBd§199). This resulted in oceans
becoming susceptible to extensive upwelling andmgiwf the water column, which
delivered vast amounts of nutrient-rich deep oceaters to the shelf. The theoretical
timeline (Caplan and Bustin, 1999) of the sequari@vents responsible for widespread
black shale deposition during the Late DevonianyBdississippian is provided in Figure
1.6.
Structural Setting

The outcrops in this study are near the Southwesttdha Transverse Zone (SMTZ)
within the broader Montana Thrust Belt Provincee BMTZ (Figure 1.8) is a zone of
transition between eastward transported, alloctabsrnhrusted Precambrian through
Cretaceous rocks of the Helena Salient to the raorthbasement-cored Archean uplifts to
the south (Schmidt and Neill, 1982). The HelenaeBabriginated as an eastward
promontory of a basin in which Proterozoic Belt 8ugpoup sediments were deposited
(Harlan et al., 2008). As thrusting commenced iste Montana during the Cretaceous
(Schmidt and Neill, 1982), thick Precambrian ante®zoic rocks in the Helena Salient were
transported to the east. The Helena Salient caadmgnized in structural maps by a large
eastward bend in the Cordilleran Fold and Thrust @tarlan et al., 2008). The main thrust



plate of the Helena Salient is the Elk Horn ThiRlstte (Schmidt and Neil, 1982) and the
main thrust fault is the Lombard Thrust (Harlaralet 2008) (Figure 1.8). The Elk Horn
Thrust Plate has moved 70 km (Burton et al., 1998he east, with several smaller imbricate
thrusts with less displacement reaching the BridRparge to the east.

To the south the Lombard thrust system is suggesteterge with the Cave Fault-
Jefferson Canyon Fault system (Schmidt and Né&B2). This region marks the boundary of
the Helena Salient. There the Willow Creek Fau#tasng as a lateral ramp on which the
Proterozoic and Paleozoic rocks of the Helena &adiee wrapping up and over the Archean
rocks to the south (Figure 1.7).

Tectonic History

Dorobek et al. (1991) documented the tectonic hystbthe Devonian-

Pennsylvanian Antler Convergent Margin, from whiled information in the following
discussion is derived. Middle to Late Proterozdting in Idaho and Montana created a
series of depocenters including the Belt BasineAstward extension of the Belt Basin
across central Montana, known as the Central M@ntaaugh, formed within a subsiding
aulacogen (Perry, 1995). This rifting in Idaho &hdntana initiated a passive margin that
lasted until the Early to Middle Devonian, at whiaine an inferred volcanic arc collided

with the western margin of North America, creatingonvergent plate margin at the western
edge of North America. This period of convergerkemwn as the Antler Orogeny, resulted
in a variety of flexural and compressive respongdsoard of the convergent margin. A
foredeep, known as the Antler Foreland Basin, bégdorm in the Early to Middle

Devonian in Idaho east of the convergent margits Tdredeep flexural response was
induced by the loading of the crust. Devonian tar3glvanian eastern migration of the
foredeep is supported by the age of synorogeniosads in Idaho and Montana. East of the
Antler Foreland Basin onto the Montana Platfornffedential subsidence and uplift from the
Late Devonian to Pennsylvanian occurred acrosarbl@ wide zone. The axes of the
Montana Antler Foreland structures are orientdugit angles to the strike of the Antler
Foreland Basin. This indicates that in additiofiégural responses across the Montana
Platform, there was reactivation of Proterozoiadtres oriented perpendicular to the Antler
Convergent Margin. Dorobek et al. (1991) illustdatkis by comparing the location and

orientation of structural features in the Proterozmd Devonian-Pennsylvanian.



Isopachs (Figure 3.40, Figure 3.41, Figure 3.4@ated of the three members of the
Sappington and isopachs of the adjacent Three Famkmation and Lodgepole Formation
from previous work, all support depocenter mignativhich is attributed to differential
uplift and subsidence on the Montana platform.

Stratigraphy Under and Overlying the Sappington Fomation

In the study area, the Sappington is located betwee Scallion Member of the
Lodgepole Formation above and the Trident MembéhefThree Forks Formation below
(Figure 1.2). Within this area, the lithologic caeter of the upper Trident in contact with the
Sappington is variable. In relatively higher acconalation portions of the Sappington Basin,
to the west the upper Trident is characterized bgaghiopod-rich green shale overlain by a
thick wackestone to packstone. In relatively lo@ecommodation settings, the Trident shale
may not be present and the overlying limestonkimer impacted also under a major
unconformity. Throughout the study area, the Sagipmis consistently overlain by a
crinoidal packstone (base of a Williston Basin-l&eallion Member of the Lodgepole

Formation) facies.
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Figure 1.1 Map of Sappington section locations. Bied represent studied sections
(1=Antelope Creek, 2=Ashbough Canyon, 3=Brown Baadkch, 4=Copper City, 5=Frazier
Lake, 6=Hardscrabble, 7=Logan Gulch, 8=Lone Moumt@+Dry Hollow, 10= Milligan
Canyon, 11=Moose Creek, 12=Nixon Gulch, 13=Red, Bid#=Moose Creek, 15=Trident).
Yellow pins represent McMannis (1962) sections wHgappington is absent (16=Boulder
River, 17=Cinnabar Mountain, 18=Cooke City, 19=NMiHeek, 20=Mission Creek).
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Figure 1.2Sappington stratigraphy with stratigraphic unit &titbfacies classificatior.
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Figure 1.3 Paleogeographic map (Blakey, 2013) tdqblorth America at 345 Ma
showing western and eastern convergent plate ngrgin
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Figure 1.4Paleogeographic map (Blakey, 2005) orth Americaat 360 M: showing
Late Devonian basirend the formation that was deposited within therts.
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Figure 1.5Regional paleogeographic map (modi from Gradeland Dought, 2012) of
the Late Devoniarzarly Mississippian with paleogeograg (Peterson, 198 features
(bold type) and coeval formations. (Color key: tighue = flooded continental shelf, de
blue = foreland basin, dark brown = Antler OrogeB@dt, light brown =intracratonic
highlands)
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Figure 1.6Hypothetical series of events and consinces leading to Late Devon-Early
Mississippian formation of black shales (Caplan Bndtin, 199€.
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Figure 1.7 Interpretive structural block diagrantefars (1988) showing the ramping of
the Helena Salient over strata to the south.



Figure 1.8 Geologic map of the Bozeman Quad (Vule. £2014) with key structural
features and studied outcrop sections labeled.
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Late Devonian - Early Mississippian Antler Convergent Margin ’,/'

DML 14t Dav

Figure 1.9 lllustration ofhe Late Devoniarzarly Mississippian Antler Converge
Margin (modified fromGrader, 2005 Bottom diagram illustrates incipient developm
of the Antler Foreland Basin during Sappington dggoan in the late Devonian. Middl
diagram illustrates fuldlevelopment of the Antler Foreland Basin during deyble
deposition in the Early Mississippian. Upper diagnflustrates post Sevier and Laram
Orogeny deformation of Paleozoic strata. (Color. kdye=watr, gray=allochthoous
rocks pink=Idaho Batholith, orange=McGowan Creek Forora{flysch) / distal ram|
Lodgepole Formation, light blue=Lodgepole Formatigireen/purple/yellow/red=po
Lodgepole Formation Paleozoic roc
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2. Methods
Outcrop Analysis

Nineteen outcrops were visited over multiple weekisall 2013, Spring 2014, and
Fall 2014. Of the nineteen outcrops, fourteenigit@bhic sections were created (see
Appendix). Outcrop analysis entailed measuringigti@phic sections, describing lithologic
units, identifying sedimentary structures, identifyichnogenera assemblages, photographic
documentation, and sample collection. Sections wegasured using a Jacob’s Staff,
Brunton Compass, and measuring tape. Grain sizesfwst described in the field with a
hand lens and grain size card. The 2009 GSA ‘Gémdb&ock Color Chart’ was used in this
study for rock color descriptions.

Laboratory work included sawing hand samples artkseribing using a hand
binocular microscope. Thin section work was conéldan Sappington Units 1-6 (Figure 1.2
Sappington stratigraphy with stratigraphic unit ditttbfacies classifications) from which
exact grain sizes, sorting, and rounding were d@dri$edimentary structures and
ichnogenera assemblages were described and phaltegralhe Pemberton et al. (2011)
‘Trace Fossil Atlas’ was used towards identificataf the ichnogenera, and MacEachern
(2014) ‘Integrated Ichnology and Sedimentology’eaidhe identification of sedimentary

structures.



19

3. Results and Interpretations
Stratigraphic Units & Associated Lithofacies

The Sappington Formation is subdivided into 3 laBes/onian-Early Mississippian
members (Lower, Middle, and Upper) (Figure 1.2} tlepresent approximate time and
lithostratigraphic units. This three member ternaigy matches Bakken terminology (Smith
et al., 1995), but differs with early Sappingtomiaology that, 1) included the Sappington
as a member of the Three Forks Formation (Sandik868), and 2) associated the Upper
Member with the upper tongue of the Cottonwood @anfyormation of Wyoming
(Sandberg and Klapper, 1967). The Lower and Middenber Sappington units are
approximately equivalent to the Alberta Exshaw Fation and the Upper Member is
equivalent to the Banff Formation. These major $&gipn units share clear facies analogue
and time correlatively with the Bakken (Sandberd BlracQueen, 1970). With the exception
that the Bakken Middle Member likely extends intesdssippian time (Smith et al., 1995),
and is correlative with a major unconformity in \wera Montana between the Middle and
Upper Members of the Sappington. Overall, thesensdfatigraphic units seen in the
Sappington, Exshaw, and Bakken Formations appédae tnostly time correlative, yet are
also time-transgressive (Bustin and Smith, 2000).

The three members of the Sappington can be fudikited into six differentiable
lithostratigraphic units (U1-U6) (Figure 1.2). Teesere defined by Gutschick et al. (1962)
and Sandberg (1965) and are very useful. Howageone departs the Three Forks area the
units become less easily differentiated. Ninet@doflacies are identified and expanded in
this work, with nomenclature that indicates whitfasgraphic unit the lithofacies is
classified under (1A, 1B, 3A, 3B, etc.) (Figure)1.Phe majority of the grain sizes in the
Sappington are coarse-silt to very fine-grainedisan

Like the Exshaw (Richards et al., 1999), Sappingtoits in the western part of the
field area are interpreted a4-8rder transgressive and regressive depositiordésyThe
Upper Member of the Sappington is interpreted asrg thin, laterally discontinuous,
shallowing-upward, and unconformity bound sequeand,is included here in the
Sappington as U6. Technically U6 is not mappakitendoeing reduced to a residual unit
that thins locally and regionally to a sandstonegosed of phosphatic fish parts. U6 has

been associated with the Cottonwood Canyon Formainal the Banff Formation.
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Unit 1

Unit 1 is a distinct stratigraphic unit that isusited unconformably between the Three
Forks Formation below and Unit 2 of the Sappindgtormation above. Ul is composed of
four lithofacies (1A, 1B, 1C, 1D) all versions dfade (Figure 3.1). U1 has a thickness range
from 0-46.8 ft. and an average thickness of 10.Bifthe Three Forks area reaching the
Bridger Mountains mean thicknesses are 7 ft. vatal anomalies such as the Logan Guich
section where very thin black shale (.3 ft.) appearfill relief cut into the Trident
Limestone. Towards the Sappington Basin margiriseddNE and SE basal blacks shales are
very thin to locally missing.
Lithofacies 1A

Lithofacies 1A (Figure 3.1 A) is a black fissileatd with interbeds of bedded chert
(avg. .5-4 in. thick). Thin section (Figure 3.2 &)alysis of lithofacies 1A shale show calcite
filled fractures (Figure 3.2 A), microfossils, asitt sized grain replaced by chert. Thin
section (Figure 3.2 B) analysis of the bedded c$testvs unidentifiable tests of siliceous
organisms, which are the source of the silica casmy the bedded chert.
Lithofacies 1B

Lithofacies 1B (Figure 3.1 C) is a brownish blaegklmnaceous mudstone with a
contorted glossy texture and slickensides on bepplianes. At some locations 1B appears
more blocky and coaly.
Lithofacies 1C

Lithofacies 1C (Figure 3.1 E) is a laminated graytack fossiliferous mudstone.
Observed fossils include conchostracans (Figur&XiFigure 3.3 B) and echinoderms
(Figure 3.3 B). Additional fauna reported from atk&udies includes brachiopods,
conodonts, and plant spores (Gutschick, 1962),edlsas Tasmanities (Achauer, 1959). The
shale has been silicified and fractures conchoidstween bedding planes.
Lithofacies 1D

Lithofacies 1D (Figure 3.1 F) is a pale green a&oas highly fossiliferous
mudstone. Observed fossils include brachiopodsharadves. Additional fauna reported
from other studies includes snails and crinoid sté@utschick, 1962).
Unit 2
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Unit 2 is an oncolitic silty wackestone that isusiied unconformably above U1 of the
Sappington and conformably below U3 of the SappingThe U2-U3 contact is highly
gradational complicating accurate thickness measemgs for the unit. U2 is comprised of
one lithofacies.

Lithofacies 2

Unit 2 (Figure 3.4) is composed of lithofacies 2ot is a light bluish grayish silty
wackestone (limestone). Allochems include brokeseablages of oncolites, brachiopods,
and crinoid stems. The oncolites are composed afgamated algal coatings around a
nucleus typically composed of a broken brachiogédure 3.4 A). In addition, lithofacies 2
has a strong siliciclastic presence of silt-sizedrtg.

Unit 3

Unit 3 is a calcareous siltstone that is situamdf@rmably between U2 of the
Sappington below and U4 of the Sappington above.highly gradational nature of the U2-
U3 contact presented difficulties in measuring aatauthicknesses of U3. The U2-U3
succession has a thickness range of 13.1-34.Adtaa average thickness of 26.4 ft. U3 is
comprised of 3 lithofacies (3A, 3B, 3C).

Lithofacies 3A

Lithofacies 3A (Figure 3.5 A) is a moderately sdrtsubrounded, coarse moderate
orange siltstone predominantly composed of qudaists. Lithofacies 3A is characterized by
a pinching and swelling texture created by a seriesacked wave ripples. Lithofacies 3A
has an ichnogenera assemblag&a€hichnusPlanolites andThalassanoideéigure 3.6).
Lithofacies 3B

Lithofacies 3B (Figure 3.5 B) is characterized Hyeterolithic sediment assemblage
of argillaceous brownish black material and grayistiow coarse siltstone, lack of distinct
sedimentary structures due to prevalent bioturbgd 4), and an ichnogenera assemblage
of Nereites, Planolites, Scolici&igure 3.7).

Lithofacies 3C

Lithofacies 3C (Figure 3.5 C & D) is a moderategwlcalcareous fossiliferous
(brachiopods) coarse siltstone. Brachiopods ardenogpartially fragmented. Lithofacies 3C
has a much higher carbonate content than lithase@Beand 3C.

Unit 4
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Unit 4 is an argillaceous calcareous siltstone ithaituated conformably between U3
of the Sappington below and U5 of the SappingtamvabU4 has a thickness range of 2.3-
32.8 ft. and an average thickness of 13.6 ft. @rnas significant lateral lithologic,
sedimentary structure, and ichnological variabiihd is subdivided into 3 lithofacies (4A,
4B, and 4C).
Lithofacies 4A

Lithofacies 4A (Figure 3.8 A) has lenticular hetaracally bedded dusky blue mud
and starved moderate yellow silt ripples, soft seht deformation (Figure 3.9 B), and an
ichnogenera assemblage (Bl 2)Gondrites, Arenicolites, Planolit€sigure 3.9). The type
of Arenicolitesfound in the Sappington is a rare form originadigntified asBifungites
(Figure 3.10) (Gutschick and Lamborn, 1975).
Lithofacies 4B

Lithofacies 4B (Figure 3.8 B) is characterized bgvy heterolithic bedded grayish
blue green mud and moderate yellow silt with coradiffow ripples and a low diversity
ichnogenera assemblage dominatednicolites(Bifungiteg (Figure 3.10).
Lithofacies 4C

Lithofacies 4C (Figure 3.8 C & D) is characterizsdflaser heterolithic bedded dark
greenish gray mud and moderate yellow sand withbooed flow ripples, tempestites
vertically grading from basal large scale wave legmt the base to parallel laminations to
small scale wave ripples at the top (Figure 3.ha), and pillow soft sediment deformation
(Figure 3.11) on the underside of the tempestited,an ichnogenera (Bl 2) assemblage of
Arenicolites(Bifungiteg, Chondrites Macaronichnus, Planolite@igure 3.11).
Unit 5

Unit 5 is a dark yellowish orange well-sorted andreunded, lower very fine-
grained sandstone/coarse siltstone that is situatehrmably between U4 of the Sappington
below and unconformably between U6 of the Sappmgtmove. U5 has a thickness range of
0-33.5 ft. and an average thickness of 23.8 ftt Bms comprised of four lithofacies 5A, 5B,
5C, 5D (Figure 3.12).
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Lithofacies 5A

Lithofacies 5A (Figure 3.12 A) is a coarse siltg€amaracterized by interbeds of
highly bioturbated sedimentary structure-destroy@agd punctuated with parallel
laminations and aggrading wave-rippled tempestites.
Lithofacies 5B

Lithofacies 5B (Figure 3.12 B) is characterizedviayious ripple forms including
current ripples, aggrading current ripples, wapples, and combined flow ripples. Bedding
planes of lithofacies 5B are occasionally foundhwite trace fossllockeia(Figure 3.13)
Lithofacies 5C

Lithofacies 5C (Figure 3.12 C) is comprised of hiavioturbated sedimentary
structure-destroying sand with grayish blue wayglad sheet and lensoidal geometry
tempestites carrying various carbonate debris (iranoid stems).
Lithofacies 5D

Lithofacies 5D (Figure 3.12 D) is characterizeddtgnar cross-bedding and calcified
nodules in some locales.
Unit 6

Unit 6 is a mix of various lithologies situated onformably between U5 of the
Sappington below and the Williston Basin-like SicellMember of the Lodgepole above. U6
has a thickness range of 0-3.9 ft. and an avetageness of 2.2 ft. Unit 6 is divided into
four lithofacies 6A, 6B, 6C, 6D.
Lithofacies 6A

Lithofacies 6A (Figure 3.14 A) is a medium darkygcanglomeratic lag composed of
phosphatic fish debris.
Lithofacies 6B

Lithofacies 6B (Figure 3.14 B) is grayish black laated argillaceous siltstone.
Lithofacies 6C

Lithofacies 6C (Figure 3.14 C) is a dark gray bibaied laminated siltstone (Bl 3)
with an ichnogenera assemblage that incl@ssndrite$?) /Phycosipho(?), Planolites,
TeichichnugFigure 3.15).
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Lithofacies 6D
Lithofacies 6D (Figure 3.14 D) is a moderate oliwewn mixed carbonate clastic

with an ichnogenera assemblage that incli@ledithogFigure 3.16).
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Figure 3.1 Unit 1 lithofacies A) lithofacies 1A ltheample; B) lithofacies 1A outcrop; C)

lithofacies 1B hand sample; D) lithofacies 1B oafcfpen = 14cm); E) lithofacies 1C
hand sample; F) lithofacies 1D hand sample
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Figure 3.3 Lithofacies 1C fauna A) brittle star; @nchostracans
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Figure 3.4 Lithofacies 2 A) hand sample cross eactiew of oncolite with brachiopod
nucleus; B) outcrop
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Figure 3.5 Unit 3 lithofacies A) lithofacies 3A aubp (rock hammer = 33 cm); B) lithofacies
3B outcrop; C) lithofacies 3C outcrop; D) lithofasi3C hand sample
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Figure 3.6 Lithofacies 3A ichnogenera assemblageP(Bnolites Te=Teichichnus
Th=Thalassanoidgs
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Figure 3.7 Lithofacies 3B ichnogenera assemblagsi{ldreites PI=Planolites
Sc=Scolicig).
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Figure 3.8 Unit 4 lithofacies A) lithofacies 4A cubp; B) lithofacies 4B outcrop;

C)
lithofacies 4C outcrop; D) lithofacies 4C outcrop
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Figure 3.9 Lithofacies 4A (ClGhondrites PI=Planoliteg A) lenticular bedding and starved
ripples; B) convolute bedding (soft sediment defation)
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LIFUNGITES

Figure 3.10 Left) picture dArenicolites(Bifungiteg ichnogenera on bedding plane of
lithofacies 4A; Right) illustration of Bifungitesdm Gutschick and Lomborn (1975).
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Figure 3.11 Top) tempestite and adjacent strata fiihofacies 4C (Ch€hondrites
Ma=MacaronichnusPI=Planoliteg; Bottom) idealized tempestite succession fromtPli
(2010) with basal “cross-bedded coarse sand aneljnmaot present in above picture due to
insufficient high order energy.



Figure 3.12 Unit 5 lithofacies A) lithofacies 5Atotop; B) lithofacies 5B outcrop; C)
lithofacies 5C outcrop; D) lithofacies 5D outcrop
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Figure 3.13 Lithofacies 5B bedding plane wlibckeia(Lo) trace fossil
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Figure 3.14 Unit 6 lithofacies A) lithofacies 6Arthsample; B) lithofacies 6B hand sample;
C) lithofacies 6C hand sample; D) lithofacies 6dhaample
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Figure 3.15 Lithofacies 6C (Ch/P@hondrites/ PhycosiphonPIl=Planolites
Te=Teichichnu}¥
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Biostratigraphy

Previous conodont biostratigraphic dating of thp@agton Formation was done by
multiple studies in the 1950’s-70’s (Knechtel anaiskl, 1953; Sandberg and Klapper, 1967,
Sandberg et al., 1972). Currently a conodont stsidty progress at the University of Idaho
by Dr. Peter E. Isaacson. In addition, there isenity a palynological study being conducted
on the Sappington by Audrey Warren at the Universitidaho and Mercedes di Pasquo at
Laboratorio de Palinoestratigrafia of Argentina.

A Wheeler Diagram (Figure 3.17) was constructedgisbnodont results primarily
from Sandberg et al. (1972), supplemented withipireary conodont and palynology results
from the University of Idaho. Biostratigraphy wast the main focus nor the objective of this
project, but the establishment of a timeline of @agton deposition complements the
Sappington facies analysis and sequence stratigrépimework of this study. An updated
synthesis on the timeline of Sappington deposivas needed since 40 years and humerous
additions and revisions to the global conodont gdrave occurred since Sandberg et al.
(1972).

Conodont Biostratigraphy

The first step in the synthesis was to correlaiguife 3.18) the conodont zones of
1972 with today’s conodont zones. Several papesdierg et al., 1972; Dreesen et al.,
1986; Becker et al., 2012; Davydov et al., 2012)endilized to assemble the correlations
shown in Figure 3.18. The correlation was fac#ithby the 1-5 Sappington stratigraphic unit
nomenclature shown by Sandberg (1965). Sandbeilg @972) dated conodonts from the
Trident Member of the Three Forks Formation, Sagiein Unit 1, Unit 2, Unit 3, Unit 5,
and the overlying Lodgepole Formation (equivalenthit 6 in this paper). The results from
that study are as follows (with their 2012 corrielas in parentheses):

Trident member of the Three Forks Formati@caphignathus subserratad?elekysgnathus
inclinatus(Palmatolepis rugosa trachytemnd uppePalmatolepis marginifera
e Unit 1 -Polygnathus styriacu@almatolepis perlobata posteeand lower
Palmatolepis gracilis expanya
e Unit 2 -Siphonodella praesulcai&iphonodella praesulcaa
e Unit 3 -Siphonodella praesulcai&iphonodella praesulcata

e Unit4 - Barren
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e Unit 5 -Siphonodella praesulcai@iphonodella praesulcata
e Cottonwood Canyon Member of the Lodgepole Formafids) - Lower

Siphonodella crenulatdJpperSiphonodella quadruplicata Prognathus andersohi

(Figure 3.18).

The absence of conodont zdBeathognathodus costatoearks an unconformity
between Unit 1 and Unit 2 spanning ~1.5 my (FiguleB Between Unit 5 and the Unit 6
there are two conodont zones missiSgphonodella sulcatandSiphonodella sandbergi —
Siphonodella duplicaamarking an unconformity spanning ~4 my (Figurer3.1
Recent Conodont Biostratigraphy

A preliminary result from an ongoing study at theiérsity of Idaho (P. Isaacson,
pers. Commun., 2014) reve&@gphonodella isostich@igure 3.19) from the Scallion
Member of the Lodgepole Formation. There are nadont zones missing between the
between Unit 6 and the Scallion Member of the Laade Formation, yet the sharp
lithologic contact between the units and the benxetf uppermost Unit 6 beneath the
Scallion still indicates an unconformity. Furth®nit 5 hasApatognathus varian@mong
other taxa. Savoy and Harris (1993) show thatariansoccurs at the very latest Famennian,
in the uppermost Costigan Member of the Pallisenfadion in the Alberta Rockies. This
confirms a Devonian age for Unit 5.

Palynomorph Biostratigraphy

Past conodont studies have not yielded results aih4 of the Sappington although
Unit 3 and Unit 5 are botSiphonodella praesulcateone. It can be assumed that Unit 4 falls
within Siphonodella praesulcatas well. Based on this assumption, placement of the
Devonian-Mississippian boundary falls within thecanformity between Unit 5 and Unit 6.
Encouraging preliminary results from an ongoinglgtwith Sappington collaborators
Audrey Warren at the University of Idaho and Meedi Pasquo at Laboratorio de
Palinoestratigrafia of Diamente, Argentina have meylications for the placement of the
Devonian-Mississippian boundaiigetisopora lepidophyta cosmopolitan miospore index
taxon for the latest Devonian was recovered front 4n



41

Figures
West Lombard Thrust East
80 miles
= AsC BBG ReH DiH T LoG NiG Har Mol
2| . Ej Standard 2012 ' \ Y
t| 8| £ | Conodont Zones
M
——— u -
isosticha T I T rm—rr— _ﬁ__;_*‘__k‘*7¥§tiﬂmu Member of Lodgepole Fm
] ’ SB4 ]]:H]I
e 354 griadruplicatal—————LAILAL LI L L UL 1L L L L] L S8 N 5 N S A 1 B
’§: =l , Unit 6 Sap Fm
A ' ’
Z\|&
ZI|E
= | 3 (356 '
S sandbergi '
zfF] 1 SB3
e} 357
I — '
ssu  duplicata [
] ‘
. sulcata /—r’_/__/._ ’4 ,-._- B A L1 _,-I_J;l-igg-s._ﬂpFE]-.—-..—,;-...*.,_—-.,-_.-V-_,\..—-—\
] Tcat | . Unit 4 Sap Fm )
praesuicata 11 11 1L~ Unit 3 Sap Fm | Unit 3 Sap Fm
=} Tnit 2 F
Z2ls
=2
= SB2
S1ET  expansa
2E| A P L1l
% 5oy Unit 1 Sap Fm o
3
postera | | SBl L
L 5 0 15 0 0 e
trachytera | Trident Member of Three Forks Fim
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Figure 3.19 Picture déostichaconodont from Scallion Member of Lodgepole Formaiat
Lewis and Clark Caverns section
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Drivers for Sappington Deposition

Deciphering the accommodation effects in a basieustasy-driven base level
changes from tectonic-driven base level changgensrally a function of scale (Robin et al.,
1998). Eustatic driven base level changes can tyelated globally, while tectonic-driven
base level changes are localized within a spelo#gin.

Eustasy is the proposed driving mechanism resplanibperiods of Sappington
deposition and non-deposition (unconformities)ia Sappington Basin driven by
Gondwana glaciation in the Late Devonian-Early Misippian. Biostratigraphic dating of
the Sappington (Knechtel and Hass, 1953; SandetdKmpper, 1967; Sandberg et al.,
1972; P. Isaacson, pers. Commun., 2014; A. Wapers, Commun., 2014) and Bakken
(Thrasher, 1985; Huber, 1986; Richards and HigdiB88; Richards, 1989; Karma, 1991)
indicate correlation of unconformities within bddrmations (Figure 4.3). These
unconformities correspond to periods of global leval fall in the Late Devonian-Early
Mississippian as outlined in the Paleozoic seatleueve (Figure 3.44) of Haq and Schutter
(2008).

Lower magnitude base level changes in the Sappirigésin associated with
differential uplift and subsidence from Antler tectsm (see Tectonic History for further
discussion), in conjunction with low-magnitude $&#el changes are the mechanisms
responsible for the vertical and lateral facieet@eneity of the Sappington. Regionally,
stratigraphic units of the Sappington and Bakkegmeap similar. However, discrepancies in
lithofacies character exist between the Sappingt@hBakken, as well as within the
Sappington in the study area of the SappingtonrBdsiese differences are proposed to be a
function of differential tectonism in the two basin

The proposed mechanisms for the abundance of argaeservation observed in the
Lower and Upper Members of the Sappington are eamation of transgression and
eutrophication. Eutrophication (see Paleoclimat#ir®efor further discussion) resulted from
the upwelling of deep nutrient-rich bottom wateZsplan and Bustin, 1999) and/or the
inundation of bottom water environments with plardtter (Algeo and Sheckler, 1998) from

Late Devonian land plant diversification.
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Facies Analysis

The depositional center for the Sappington Formatras the Sappington Basin of
the greater Central Montana Trough (CME)rpor! Reference source not foundFigure
1.5), a paleotopographic low that formed alongrttagins of a west-east-oriented
reactivated Precambrian aulacogen (Maughan, 198@) Sappington Basin was a low-
accommodation intracratonic shelfal basin thatrditisupport substantial water depths. This
low-accommodation interpretation of the Sappinddasin is supported by low-
accommodation depositional systems, several unamitfes in a relatively short time
interval, and aggradation / poorly developed prdgtian. The basin could have resembled a
flooded river valley type embayment with Sappingti@position representing valley fill.

The lithofacies of the Sappington, with the excapwf lithofacies 1A, do not show a
true “deep water” offshore environment. The shalfmleoenvironments had periodic anoxic
events created by a combination of eutrophicatiahteansgression. This shallow water,
low-accommodation interpretation for the Sappings@asin suggests that average to above
average eustatic fluctuations were responsiblén®abundance of unconformities in such a
short time frame. Interpretation of the Sappinggasin as a deep subsiding basin would
require significantly above average, high amplitusteort term sea-level fluctuations (based
on the sea-level curve of Haq and Schutter, 2098)est to east cross-section (Figure 3.38)
in the Sappington Basin shows aggradation / patelyeloped progradation indicating the
lack of a true “shelf break”. A shelf break woule &xpected in a classic deep subsiding
basin, and thus the absence of a shelf breaktisefuevidence of a shallow, low-
accommodation basin. A shelf break may be presethiet west out of the study area
between the Sappington Basin and the incipienteArtbreland Basin.

The lack of a shelf break and overall low-accomntioteof the Sappington Basin
complicates fitting a classical sequence stratigiamodel to the Sappington. The
southwesternmost Sappington section in this stAdhlfough Canyon) is characterized by
an anomalously thick Lower Member and anomalously Middle Member when compared
with the other studied sections. This is evidehag the Ashbough Sappington section is
located in the distal portion of the SappingtoniBa&s a transitional zone with the incipient
Antler Foreland Basin. The interpretation of th@@@agton Basin as a low-accommodation

depositional basin adequately accounts for theohtidal vs. wave dominant energies,
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variable levels of oxygenation, and variable sglifevels observed in the Sappington. The
depositional environment interpretations for theSHppington lithofacies will be presented
here, and a more in-depth lateral equivalency dson is presented in the Facies
Relationships section of this paper.
Lower Member

The Lower Member of the Sappington is composedludfacies 1A, 1B, 1C, and 1D
and is bound by unconformities (Figure 1.2) with fhree Forks Formation below and with
U2 of the Sappington above. Ul was deposited aweelnergy, variably stressed salinity,
and minimal oxygen (dysoxia/anoxia) environmentwkomost U1 is characterized by a
weathering surface at the top of the Three Forlgu(E 3.25), which is found with an
occasionally preserved amalgamation of various lnezatl clastics and carbonates
suggesting a regolith (Figure 3.21). This dep@dtng with previous biostratigraphic dating,
shows subaerial exposure and non-deposition dfttiree Forks-Sappington unconformity.

Above this deposit is a partially pyritized lag qoosed of fish bones (Figure 3.22)
from the re-working of more distal deposition asatexl with transgression. The Ul
lithofacies assemblage present at each sectioesvaith location in the basin. Relative to
other U1 lithofacies, lithofacies 1A is the deepeater and most open marine deposit. The
majority of outcrop sections containing lithofacies are found to the west (Red Hill,
Ashbough Canyon) in the study area. These wesgetioas have abundant bedded chert
interbedded with fissile black shale throughoutdad A. In thin section, the chert beds have
pelagic tests of siliceous organisms (Figure 3.20Bagenetic heating of the silica in
lithofacies 1A beds concentrated with pelagic tests remobilized to form chert beds.
Lithofacies 1A chert beds are found throughoutlifities 1A, but are enhanced at sections
in close proximity to localized igneous intrusisgweh as at the Red Hill section (Figure
3.23). In addition, mobilized eolian silt-sized gueclasts are present through much of the
Sappington, being ubiquitous in U2-U6. Further thiation analysis of lithofacies 1A chert
beds may reveal silt-sized eolian-derived quadstsl which would supply additional silica
via the process outlined by Cecil (2004). In addiitio the western localities with lithofacies
1A, there are occurrences to the east (Bridger NMdons sections). The eastern occurrences

are thinner (16 ft. at Frazier Lake section as spddo 47 ft. at Ashbough Canyon) and have
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fewer chert beds. This eastern lithofacies 1A aenge was the result of increased
accommodation to the east by differential subsidemithin the Sappington Basin.

In the central portions of the Sappington Basirtwieen western and eastern
lithofacies 1A deposition, the laterally equivalétitofacies 1B was deposited. Lithofacies
1B is the proximal lower accommodation equivalerithofacies 1A, and represents an up-
dip manifestation of the same bottom water eutropbinditions present during lithofacies
1A deposition. Lithofacies 1B has a thickness raofg@in.-10 ft. Between lithofacies 1A/1B
and lithofacies 1C there is indication of post 1BMon-deposition evident by a stained
altered surface (Figure 3.25) and previous docuatiemt of a lag by Gutschick and Sandberg
(1970). This altered surface was only observetietNixon Gulch section where significant
time was taken to trench and brush the Lower Merb#arop. This surface is likely present
elsewhere, but requires more outcrop preparati@xpose it.

A post-unconformity transgression and/or tectoniossdence flooded an area of the
Sappington Basin that was much smaller than littiefa1lA/1B deposition. This smaller area
meant the connectivity between the basin and tlea oparine environment to the west was
less than during lithofacies 1A/1B deposition, whoontributed to less mixing of the water
column and resultant dysoxia/anoxia. The presehcerchostracans (clam shrimp) and
echinoderms (brittle starfish) are evidence of alde salinity environment. In the modern
world, conchostracans (Figure 3.3 B) are restritbdalackish and fresh water environments
(Gutschick and Rodriguez, 1978). The most favorabMronment for conchostracans are
muddy sediment, shallow water depth, and low ené@gitschick and Sandberg, 1970).
Brittle starfish (Figure 3.3 A) are an exclusiveharine fauna. The lithofacies 1C faunal
assemblage of fresh to brackish water conchostsgeained with normal marine water brittle
starfish indicates fluctuating salinity levels retbasin. The small size of the brittle starfish
found in lithofacies 1C could be the result ofhigiin a stressful variable salinity
environment. The faunal and sedimentologic evidemd¢ighofacies 1C suggests an
environment with fluctuating salinities, low eneygyd dysoxic/anoxic conditions. This
indicates the presence of shallow, stagnant, asstdad environments in the Sappington
Basin.

Lithofacies 1D represents a shift to normal salieitvironments through the de-

stratifying and mixing of the water column. ThedKdo green rock color transition and the
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fauna differences between lithofacies 1C and ldahiefs 1D support a transition to a
paleoenvironment with normal or close to normaingigl levels. Gutschick and Rodriguez
(1967), desribed the brachiopod assemblages @dbpington as increasing in diversity
between lithofacies 1C and 1D. Increased speciessity shows more favorable
environments in which fauna are forced to diverf#gding strategies to compete for
resources and thus branch off into various spg@e®emberton & J. MacEachern pers.
Commun., 2014). The difference in brachiopod spedieersity from lithofacies 1C to 1D
suggests that lithofacies 1C was a more stred#fictjating salinities, non-normal marine
salinity) living environment than in lithofacies 1Dhe creation of a stressed salinity living
environment would have been induced by changdseitatyout of the basin making it more
restricted. A more restricted basin would havealgld consequences for levels of salinity
through the minimizing of the degree of exchangg/ben basinal water and normal marine
waters, increasing of the effects of evaporatiowl, @nhancing of the effects of differential
rates of water run-off. Mechanisms for the altemfighe basin layout were base level
changes induced by eustasy and/or tectonics.
Middle Member

The Middle Member of the Sappington includes U2di8 represents a general
shallowing-up regressive sequence bounded by uaruaitfes. The Middle Member
conformably transitions from a transgressive atastarved shoreface environment in
stratigraphic Unit 2 (U2) to a regressive wave-duated lower to middle shoreface
environment in U3. Sea-level reached a point ofimar flooding extent during U2
deposition (Figure 3.26) at which point the MidtMember transitioned into a regressive
phase for U3 through into the U5-U6 unconformitjtefnatively, sea-level stand still and
progradational filling of the basin could have oted in the Middle Member post-U2
deposition. U3 transitions abruptly, although cenfably, into a tidal-dominated estuarine
environment in U4. The U4 to U5 transition is alirbpt conformable as well, transitioning
into a wave-dominated lower shoreface to foreskoreronment in U5. A schematic
representation of the regression that dominatedittidle Member is present in Figure 3.26.

The surface between U1l and U2 is an unconformigyatterized by scouring (Figure

3.277) and lag channel fill (Figure 3.288) ass@&tlawith a post unconformity transgression.
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The predominantly carbonate deposition of U2 catéracross the unconformity (SB2) with
the predominantly siliciclastic deposition of U1.

The fauna in lithofacies 2 consists of brachiopedsoid stems, and oncolites. The
distribution of fauna in outcrop is evenly distried or concentrated in event beds (Figure
3.299). Oncolites are mobile (unattached) strontasWith alternating concentric layers of
sediment and algal growth (Gutschick and Perry9).95torm and wave energy rolled the
oncolites and trapped cyanobacteria around theena¢Shi and Chen, 2006). Distribution
and size of the oncolites in lithofacies 2 are wafed by the proximity of the seafloor to
storm and fair-weather wave base. Energy leveisaypf the middle shoreface would be
ideal for oncolite growth. Higher energy leveldle upper shoreface may limit
cyanobacteria growth, and lower energy levels Blpo€ the lower shoreface, where the
seafloor is below fair weather wave base, wouldtlthre rolling of the oncolites to only
during storms. Throughout the study area, lithaad@ was deposited in a clastic-starved
carbonate-prone shoreface environment. The raaeafmmodation creation during U2
deposition was greater than the rate of sedimentastarving the basin of significant
siliciclastic deposition and allowing for carbondgposition. There was still eolian
mobilized silt sedimentation in the basin that haneg carbonate growth, but was not
significant enough to completely mask the carbanate

The predominantly carbonate deposition of U2 grigti@ansitions into the
predominantly siliciclastic deposition of U3 asesult of the slowing of the rate of
accommodation space creation, which allowed foraite of sedimentation to prevail and
clastic deposition to return to the basin. Sedimgnstructures, grain sizes, and ichnogenera
assemblages of lithofacies 3A indicate depositioa wave-dominated lower to middle
shoreface environment. Lithofacies 3A occasionaigresses itself in outcrop as a set of
cleaning-up tempestite capping beds (Figure 3.308@omparison to lithofacies 3A,
lithofacies 3B has greater mud content, lack dfimiis sedimentary structures, and a greater
Bioturbation Index (BI) indicating a more distdian lithofacies 3A, environment such as
wave-dominated upper offshore. Lithofacies 3C ated in uppermost U3 and is a
brachiopod-rich silty carbonate deposited in amdabe basin more sheltered from

siliciclastic deposition (Figure 3.31) where bragiods were able to establish populations.



50

The transition from U3 to U4 is abrupt but gradiasiband represents a rapid change
in energy from a wave-dominated shoreline to d-tiideninated estuary. In this study the
term “estuary” is defined as a semi-enclosed cbhstdy of water with a pseudo-barrier
system acting as a baffle to open marine wave gnétee tidal-dominated estuarine
interpretation of U4 is supported by the heteratigedimentary structures (i.e. flaser
bedding, lenticular bedding), an impoverished igferera assemblage, and a lack of fauna.
The impoverished ichnogenera diversity of U4 dort@ddy abundarrenicolites
(Bifungitesjs evidence of a stressed living environment. Adddlly, the lack of fauna in
U4 is another indicator of a stressed living enwviment. This type of stressed living
environment was likely a result of non-normal margalinities and is suggestive of a
brackish water setting, commonly associated withages. The lenticular heterolithic
bedding (Figure 3.8A) and ichnogenera assemblagthofacies 4A is indicative of a tidal-
dominated outer estuary. Lithofacies 4B was depdsit a medial estuary setting and is
characterized by wavy heterolithic bedding (FigBu@B) and a low-diversity ichnogenera
assemblage dominated by abundargnicolites which when found in high abundance has
been shown to be associated with mixed tidal {RR&snberton et al., 2011). Lithofacies 4C is
distinguished from the other U4 lithofacies by @abedding (Figure 3.8C) and interbedded
tempestites. As wave energy from storms moved aeshize disturbance of the seafloor
intensified with shallowing water depth leaving lmeha distinctive internally stratified
tempestite (Figure 3.11) (Plint, 2010). Lithofaci€3 has a much stronger storm wave energy
influence (Figure 3.8D) than the other two U4 lidmes, which is attributed to shallower
water depths and a greater fetch. Sand contergares landward due to closer proximity to
sediment sources as well as the onshore movemetdstics due to the flood current being
the dominant tidal current. This, along with thieriogenera assemblage, indicates deposition
in the mixed tidal- and wave-dominated inner estuar

Unit 4 is the most peculiar of the Middle Membeaasgraphic units because it
displays an abrupt (Figure 3.32) yet conformaldedition to tide-dominated energy from
wave-dominated energies of U3 and U5. The shifbfreave- to tidal-dominant energy
indicates a change in the layout of the basindHatved for increased protection from wave
energy and increased influence of tidal energy.fdohmation of a barrier at the mouth of the

basin and subsequent creation of an estuary-likea@mment occurred rapidly in terms of
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geologic time, which is expressed by the sharpamistof U3-U4 and U4-U5. The driving
mechanism behind barrier formation could have lmeenor a combination of an abrupt sea-
level fall, tectonically induced uplift, and/or logr bar formation from changing coastal
currents. An abrupt sea-level fall could have erpas previously submerged subaqueous
high(s), which would have acted as a barrier fowyisidal energy across a smaller cross
sectional area at the mouth of the estuary anccnegihe wave influence in the basin.
Additionally, tectonically induced uplift could hawhad the same effects on the basin.
Alternative to a base level change, the strengtiicairorientation of coastal currents could
have resulted in the formation of a barrier syséérie mouth of the estuary, which would
have limited wave energy and increased tidal enéngihe absence of additional evidence,
the identification of the mechanism driving barfi@mation remains enigmatic.

The contact between U4 and U5 is another abrupgiautational contact and
represents a proximal shift in the depositionaliemment from a tide-dominated estuary in
U4 to a wave-dominated shoreline in U5. The proxishét in environment from U4 to U5
was associated with the introduction of coarsestda to the system. The coarse-siltstone to
very fine-grained sandstone of U5 has the coa(ed®tr than the lags) clast sizes that are
present in the Sappington. The four lithofacieb¥/bfare characterized by various
sedimentary structures representing different foofr&andy shoreface to foreshore
environments. Lithofacies 5A, with its interbeddeghly bioturbated sand and tempestites
(Figure 3.33), is interpreted as being depositatienower shoreface. The assemblage of
ripple forms (current ripples, aggrading currepptes (Figure 3.34), wave ripples, and
combined flow ripples) in lithofacies 5B are indizig of a middle to upper shoreface
environment. Lithofacies 5C is a mix of heavily toidated sand and tempestites. The
tempestites in lithofacies 5C were variably diageady calcified and show distinct
tempestite internal stratification (Figure 3.35ar\us carbonate debris (i.e. crinoid stems)
contained in the tempestites are the source ofdlwegum carbonate that was later
remobilized throughout the tempestite bed. Lith@a&C was deposited in a lower
shoreface environment in close proximity to latgratjuivalent carbonate units. The
diagnostic sedimentary structure of lithofaciesiSplanar cross beds (Figure 3.12) an
indicator of a foreshore environment. At Dry Holldithofacies 5D was seen in conjunction

with calcified nodules (Figure 3.12).
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U5 was deposited in a wide swath stretching at k@sniles (measured from present
outcrop locations not palinspastic reconstructigrespendicular to the paleoshoreline and
measuring at least 30 feet in thickness. This suladand deposition is unlikely in a steady
state sea-level with the depositional timeline &f @nd thus increased erosion rates are
necessary. Increased erosion rates could haveitdered by uplift or sea-level fall, both of
which would be accompanied by a regressing sha.efnmary sand deposition takes place
in the shoreface and as base level falls distak$hoe environments transition into proximal
shoreface environments. This distal to proximaksfaxe transition is evident in the
generally coarsening-up character of U5. As an afélae basin is subaerially exposed some
of the upper poorly consolidated sand bodies avared-off and recycled, which means the
preserved thickness of U5 is less than what waseatime deposited. Low-magnitude base
level changes along with differential erosion rgtagure 3.39) in different parts of the
Sappington Basin is the reason lithofacies assoomtlo not consistently become more
proximal up section. U5 deposition ended as sealfell out of the Sappington Basin
exposing the basin to a period of non-depositiahlaading to the U5-U6 unconformity.
Upper Member

U5 and U6 are in unconformable contact across aonformity (SB3) of ~4 my
(Figure 3.17). During that time the Sappington Baipocenter migrated eastward (Figure
3.20 & Figure 3.38). U6 is comprised of 4 lithofegi(Figure 3.36) partially deposited in a
limited oxygen environment. Dysoxic to anoxic cdratis were present in subequatorial
coeval basinsHrror! Reference source not foundFigure 1.5) around the world during the
earliest Mississippian, such as in the Bakken axgh&wv formations. Similar anoxic
deposition took place in U6 of the Sappington duyitims time, but overall the grain sizes in
the Sappington are coarser-grained than the BakkdrExshaw, an indicator of lower
accommodation in the Sappington Basin comparelded\illiston Basin and Prophet
Trough (Figure 1.5). Lithofacies 6A is a conglontieréag, which indicates a post-
unconformity transgression. Lithofacies 6B is agilceous siltstone deposited in the upper
offshore environment. The lithofacies 6C ichnogaressemblage @hondriteg¢?) /
Phycosipho(®), Planolites,TeichichnugFigure 3.15), along with the mix of dark and light
colored silt, is an indicator of episodic oxygembtenditions in lower shoreface water

depths. Lithofacies 6D was not deposited undertdichoxygen conditions and is a mixed
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carbonate clastic with an ichnogenera assemblageéntiudedSkolithos(Figure 3.16). The
carbonates within lithofacies 6D may indicate thétsn global conditions that lead to
widespread carbonate deposition during the Miggian (e.g., Lodgepole Formation).
Lithofacies 6D was likely deposited in a low-energgrbonate-prone shoreface
environment.

U6 is unconformably overlain by a Williston Basioa8ion-like Member of the
Lodgepole Formation. The Scallion represents thmlmleposits of prolonged carbonate
deposition associated with the transition to a glatehouse climate. In outcrop, the Scallion

differentially scours the uppermost Sappington Fairom (Figure 3.36 and Figure 3.37).
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Figures
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Figure 3.20 Cross section (A-A’) showing generalda distribution and relationships in the
Sappington Basin.
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Figure 3.21 Basal U1 regolith (red arrows pointlasts of weathered and re-worked mixed
carbonate and clastic debris sitting in clay-ricitmx).



Figure 3.22 Transgressive lag at the Three Fot42 €ontact.
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Figure 3.23 Abundant chert beds (red arrows) hofdcies 1A.
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Figure 3.24 Cross section-) of U1 (2-Ashbough Canyon, 1Bed Hill, 9=Dry Hollow,
1=Antelope Creek, 7=Logan Gulch, 12=Nixon GulchiHérdscrabble.
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Figure 3.25 Outcrop picture of U1 lithofacies siesten (lithofacies 1B, 1C, 1D, 2). Definite
unconformities exist at the Three Forks — litho#ésclB contact, as well as the lithofacies 1D
— lithofacies 2 contact. An additional unconformmtyy exist at the contact lithofacies 1B —
lithofacies 1C contact.
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Figure 3.26 A shematic representation of base level changesiMiddle Member of the
Sappington. Left) relativeeelevel curve showing transgression during U2 followec
regression for U3 through -U6 unconformity; Right) diagram showing proxin
depositional environment transitions of the Midilember.

ts" m:* NS 5 el AREARE S J‘ A‘? i B - l,' R, <)

Figure 3.27 Outcrophoto of scoured Three Fo-U1 contact and U1-PJcontac (brush =
30 cm).
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Figure 3.28 Outcrop photo of lithofacies 2 lag @viapod and crinoid stem fragments)
channel fill (red arrows point to some of the larz®s).



Figure 3.29 Lithofacies 2 fossiliferous (fragmenbedchiopods and poorly developed
oncolites) tempestites (red arrows) (pen = 14 cm).
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Figure 3.30 Outcrop of lithofacies 3A near (recbars point to tempestite capping beds).
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Figure 3.31 Uppermost Unit 3 showing more resistanteathering carbonate nature o
lithofacies 3C (Jacob’s Staff in lower portion aftpre = 1.5 m).
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Figure 3.32 U4-U5 contact A) gradational expresglitnofacies 5A) (brush = 30 cm); B)
non-gradational expression from (compass widthcm®
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Figure 3.33 Lithofacies 5A (red arrows point to pastites) (compass width = 8 cm).
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Figure 3.34 Lithofacies 5B (red arrow points to r@giing current ripples) (pen = 15 cm).
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Figure 3.35 Lithofacies 5C Left) tempestite fromgiR) outcrop
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Lodgepole

. Lithofacies 6D

Figure 3.36 UG lithofacies (6A, 6B, 6C, 6D) in outtg; lithofacies 6D is being beveled to the
left by the overlying Scallion Member of the LodgépFormation (notebook length = 23
cm).
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Facies Relationships
Lower Member

During Lower Member deposition, the majority of ihéernal Sappington Basin was
a broad shallow basin with western distal deepe(fingure 3.38 & Figure 3.24) towards the
incipient Antler Foreland Basin and thinning andghiing out to the southeast onto the
Beartooth Shelf (Figure 3.40). The area of greaesbmmodation lied to the southwest at
the Ashbough Canyon section (Figure 3.38), whichdtdeast 47 ft. of Lower Member black
shale. Dysoxic/anoxic deposition prevailed as alted a combination of Late Devonian
sea-level rise and eutrophication (see Paleoclisetgon). Lithofacies 1A and 1B are time
correlative and represent the relatively greaterlaaser accommodation equivalents to one
another. Lithofacies 1A was deposited under moenaparine like conditions to the west
and lithofacies 1B was deposited under more teragtike conditions to the east.
Lithofacies 1C deposition was less widespread fifanr 1B and was deposited in a variable
salinity environment associated with a change énldalance of circulation of normal marine
water in the basin and fresh water run-off. Litroasés 1D was fully marine and more
widespread than lithofacies 1C, as a result oftgreaixing of open marine and basinal
waters.
Middle Member

The Middle Member thins and pinches out (Figurdl Bto the southeast onto the
Beartooth Shelf (Figure 3.38). U2 is found in aiamoncolitic lithologic character
throughout the entire study area. In the Lithofagection of this paper oncolites were
proposed to have formed under shoreface enerdjigss theory is correct than to the
southwest (Ashbough Canyon section), in the pomictme basin with greatest
accommodation for Lower Member deposition, shalimyof seafloor relief via tectonic
induced uplift would have been required. Howevieoncolites can form under a wider range
of energy regimes beyond the shoreface, than shiallpoof seafloor relief is not required.

Unit 3 is similar in lithologic character (lithafees 3C) throughout the majority of the
study area with the exception of the most proximatrop location (Moose Creek) where
lithofacies 3B was deposited. The lower energy diejpmal nature of lithofacies 3B at the
most proximal outcrop section is contradictory amaly indicate short lived localized

subsidence. Unit 4 thickens westward until it disegr's between the Red Hill and Dry
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Hollow sections. This disappearance at Red Héitisbuted to U4 equivalent deposition out
of the estuary on a wave-dominated shoreline iridhra lithofacies 3A deposition. The
sedimentary structures of U4 transition from flasewavy to lenticular bedding from
southeast to northwest indicating a proximal teadisansition in the estuary. U5 generally
thickens from southeast to northwest until it atisughins between the Dry Hollow and Red
Hill sections in the same location where U4 disapeé. This abrupt disappearance and
paralleling thickness pattern of U4 and U5 is ipteted as the filling of the U4 estuary with
coarser clastics during U5 deposition brought ombyeased up-dip erosion rates from
abrupt sea-level fall or tectonic uplift. Alternagly, the U5 estuary fill depositional pattern
could be a result of progradation, but the abraptire of the U4-U5 contact supports the
preceding interpretation. Within the bounds ofthkeestuary U5 grain sizes and sedimentary
structures fine and decrease in energy to the wesiating east to west proximal to distal
transition.
Upper Member

During the unconformity between U5 and U6 the arffegreatest accommodation in
the basin shifted to the east (Figure 3.42). Tasgward migration is attributed to increasing
eastern subsidence coupled with western upliftindutihe 4 my of non-deposition between
U5 and U6. Previous work (Benson, 1966; Sandbead €1972; Nagase, 2014) has
indicated the presence of another basin to thecedstf the study area known as the
Cottonwood Canyon Basin in which Upper Member Sagion equivalent Cottonwood
Canyon Formation was deposited. The relationshiwdsn the Cottonwood Canyon Basin
and the Sappington Basin has seen little investigand is largely unknown, but it is
possible that by the time of Upper Member Sappimgteposition that the Cottonwood
Canyon Basin and Sappington Basin had merged.
Structural Complications

Post depositional Laramide and Sevier deformatiagufe 1.9) in the basin needs to
be considered when discussing lateral facies oglsliips and subtleties in basin architecture.
Unfortunately, not all of the studied outcrop seet can be treated as being deposited
situ. The region’s main structural feature is the LondbBhrust Fault which has transported
the Elkhorn Thrust Plate at least 70 km (Burtoalgt1998) to the east. A simple palinspastic
restoration was conducted in the isopachs (Figute, Figure 3.41, Figure 3.42) of the
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Sappington’s three members to account for Lombardist transport to provide a more
accurate visualization of the situdepositional layout in the basin. Five of the waste
studied sections (Copper City, Dry Hollow, Lone Mtain, Milligan Canyon, Red Hill) are
located on the Elkhorn Thrust Plate. Based onrgsgnt day location, the Copper City and
Trident sections appear to be only 7 km apartwhen considering Elkhorn Thrust Plate
translation these two sections were originally d#ed approximately 77 km apart.
However, a west-east cross section (Figure 3.3®psadhe fault does not reveal much
variation with the exception of the absence of W&wof the fault. The Lombard Thrust is
the most significant, but not the only structuedtiire in the study area. Thus, to create a true
depositional model for the Sappington Basin a maepth palinspastic restoration needs to
be developed.
Shelf Break

The location/existence of a shelf break in the wtar@ga is enigmatic (see Sequence
Stratigraphic Framework section for discussiomagbaortance of the shelf break in sequence
stratigraphy). Was there enough accommodationarStppington Basin to support the
existence of a shelf break? Was the Antler ForeBain (Figure 1.9) developed enough
during the time of Sappington deposition to suppashelf break with the Sappington Basin?
The lack of lowstand systems tract lithologies uocoops within the study area indicates the
lack of a shelf break. It is possible that outh# study area to the west that evidence of a
shelf break may exist. Flysch deposits of the Lptig equivalent McGowan Creek
Formation in eastern Idaho are evidence of lowstwmbsits by the time of Lodgepole

deposition, but to this point similar evidence tioe Sappington has not been located.
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Figures

Figure 3.38 Cross section{C) showing Sappington lateral facies relationshipthe
Sappington BasinlEAntelopeCreek, 2=Ashbough Canyon, 3=Brown Back Gu
4=Copper City, 5=Frazier Lake, 6=Hardscrabble, fFroGulch, 8=Lone Mountain, 9=D
Hollow, 10= Milligan Canyon, 11=Moose Cre, 12=Nixon Gulch, 13=Red Hill, 14=Moo:
Creek, 15=Trident). Yellow pins represiMcMannis (1962) sections where Sappingto
absent (16=Boulder River, 17=Cinnabar Mountain,d8ske City, 19=Mill Creek

20=Mission Creek)
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Figure 3.39 Conceptual model showing uppermost ilérdntial erosion (LSF=lower
shoreface, MSF=middle shoreface, USF=upper shaekg=foreshore).
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Figure 3.41 Sappington Middle Member isopach (Lordérust pa;linspastically regtored)
(figures were generated with the Generic Mappingl)lo
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Sequence Stratigraphic Framework

The basis of sequence stratigraphy is the sequetiet) is defined as a relatively
conformable succession of genetically related atfoatinded at their upper surface and base
by unconformities and their correlative confornsti®ail et al., 1977). Sequences are made
up of systems tracts, which are defined as gerigt@ssociated stratigraphic units that were
deposited during specific phases of the relatizeleeel cycle (Posamentier et al., 1988). In
this study, the original three part systems tréadsification scheme of lowstand systems
tract (LST), transgressive systems tract (TST),laghstand systems tract (HST) is used. In
sequence stratigraphy the shelf break is usedeagtbrence point for determining system
tract classifications. LST is defined by depositimtow the shelf break during base level fall
when the rate of sedimentation exceeds the raaeafmmodation space creation. LST is

characterized by erosion and non-deposition abowaslielf break, and by the formation of a
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wedge and/or fan below the shelf break. TST isnaefiby deposition above the shelf break
during a rise in base level when the rate of accodation space creation exceeds the rate of
sedimentation. TST is characterized by initial enogollowed by retrogradational

deposition above the shelf break and minimal sediat®n below the shelf break resulting

in the formation of condensed sections. HST ismaefiby prograding deposition during base
level stand still when the rate of sedimentatioceexis the rate of accommodation space
creation. HST is characterized by deposition iltjtiabove the shelf break with the potential
for progradation to bring deposition below the shetak as well. In sequence stratigraphy
there are three primary surfaces of significanequence boundary, transgressive surface,
and maximum flooding surface. The sequence bouriday erosional surface at the base of
the LST and the base of the sequence. The trassgresirface is an erosional surface at the
base of the TST and represents initial flooding é@plosition above the shelf break. The
maximum flooding surface is a depositional surfiacated at the top of the TST and
represents the transition from TST to HST.

Sequence stratigraphic analysis was created foomu$arge scales on continental
margins where the seafloor transitions from a lelief shelf, crosses a shelf break, and
transitions into deep water high accommodationrggttsuch as the continental slope and
abyssal plain. This complicates fitting a sequestcatigraphic framework to the Sappington
because it was deposited in a low-accommodatisadrdgtonic basin. In this type of setting a
shelf break does not form or is poorly developdte $tudy area for this project is proposed
to take place entirely above the shelf break. Cqueetly, lowstand deposits are not seen in
the study area and are represented by a stackedrgggboundary and transgressive
surfaces. The sequence stratigraphic interpretatiothis study were derived solely from
outcrop.

The Sappington represents approximately eightaonilliears of deposition yet only
averages 73 ft. thickness for the entire set atigiaphic units. The thickness to time ratio of
the Sappington is a function of both compactiowel as at least four unconformities
representing significant lengths of time of non-a&pon and erosion. Sequence boundaries
are present at the following four horizons: Threeks Formation and Sappington Lower
Member (SB1), Sappington Lower and Middle MembdZ5 Sappington Middle and
Upper Member (SB3), and Sappington Upper MemberSoadlion Member of the
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Lodgepole Formation (SB4) (Figure 3.43). The preplosequence boundaries are seen in
outcrop as a combination of a) discolored iron exsdrfaces, b) sharp surfaces separating
contrasting lithologies, c) transgressive lags/and) scoured erosional surfaces. Evidence
for sequence boundaries is further supported bytibdished biostratigraphic dating of
others (Sandberg et al., 1972) and unpublishedrbtagaphic dating of collaborators at the
University of Idaho.

The Lower, Middle, and Upper Members of the Sapjeingach represent sequences.
The combination of the locations of sections stddauhin the Sappington Basin, and the
low-accommodation nature of the Sappington Bagsirtdean incomplete systems tracts suite
in each of the sequences.
Lower Member

Sequence boundary 1 (SB1) (Figure 3.43) is locagddeen the Three Forks
Formation and the Lower Member of the Sappingtoprénounced surface of discoloration
(Figure 3.25), the result of oxidation from subakexposure, and a transgressive lag (Figure
3.22) highlight the presence of SB1. Past resaareljuivalent Sappington formations such
as the Bakken and Exshaw Formations have callscthiivalent horizon the Acadian
Unconformity, which separates the Lower and Uppask@skia sequences (Smith et al.,
1995). However, the Paleozoic sea-level curve af &fad Schutter (2008) identified the
Acadian Unconformity as 374.5 Ma (Figure 3.44). TMeeeler Diagram presented in this
paper places the SB1 unconformity at approxima&86B/ Ma (Figure 3.17). There lies a
discrepancy of 11.5 my between the proposed affeedhcadian Unconformity and the
proposed age of SB1. In addition, the geograpiparsgion of the Acadian Orogeny with the
Sappington Basin may be too great to significaatfgct deposition of the Sappington. A
more appropriate name for SB1 may be the Antlerddfarmity due to the regional
proximity of the Antler Orogeny, and the similaggiin timing of SB1 with the believed
onset of the Antler Orogeny. However, until morewaate ages of the Antler Orogeny are
solidified and until the intraplate tectonic effecf the Antler convergent margin are better
understood, classification as the Antler Unconfaoyrshould be tentative.

SBL1 is the up-dip manifestation of LST1 (Figure33.dnd represents a surface of
subaerial exposure and erosion of upper Tridem¢$ad heoretically, LST type deposits

should exist to the west out of the Sappington iBasiow the shelf break in the incipient
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Antler Foreland Basin. The Lower Member is intetpdeas a TST (TST1) (Figure 3.43)
evidenced by the basal transgressive lag, finaditblogy of facies 1, and the minimal
oxygenation environment in which the facies werngodged. During transgression, the rate
of accommodation space creation exceeded the fraeglonentation and fine grained
sedimentation dominated throughout the majoritthefSappington Basin. Laterally
equivalent coarser grained deposits should exispidip locales, but such locales were not
identified in this study. The absence of thesel&scdoes not prove or disprove their
existence. In addition, proximal deposits of thasune have a lower preservation potential
and may have been scalped off by LST2.

Another sequence boundary is proposed within theecdviember and separates
lithofacies 1A/1B from lithofacies 1C/1D/2 (FiguBe25). The contact is signified by an iron
oxide stained surface and a transgressive lag deatet by Gutschick and Sandberg (1970).
However, this surface is not widespread and regudurgher investigation.

Middle Member

Sequence boundary 2 (SB2) (Figure 3.43) sepatfatdsower Member from the
Upper Member. This sequence boundary is evidengedduring of the Lower Member, lag
channel fill of the scoured channels (Figure 3.28) an abrupt lithologic change from Ul
to U2. SB2 is the up-dip expression of LST2 (Fig83), which theoretically exists to the
west, distal of the shelf break. The absence ofA.&dposits means that again, similar to
SB1, SB2 represents a stacked sequence boundatsaasdressive surface. U2 is
interpreted as representing the tail end of a TRHTR) (Figure 3.43). Further, it signifies a
different type of lithologic transgressive depdakdn Ul. Fine-grained siliciclastic deposition
significantly slowed during U2 deposition, whictoabed for carbonate deposition. The
carbonates of U2 are seen in the transgressivér&gmented crinoid stems and brachiopod
shells (Figure 3.28)). The surface between U2 aBdslihe maximum flooding surface
(MFS1) (Figure 3.43) for the Middle Member sequend®-U5 is interpreted as a HST
(HST1) (Figure 3.43) evidenced by the return atmilastic deposition to the Sappington
Basin.

Upper Member

Sequence boundary 3 (SB3) (Figure 3.43) sepataediddle Member from the

Upper Member. The sequence boundary is markedvWgespread transgressive lag (Figure
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3.45) (lithofacies 6A) on top of U5. As with SB1da8B2, the LST3 (Figure 3.43) deposits
associated with the unconformity are absent, becatithe location up-dip of the shelf
break. Thus, SB3 represents a stacked sequencddrguand transgressive surface. The
Upper Member (U6) is interpreted as a TST (TSTHYFe 3.43) because of the limited
oxygenation environment in which it was depositamly oxygen environments are
associated with transgression because limited sadation and circulation creates
stagnation at the sediment water interface (Wigri&i91).

Another sequence boundary (SB4) (Figure 3.43) acatithe contact between the
Upper Member of the Sappington and the Scallion Bemof the Lodgepole Formation.
SB4 is characterized by scouring (Figure 3.36hefpper Member and the stark contrast in
lithologies of the predominantly siliciclastic Uppdember of the Sappington with crinoidal
packstones of the Scallion Member of the Lodgepolenation.

Figures
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4. Discussion
Environment Interpretation Comparison

The majority of the stratigraphic units in the Siagpon are broadly similar in
lithologic character to what is observed in the IBak U4 of the Sappington is an exception
to this generalized statement of comparison to Bakknits. U4 is dominated by various
heterolithic bedding structures of interbedded rand silt that could be interpreted as either
a distal or proximal shift in environment from thederlying unit (U3). In previous studies, a
variety of interpretations have been proposed #rFigure 4.1 is a comparison of the
different interpretations of U4 from Gutschick &t(@962), Nagase (2014), and this study.
This study prefers the interpretation of a proxim@ironment shift from the underlying unit
to U4 driven by abrupt sea-level fall and/or teatanplift. This fits within the overall trend
of regression for the Sappington Middle Member &mdrrelates to the overall regression of
the equivalent Lower Middle Member of the Bakkerg(e 4.3).

Sequence Stratigraphic Comparison to Bakken Formatin

A Wheeler Diagram comparison of the Bakken (modifiem Smith et al., 1995)
and Sappington is presented in Figure 4.2. The &akkheeler Diagram is generalized,
because the development of unconformities bounttiedViiddle Member varies with
location in the Williston Basin. The Sappington d&akken Wheeler Diagrams vary,
because of differential rates and amplitudes ofsl@mce and uplift in the basins associated
with proximity to the Antler Convergent Margin. Bhdlifference in tectonic character
resulted in the Sappington Basin being a shalldasm that was more susceptible to sea-
level changes. The Lower Member of the Bakken istrsomilar to lithofacies 1A of the
Lower Member of the Sappington, which was depositegteater accommodation areas of
the Sappington Basin to the west. The majority @iver Member Sappington deposition in
the Sappington Basin occurred in shallower, loveeoenmodation areas reflected by
lithofacies 1B.

In the Bakken, a well-established (Angulo and Bisat?012) unconformity occurs at
the contact between the Lower Middle Member andddgppiddle Member. Above this
contact is an additional sequence of rocks thabdwt exist in the Sappington (Figure 4.3).
The Lower Middle Member — Upper Middle Member unimomity of the Bakken is stacked
with the Middle Member — Upper Member unconformitythe Sappington (Figure 4.3).
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Multiple sequence stratigraphic interpretationstefar the Bakken Formation. The
interpretation of Angulo and Buatois (2012) agreéh the sequence stratigraphic
interpretation of the Sappington presented hergu€i4.4).

Paleoclimate

The presence of multiple unconformities and an dhauope of silt in the Sappington
have implications for both polar (Gondwana) andredlaciation.

Unconformities, time gaps in deposition, resultirperiods of subaerial exposure or
subaqueous sediment starvation. In the 10 my (Eiguk7) between the end of Three Forks
Formation deposition and the onset of Lodgepolefation deposition, four prominent
unconformities formed. These unconformities gemgrarrespond to global sea-level falls
(Figure 3.44), as documented by Haq and Schut@&8)2 and correlate to unconformities in
the Bakken and Exshaw Formations. This evidenceellsas the magnitude of base level
change needed to create long term widespread ruosii®n, supports global sea-level fall
as the primary driving mechanism behind the Lateddean-Early Mississippian Sappington
unconformities. Historically, high-magnitude seadkechanges have been attributed to
significant changes in polar glaciation, and thhesgresence of high-magnitude sea-level
changes in the Sappington indicates periods oéas®ad glaciation during the Late
Devonian-Early Mississippian. Late Paleozoic (Carfevous and Permian) Gondwana
glaciation events are well established (CaputoGmvell, 1985; Crowell, 1999), but
recently new evidence has been presented suppartiegrlier onset of glaciation in the Late
Devonian (Isaacson et al., 2008). The documentatiamconformities in the Sappington
and equivalent formations (Bakken and Exshaw) &rrupports this theory.

The Middle Member of the Sappington is a silt-rpackage of rocks with an average
thickness of 62.5 ft. Soreghan et al. (2008) disedghe difficulties in manufacturing large
amounts of medium- to coarse-grain size silt quelggts. The principal methods by which
medium to coarse silt is created are: glacial gnggdfrost (thermal) weathering, weathering
of silt-rich protoliths, tectonic processes, sadtathering, fluvial comminution, eolian
abrasion, chemical weathering, explosive volcanemad, biological origin (Soreghan et al.,
2008). Of the ten processes outlined by Soreghah €008), only four: glacial grinding,

weathering of silt-rich protoliths, tectonic proses, and explosive volcanism are capable of
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producing the amount of silt observed in the Sagtpim. All of the four remaining
mechanisms could be responsible for the abunddrsit m the Sappington.

Due to the required transport distances, the amasdaf silt in the Sappington cannot
be used as an indicator of Gondwana glaciation. é¥ew the abundance of silt in the
Sappington could have implications for alpine gdioin in the high mountains of the
Acadian Orogeny, and/or the Antler Orogeny. Thiatrenship between Sappington silt and
alpine glaciation is speculative, but cannot beduwut especially due to how little is known
about the height of the mountains of the Antler geroy.
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Figures
Gutschick et al., 1959 | Nagase, 2014 This study
U4
Descriptions
U4 - U3 contact | Conformable Conformable Conformable
U4 - US contact | Conformable Unconformable Conformable
(forced regressive
surface)
U4 lithology Shale Silty dolostone with | Interbedded
interbedded mudstone | mudstone and
siltstone
U4 sedimentary | Laminations, Wavy Lenticular
structures channelized lenses laminations/lenticular, | bedding, wavy
wave ripples bedding, flaser
bedding,
tempestites
U4 biota Blastoids, None None
conchostracans,
ostracodes (*from
channel fill)
U4 ichnogenera | Arenicolites Planolites, Skolithos | Arenicolites
(bifimgites) (Bifungites),
Chondrites,
Macaronichmus,
Planolites
U4
Interpretations
U4 - U3 contact | Silt/mud flat to mud Offshore transition to | Wave dominated
flat offshore/offshore shoreface to tidal
transition dominated estuary
U4 - US contact | Mud flat to tidal Offshore/offshore Tidal dominated
flat/deltaic transition to storm estuary to wave
dominated shoreface | dominated
shoreface
U4 depositional | Mud flats Open marine Tidal dominated
environment offshore/offshore estuary
transition
Sea level Transgression Transgression Regression/tectonic
uplift

Figure 4.1Comparison of U4 interpretations of Gutschick e{1962, Nagase et al. (2014

and this study.
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Figure 4.3 Correlation of unconformities in the Bak (modified Angulo et al., 2008) and
Sappington. The Upper Middle Member of the Baklseeproposed to not be present in the
Sappington.
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Figure 4.4 Sequence stratigraphy comparison oBtkden (modified Angulo et al., 2008)
and Sappington.
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5. Conclusions

1) The Sappington can be subdivided into 6 stratigcaphits: Unit 1, Unit 2, Unit 3, Unit
4, Unit 5, Unit 6; and 19 lithofacies: 1A, 1B, 10D, 2, 3A, 3B, 3C, 4A, 4B, 4C, 5A, 5B,
5C, 5D, 6A, 6B, 6C, 6D.

2) The Sappington was deposited in a low-accommodatioaicratonic basin. Depositional
environment interpretations for the 6 Sappingtoatgjraphic units are: Ul — variable
salinity, low energy, minimal oxygen flooded sh&Jf2 — wave-dominated clastic starved
shoreface; U3 — wave-dominated lower to middle stame; U4 — tidal-dominated
estuary; U5 — wave-dominated lower shoreface testoore; U6 — minimal oxygen
shoreface.

3) Four unconformities are present within and boundiegSappington: Three Forks
Formation — Lower Member of Sappington Formatioower Member — Middle
Member, Middle Member — Upper Member, Upper Mendde8appington — Lodgepole
Formation. These four unconformities represent gmguence boundaries (SB1, SB2,
SB3, SB4). Fitting a sequence stratigraphic inegtgiron to the Sappington is difficult
due to the low-accommodation intracratonic natdrtn@ Sappington Basin. No lowstand
systems tract deposits are present in the Sappiniyte to sediment bypass of the
Sappington Basin. LST are represented in the Sgfapirby stacked sequence
boundaries and transgressive surfaces. Ul of thpiisgon is a TST, U2 of the Middle
Member is a TST, U3-U5is a HST, and U6 is a TST.

4) Stratigraphic unit isopachs and lithofacies chamact the Sappington Lower and Middle
Members in the study area indicate maximum acconatmdto the west/southwest and
thinning and pinching out on to the Beartooth Skethe southeast. Upper Member
character indicates migration and extension oSagpington Basin eastward to possible
convergence with the Cottonwood Canyon Basin.

5) Bottom water eutrophication from the upwelling efeg nutrient-rich waters (Caplan and
Bustin, 1999) and/or an increase in plant mat@mnft.ate Devonian land plant
diversification (Algeo and Sheckler, 1998), in conation with sea-level transgression
were the drivers for the creation of limited oxyglpositional environments and

subsequent organic preservation in the Lower amaetplember.
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High-magnitude sea-level fluctuations created leydhset of Gondwana glaciation at the
South Pole was the driver controlling periods giasation and non-deposition
(unconformities) in the Sappington Basin.

Differential low-amplitude tectonic subsidence apdift of the western paleo-North
American continental lithosphere, created by cosgive stresses created at the Antler
Convergent Margin (Dorobek et al., 1991), in cowjion with low-magnitude sea-level
fluctuations were the driving mechanisms behinddlkeral variability in lithologic
character of the Sappington’s six stratigraphi¢suand nineteen lithofacies.
Biostratigraphic dating of the Sappington (Kneclatedl Hass, 1953; Sandberg and
Klapper, 1967; Sandberg et al., 1972; P. Isaaqsens, Commun., 2014; A. Warren,
pers. Commun., 2014) and Bakken (Thrasher, 1986gH1986; Richards and Higgins,
1988; Richards, 1989; Karma, 1991) indicate cotimteof both Lower Members, Upper
Members, and the Middle Member of the Sappingtah thie Lower Middle Member of
the Bakken. Similarities in facies character aralttiming of deposition are attributed to
glacially driven global sea-level cycles. Differeisan facies character and timing of
deposition are attributed to differences in Sapgnddasin and Williston Basin

architecture created from differential tectonicgidbnce and uplift in the two basins.
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Milligan Canyon Section (Sappington type section)
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