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Abstract:

Deposits of the Campanian Two Medicine Formation near Wolf Creek, Montana, provide essential
sedimentologic information necessary for interpretation of the response of alluvial systems to explosive
and effusive intra-basinal volcanism. The Two Medicine Formation consists of approximately 1500
meters of interbedded sandstone, conglomerate, and mudstone, with lava flow and rhyolitic tuff.
Lithofacies analysis implies deposition of the western facies was by sandy-gravelly braided systems
within well-developed, fine-grained floodplains. In addition to normal fluid gravity flow processes,
deposition also occurred via debris flow and hyperconcentrated flow. Channel response to
volcaniclastic deposition was avulsion during high discharge events, reworking of choked braided
systems, and incision into floodplain deposits.

Lithofacies analysis suggests deposition of the eastern facies was by braided distributary channels.
Channels tunneled sediments to the marsh, tidal mudflat, and beach environments. Fluid gravity flow,
hyperconcentrated flow, and debris flow processes influenced the depositional setting by
overwhelming the coastal plain with sediment. Lacustrine deposits formed after high discharge events
plugged channels, resulting in restricted ponded water. Syn-eruption events resulted in progradation of
the braid-delta; inter-eruption periods were characterized by the reworking of volcanic debris, and the
reestablishment of beach, tidal mudflat, and marsh settings.

Source areas for the primary volcanic rocks most likely were from the local Wolf Creek volcanic
centers. The volcaniclastic sediments are compositionally similar to the primary volcanic rocks; thus,
sedimentation in the Two Medicine basin was likely dependent on the erosion of local volcanic
carapaces. In addition, the eastern facies was deposited by sediment transported by longshore currents,
the westerly braid-plain, and from the Adel Mountain volcanic center.

Volcanism-produced detritus ultimately mantled topography sufficiently to disguise tectonic activity in
the Wolf Creek area. Thrust faulting was likely active near the end of Two Medicine deposition, as
thrust-belt-derived clasts of Cambrian Flathead Sandstone begin to appear in the youngest Two
Medicine deposits.
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ABSTRACT

Deposits of the Campanian Two Medicine Formation near Wolf Creek, Montana,
provide essential sedimentologic information necessary for interpretation of the response of
alluvial systems to explosive and effusive intra-basinal volcanism. The Two Medicine
Formation consists of approximately 1500 meters of interbedded sandstone, conglomerate,
and mudstone, with lava flow and rhyolitic tuff. Lithofacies analysis implies deposition of the
western facies was by sandy-gravelly braided systems within well-developed, fine-grained
floodplains. In addition to normal fluid gravity flow processes, deposition also occurred via
debris flow and hyperconcentrated flow. Channel response to volcaniclastic deposition was
avulsion during high discharge events, reworking of choked braided systems, and incision into
floodplain deposits.

Lithofacies analysis suggests dep051t10n of the eastern facies was by braided
distributary channels. Channels funneled sediments to the marsh, tidal mudflat, and beach
environments. Fluid gravity flow, hyperconcentrated flow, and debris flow processes
influenced the depositional setting by overwhelming the coastal plain with sediment.
Lacustrine deposits formed after high discharge events plugged channels, resulting in
restricted ponded water. Syn-eruption events resulted in progradation of the braid-delta;
inter-eruption periods were characterized by the reworking of volcanic debris, and the
reestablishment of beach, tidal mudflat, and marsh settings.

Source areas for the primary volcanic rocks most likely were from the local Wolf
Creek volcanic centers. The volcaniclastic sediments are compositionally similar to the
primary volcanic rocks; thus, sedimentation in the Two Medicine basin was likely dependent
on the erosion of local volcanic carapaces. In addition, the eastern facies was deposited by
sediment transported by longshore currents, the westerly braid-plain, and from the Adel
Mountain volcanic center.

Volcanism-produced detritus ultimately mantled topography sufficiently to disguise
tectonic activity in the Wolf Creek area. Thrust faulting was likely active near the end of Two
Medicine deposition, as thrust-belt-derived clasts of Cambrian Flathead Sandstone begin to
appear in the youngest Two Medicine deposits.




INTRODUCTION

Retroarc forelaﬁd basins typically develop adjacent to fold-thrust belts, far removed
from their coeval magmatic arc (Dickinson, 1974; Jordan, 1995; DeCelles and Giles, 1996). .
Basin-fill originates primarily from erosion of sedimentary rocks in the fold-thrust belt with
volcaniclastic sediment input typically limited to infrequent and distally-derived ash-fall
deposits (Elder, 1988; Christiansen et al., 1994). Active eruptive centeré are rarely present
within the foreland basin, therefore, the influence of volcanism on retroarc foreland basin
sedimentation has not been thoroughly investigated. Models for foreland basin sediment
dispersal generally propose a Sevier-style thrust belt that sheds detritus from uplifted thrust
sheets into particular basin depozones (wedge-top, foredeep, forebulge, and back-bulge) via
alluvial fans and fluvial systems (DeCelles and Giles, 1996) (Figure 1). As seen in Figure 1,
volcaniclastic sedimentation may be an impértant component of the retroarc foreland basin.
Thus, these models and examples do not account for instances in which episodic and
catastrophic eruptive activity alters foreland basin depositional environments‘ and
transportation mechanisms.

Late Cretaceous time in western Montana was characterized by explosive volcanism.
Volcaniclastic sediment derived from magmatic centers associated with the Cordilleran
magmatic arc was delivered to the Sevier foreland basin by way of extensive fluvial systems.
This study focuses on the influence of Late Cretaceous intra-basin volcanism on foreland

basin sedimentation in west-central Montana; specifically, the influence of volcanic processes
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and detritus on the fluvial systems that flowed into the Cretaceous Western Interior Seaway.
The Upper Cretaceous Two Medicine Formation near Wolf Creek, Montana, was deposited
in a volcanically-influenced, non-marine to paralic setting and provides an excellent

opportunity to study the record of interaction between volcanism and sedimentation

(Figurel).
MAGMATIC ARC/ SEVIER FORELAND BASIN
HINTERLAND
WIND DIRECTION=*
FOREBULGE BACK-BULGE
ELKHORN
MOI NTAINS
VOLCANIC
FIELD

| WESTERN INTERIOR
ICRETACEOUS SEAWAY

IMkm

Figure I: Schematic diagram depicting foreland basin depozones, and associated
volcanic and tectonic features. Eruptions withinthe EIkhom Mountains volcanic field
sent volcaniclastic debris into the wedge-top depozone as proximal deposits. Medial
deposits are found in the foredeep depozone, and are represented by the Two
Medicine Formation. Air-fall comprises distal deposits in the back-bulge depozone,
represented by bentonitic shales of the Western Interior Cretaceous Seaway.
Modified from DeCelles and Giles (1996).
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Obijectives

The objectives ofthis analysis are to: 1) document the abundance and occurrence of
coherent and autoclastic lava flow, pyroclastic flow, pyroclastic surge, and debris flow
deposits that comprise the alluvial basin-fill of the Upper Cretaceous Two Medicine
Formation, and 2) identify changes in processes ofalluvial sediment transport due to sporadic
addition of large volumes of volcanic detritus by volcanically-derived debris flow,
hyperconcentrated flow, pyroclastic flow, and coherent lava flow. Fulfilling these objectives
will allow interpretation ofthe nature and influence oferuptive activity on the foreland basin
fluvial systems. Production ofvolcaniclastic sediment from intra-basinal volcanic centers is
hypothesized to have altered the Sevier foreland basin depositional systems, especially in the
WolfCreek, Montana, study area. Ultimately, the implications ofvolcanism for evolution of

the Sevier foreland basin need to be addressed, but that is beyond the scope of this study.

|.ate Cretaceous

SwW NE
Two
Medicine
Elkhorn Formation Adel )
Mountains Mountain
Volcanics Volcanics
Paralic
200 km

Figure 2: Schematic diagram depicting the interaction of volcanism from the Elkhom
Mountains and Adel Mountain volcanic centers in the Two Medicine depositional basin,
during the Campanian.
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Geologic Setting ‘

During Late Cretaceous time in western Montane;, the ‘Cordﬂleran magmatic arc swept
into the foreland basin. Overlapping spatially and temporally with subduction of the Farallon
plate and accfetion of exotic terranes along the western continental margin, the Idaho and
Boulder batholiths developed synchronous with Sevier thrust belt deformation. Associated
with Cordilleran magmatism, large, compositionally distinct volcanic centers (Elkhorn
Mountains and Adel Mountain volcanic fields) developed between 80-70 Ma wnhm the Sevier
foreland basin (Lyons, 1944; Gwinn and Mutch, 1965; Viele and Harris, 1965; Klepper et al.,
1971; Tilling, 1974; Chadwick, 1981; Gunderson and Sheriff, 1991) (Figure 3). Effusive and
explosive eruptions in these volcanic centers produced lava flows, pyroclastic flows, and
tephra clouds that contributed to the foreland basin-fill of the Uppef Cretaceous Two
Medicine Formation. Synchronouswith volcanism, the adjacent Sevier thrust belt propagated
basinward, as depicted in Figure 3 (Robinson and Marvin, 1967; Mudge and Sheppard, 1968;
Peterson, 1981; Harlan et al., 1988; Har]an etal., 1991a; Harlan et al, 1991b). The fold-thrust
belt advanced eastward resulting in deformation of the Elkhorn Mountains volcanic carapace
and wésternmo st edges of the Adel Mountain volcanic field. How this thin-skinned‘

deformation affected the fluvial systems is unknown.

Elkhorn Mountains Volcanics

The intrusion of the Boulder batholith at ~78-68 Ma (K/Ar) resulted in explosive
eruptions producing voluminous (6000 km’) volcanic deposits of the Elkhorn Mountains

volcanic field (Tilling, 1974). The Elkhorn Mountains Volcanics consist of rhyolitic ash-flow
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tuff, welded tuff, basaltic and andesitic lava flows, and volcanically-derived sandstone,
mudstone, and conglomerate (Smedes, 1966). The Elkhorn Mounta.ins Volcanics has been
hypothesized to have once covered an area 0f 26,000 km?, based on the areal distribution of

rocks believed to be derived from the Elkhorn Mountains volcanic center (Smedes, 1966;

. Klepper et al., 1971; Tilling, 1974).

Sevier fold-thrust belt activity

Boulder Batholith plutorism

Elkhom Mountains volcanic aclivity

Adel Mountain volcanic activity

Judith River . Eagle

Formation Sandstone
Beatpaw Shale | Claggett Shalg
Horsethief
Sandstone
' " Maudlow Formation
St. Mary River Formation , ‘
Golden Spike Fomiation Slim Sam
Farmation
Livingston Group
Two Medicine Formation
Carnpanian .

69 70 71 72 73 74 75 76 77 78 79 80 81 82 B3 B4 85
millions of years

Figure 3: Tlrmng of geologic and tectonic events associated with the Two
Medicine Formation. From Lorenz (1981).
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Figure 4: Regional map of the Two Medicine Formation, and tectonic and
volcanic features associated with Two Medicine deposition. Modified from

Lorenz (1981).

The EIkhom Mountains volcanic field is believed to be the source for many of the
Upper Cretaceous volcaniclastic sedimentary rocks of western Montana, including the

volcanic units ofthe Upper Cretaceous Golden Spike Formation east ofthe Boulder batholith
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(Gwinn and Mutch, 1965; Mackie, 1986) (Figure 4). The Golden Spike Formation contains
dominantly non-volcaniclastic deposits; however, the uppermost units consist of ash-flow
tuffs that have been stratigraphically correlated with ash-flow tuff sheets found in the middle
unit of the Elkhorn Mountains Volcanics (Gwinn and Mutch, 1965; Viele and Harris, 1968;
~ Mackie, 1986). The volcaniclastic Upper Cretaceous Maudlow Formation lies within the
Helena salient north of Bozeman, Montana, and is also considered to be derived from the
Elkhorn Mountains volcanic field based on similarities in tuff sheet ages (79-75 Ma, K/Ar)
(Skipp and McGrew, 1977) (See Figures 3 and 4). The Crazy Mountains basin contains
voluminous volcaniclastic rocks assigned to the Livingston Group that are associated with
eruptions from the Elkhorn Mountains volcanic center (Roberts, 1963) (See Figures 3 and
4). South ofthe Boulder batholith, volcanic rocks have been found in the Upper Cretaceous
Beaverhead Group at Grasshopper Creek near Bannack, Montana, though not in similar
quantities as other localities, and are attributed to Elkhorn Mountains volcanic activity (Ivy,
1989) (See Figure 4). Elkhorn Mountains Volcanics ash-flow tuffs are stratigraphically
correlated with ash-fall tuffs found in the Upper Cretaceous Two Medicine Formation (82-70

Ma, K/Ar) near Wolf Creek in west-central Montana (Schmidt, 1978) (See Figures 3 and 4).

Adel Mountain Volcanics

The Adel Mountain volcanic field erupted effusively northeast of the Elkhorn
Mountains volcanic field (See Figure 4). The Adel Mountain Volcanics are characterized by
trachybasalt and trachyandesite lava flows and sills; syenogabbro dikes; latite and quartz latite

stocks and lava flows; and voluminous amounts of volcaniclastic debris in the form of
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mudstone, sandstone, conglomerate, breccia, and rare ash-fall tufflayers (Lyons, 1944). K/Ar
dating of dikes that cross-cut the Adel Mountain Volcanics has produced late Palpocene (58
Ma) (Schmidt, 1978), and Late Cretaceous (71.2 = 2.7 Ma) (K/Ar-biotite) minimum ages
(Gunderson and Sherriff, 1991). Dating of Adel Mountain Volcanics lavas and breccias from
the base of the volcanic pile retumgd ages 6f‘ 74 Ma (Harlan et al., 1991) and 81.1+ 3.5 Ma
(K/Ar - whole rock) (Gunderson and Sherriff, 1991), correlative with Elkhorn Mountains
Volcanics and Two Medicine Formation ages (See Figure 3). The Adel Mountain Volcanics
were mapped as Paleocene, and thus were considered to be lying on St. Mary River
Formation rocks (Schmidt, 1978). As the dates for the Adel Mountain Volcanics imply
deposition in the Campanian, rather than Maastrichtian or Paleocene, it is unlikely that the
units that interfinger with the Adel Mountain Volcanics are St. Mary River Formation, but

are instead Two Medicine Formation deposits.

Wolf Creek Volcanic Center

The Wolf Creek Vblcanic Center may represent the locus of volcanic activity that
produced the coherent lava flows in the volcanic member of the Two Medicine Formation
(See Figure 4). Two intrusions are less than two miles from Wolf Creek. The compositions
of the intrusions are latite and trachyte. Neithef of these intrusive bodies have been dated,
but due to the similarities in composition of the lava flows and the_ related intrusions, Schmidt
(1972a, 1978) mapped and described them as Cretaceous. Bothintrusions are mapped as sills
(Schmidt, 1978), and similar intrusions have been hypothesized to be the remnants of

laccoliths. Approximately 17 kilometers to the south, observed in the footwall of the
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Eldorado thrust, is Sleeping Giant, a Cretaceous rhyodacite intrusion that has not been fully

described and interpreted (Cannon et al., 1996) (See Figure 4).

Western Interior Cretaceous Seaway

Transgressive and regressive events in the Western Interior Cretaceous Seaway are
recorded as the Santonian Telegraph Creek-Eagle regression (85 Ma), Campanian Claggett
transgression (79 Ma), Judith River regression (77.5 Ma), Bearpaw transgression (75 Ma),
and the Maastrichtian Fox Hills regressioh (73 Ma) (Gill and Cobban, 1973). Ammonite
zones have been correlated into the Two Medicine Formation near the Dearborn River, and
the assemblages parallel K/Ar dates from bentonites, Elkhorn Mountains Volcanics ash-flow
tuffs, and Elkhorn Mountains Volcanics correlative volcaniclastic rocks (Gill and Cobban,
1973; Schmidt, 1978).

The Elkhorn Mountains volcanic center erupted within the Sevier foreland basin
(wedge-top and foredeep depozones) and was later incorporated into the fold-thrust belt.
The Adel Mountain volcanic field erupted along the western margin of the Western Interior
Cretaceous Seaway during late stages of Elkhorn Mountains volcanism. The Two Medicine
Formation, thérefore, records the interplay of volcanism in the Elkhorn Mountains and Adel
Mountain volcanic centers with terrestrial and paralic environments of the western margin of

the seaway (See Figure 2).
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TWO MEDICINE FORMATION

Description

Regionally, the Upper C‘retaceousv(Campanian)Two Mediciﬁe Formation is exposed
in outcrops from Wolf Creek, Montana, northwards into Canada. 'The Two Medicine -
Formation is equivalent to the Judith River Formation east of the Sweetgrass Arch, and the
Belly River Group in Canada (See Figure 4). The Two Medicine Formation overlies the
Upper Cretaceous Virgelle Sandstone with a slight disconformity, and is conformably overlain
by the Upper Cretaceous St. Mary River Formation at the type section near the Two
Medicine River, Montana (Schmidt, 1978; Lorenz, 1981). South of Choteau, the St. Mary
River Formation pinches out, resulting in deposition of the Horsethief Sandstone conformably
on the Two Medicine Formation (Bibler and Schmitt, 1986). Fluvial deposits of sandstone,
mudstone, and conglomerate compose most of the Two Medicine Forrnatioﬁ near Choteau,
Montana (Viele and Harris, 1965; Lorenz, 1981). However, to the south,. the Two Medicine
Formation rocks are dominantly volcaniclastic, and 1n fact, contain lava flows and ash-flow
tuffs.

At the Wolf Creek, Montana locality, the Two Medicine Formation is divided by the
Craig anticlinorium into .two lithologically distinct and geographi‘cé]ly separate facies belts
(Figure 5) (Schmidt, 1978). The western facies is characterized by volcanically-derived

sandstone, mudstone, conglomerate, and coherent lava flows (trachyte and latite), as well as
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ash-flow and ash-fall tuffs of rhyolite-rhyodacite composition (the Big Skunk Formation of
Viele and Harris (1965)) (Schmidt, 1978) (Figure 6). In contrast, the eastern facies is
characterized principally by an abundance of mudstone, sandstone, and rare conglomerate
with lava flows and autobreccias found only at the top ofthe formation (Figure 7) (Schmidt,

1978).

S n
= V-f

Explanation
Kamv E ] Late Cretaceous Adel Mountain Volcanics Thmst fault,
Ksm HD Late Cretaceous St. Mary River Formation mejor
Kte H | Late Cretaceous Two Medicine Fm -eastern facies ladt
Ktw Late Cretaceous Two Medicine Fm -western facies __,Bedding
Ku ESl  cretaceous Rocks -undifferentiated t

Anticline

Peb m Pre-Cambrian Belt Supergroup

i -
6

Omiles

Figure 5: Geologic map of WolfCreek and Cobum Mountain
qguadrangles. Modified from Schmidt (1972 a, b).
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Figure 6: Western facies deposits exposed in thrust sheets associated
with deformation in the Sevier fold-thrust belt. Lateral ridges
delineate lava flows and ash-flow tuffs. View to the northwest.
Prominent peak is Electric Mountain.

Figure?: Eastern facies deposits exposed on the eastern side of the
Dearborn River. Dark deposits at the top of the exposure are Adel
Mountain Volcanics. View of Elephant Mountain from Highway 287
to the east-northeast.
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Western Facies

The western facies has been divided lithologically into two members: the sedimentary
and volcanic members (Schmidt, 1978) (Figure 8). The sedimentary member (Kts) consists
of interbédded sandstone, mudstone, and conglomerate, and lies confornﬁably on the Virgelle
Sandstone. The sedimentary member was not investigated in this study. The volcanic;
member was further subdivided by Schmidt (1978) based on lithology, texture, and rock type,
and is comprised of units A through H. Unit A consists of interbedded sandstone and
mudstone, and rare conglomerate (Schmidt, 1978). Clast composition records a distinct
volcanic influence in the ippermost portion of unit A. Iniaddition, unit A consists of a subunit
(Unit AA) found only in the northwestern part of the Wolf Creek area, north of the Dearborn
River (Schmidt, 1978). This unit is composed of volcanic breccia, sandstone, siltstone, and
mudstone, and interfingers with the ash-flow tuff sheets of unit C (Schmidt, 1978).
Stratigraphically, unit AA is equivalent to unit B, which is absent from the area where unit AA
is found (Schmidt, 1978). Unit AA isnot inthe field areas of this study. Unit B is comprised
of multiple tabular sheets of aphénitic-porphyritic latite. Unit C is characterized by multiple
sheets of rhyolitic to rhyolitic welded and nonwelded tuff.- Unit D consists of interbedded
epiclastic sandstone, mudstone, and conglomerate. This unit coarsens upward, and is
characterized by sheet-like deposits and rare channel-scour fill. Unit E is a tabular, aphanitic-
porphyritic trachyte with well-developed trachytic texture. Unit F is comprised of

interbedded epiclastic sandstone, mudstone, and conglomerate. This unit is distinctly more
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coarse-grained than unit D, and has lenticular, channel-fill conglomerates. Unit F also has a
subunit (Fa) of volcanic breccia that pinches out to the southeast along strike. Schmidt
(1978) describes the unit as being monolithologic (trachytic clasts); however, the mapped unit
becomes heterolithologic to the southeast. Unit G is a volcanic conglomerate that is poorly
exposed. Finally, unit H consists ofinterbedded sandstone, mudstone, and conglomerate, but
also has a component of ash that permits easy erosion, and therefore, poor exposure. For
this study, only units A through F were examined, due to poor exposure of Kts and units G

and H. Total thickness for the western facies is approximately 1500 m in the study area

(Schmidt, 1978).

\4 umic
J =Massive and laminated mudstone

MWI =vokanic rocks

Figure 8: Schematic stratigraphic section of the Two Medicine Formation western facies.
Units described in text. Thicknesses approximate. Modified from Schmidt (1978).
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Ages and Correlations

The volcanic member of the Two Medicine Formation has been biostratigraphically
dated by tracing lower énd upper Campanian ammonite zones into the lowermost volcanic
member (Gill and Cobban, 1973). Fossil assemblages give an estimated age range of 80-72
Ma (Gill and Cobban, 1973; Schmidt, 1978). K/Ar dating of plagioclase feldspar (72 +7 Ma)
and biotite (73 + 2 Ma) from the glassy welded tuff of unit C indicate that volcanic member
ages correlate with the fossil assemblages (Robinson and Marvin, 1967). The aforementioned
dates also coincide with a K/Ar age of 78 Ma from a lower unit of the Elkhorn Mountains

Volcanics (Schmidt, 1978).
Eastern Facies

The eastern facies differs from'the western facies by the minor occurrence of primary
volcanic rocks. Additionally, it is finer-grain sized, is more mud-rich, and oply the upper
portion contains very coarse (boulder) volcanic conglomerates and breccias (Figure 9). The
volcanic breccias are interfingered with the uppermost units of the eastern facies, and are
likely derived from tile Adel Mountain volcanic center (Lyons, 1944). The eastern facies is
* approximately 590 meters thick (Schmidt, 1978). Southeast of the study area, the Adel
Mountain Volcanics overlie the Two Medicine Formation eastern facies with an angular
unconformity that cuts the Upper Cretaceous Virgelle Sandstone as well (Schmidt, 1978).
A northerly field area was chosen for the eastern facies due to the interfingering of the Adel
Mountain Volcanics and uppermost Two Medicine Formation eastern facies and lack of major

structural deformation.
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EXPLANATION
E # -Conglomerate
B S "Breccia
-Trough croM-stranfied sandstone
I-=~1 -Honzontally-stratifted sandstone
-Massive and laminated mudstone

Ivw | -Volcanic rocks

Figure 9: Schematic stratigraphic section ofthe Two Medicine Formation, eastern facies, and
the Adel Mountain Volcanics. Thicknesses approximate, and interfingering of units not
depicted. Modified from Schmidt (1978).
Ages and Correlations

The lowermost portion ofthe eastern facies has been determined to be correlative with
the basal sedimentary member of the Two Medicine western facies since both rest
conformably on the Virgelle Sandstone (Schmidt, 1978). In the study area, only the upper
half of the eastern facies was measured (268 m) due to poor exposure of lower units. The
uppermost 40 meters were assigned to the St. Mary River Formation by Schmidt (1978).
However, these units are indistinguishable from Two Medicine Formation deposits, and
recent dating ofthe Adel Mountain Volcanics has produced Late Cretaceous ages (Viele and

Harris 1965; Schmidt, 1978; Sherrif and Gunderson, 1990). Therefore, the uppermost
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volcaniclastic units are Two Medicine Formation deposits. In addition, Gill and Cobban
(1973) placed these deposits at the top ofthe Twlo Medicine Formation, based on their littoral
depositional environment. Thg eastern facies also has a néarshore component that could be
equivalent to the Upper Cretaceous Horsethief Formation. This interpreted correlation is
based on the occurrence of Ostrea glabra, a Late Cretaceous oyster found typically in
Horsethief Formation sandstones (Schmidt and Zubovic, 1961)

Schmidt (196.5) and Lyons (1944) included the Adel Mountaip Volcanics rocks ofthis
study in the volcanic breccia unit of the Adel Mountain Volcanics. Mapping of the deposits
suggests that the volcanic rocks are conformable with underlying and interfingering
sedimentary rocks. This permits conformable, yet discontinuous, contact between the
volcanic and sedimentary rocks, and indicates the occurrence ofa transition zone betweer the

eastern facies of the Two Medicine Formation and the Adel Mountain Volcanics.
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METHODS

Initial field reconnaissance was done to find well-exposed units for measurement and
data collection using the Coburn Mountain and Wolf Creek geologic quadrangie maps
(Schmidt, 1972a, 1972b). Three partial stratigraphic sections were measured (north, central,
and south) in the western facieé ofthe Two Medicine Formation, and two partial stratigraphic
sections were measured through the eastern facies (RE and E2) (Figure 10). The
stratigraphic sections were selected for accessibility, continuity of vertical exposure, and
possible lateral correlativity along strike. Data were collected from both facies in ordér to
identify transportation mechanism differences (and therefore, changes in depositional
environment) between the western and eastern facies, and to compare tﬁe occurrence of
primary volcanic rocks within the study area. Locations of stratigraphic sections are
presented in Appendix A and Figure 11. The actual detaiied stratigraphic sections are on file
with the Department of Earth Sciences.

In order to documént the relative abundance of lava flows, pyroclastic rocks, ‘and
epiclastic conglomerates found in the Upper Cretaceous Two Medicine Formation,
information derived from detailed stratigraphic sections w‘as‘analyzed. Information collected
includes unit thickness, lateral extent of units between stratigraphic sections, rock type,
geometry, shape and nature of the basal surfaces of units, and sedimentary structures.
Additionally, stratigraphic seétions measured in primary volcanic rocks provided information

on vesicle content, lithophysae distribution, flow thickness, geometry, and lateral continuity
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of units. Stratigraphic sections measured through pyroclastic rocks allowed observation of
pyroclastic sedimentary structures, unit thickness, lateral continuity, occurrences ofvesicles.

pumice and accidental lithic clasts, and degree of welding.

Western Montana

R-4W, R3W
To \
Augusta
|V /j =Study areas - see —
Appendix A for f. 16N,
stratigraphic section Stale
locations Highway
287 -
Electric MIn
To Craig r.ien.
1.15N.
3 miles
WolfCreek
To Interstate
Helena \ f ON.

r. 14N.
47-00

Figure 10: Location map of study areas. See Figure 11 for detailed maps of
western and eastern study areas and locations of measured sections. See
Appendix A for precise stratigraphic section locations. Modified from
Schmidt (1972 a, b).
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Two Medicine Fm
V eastern facies

2-Kte Adel Mountain
RE-Kie Volcanics

Highway 287

Northern Section

Central Section

Two Medicine Fm.
western facies

Southern Section

W olf Creek

8 kilometers
o

Figure 11: Detailed location map of study areas from Figure 10. See Appendix A for
precise stratigraphic section locations. Modified from Schmidt (1972 a, b).
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Stratigraphic analysis also led to delineation of lithofacies. = Lithofacies were
subdivided based on sedimentary structures and dominant (>50%) grain size, as well as basal
surfaces, bed geometriles, sorting, and grading characteristics (Miall, 1996). Lithofacies
associations were then ideﬁiciﬁed, based on repeated occurrences of groups of certain
lithofacies. The associations permit interpretation of the depositional systems and ultimately,
paleogeographic reconstructions.

Twenty-five volcanic rocks were thin sectioned to identify composition, flow banding,
and mode of emplacement. Petrographic identification of major and minor mineral
constituents and Volcanié textures assisted in determining individual episodes of volcanism,
and allowed comparisons between the dominant mineral assemblages known for the Adel
Mountain Volcanics and Elkhorn Mountains Volcanics fields.

To aid in determining the effect volcanism had on sedimentation processes, twenty-
eight thin sections of sedimentary rocks were analyzed. The thin sections were used to
identify sandstone mineral composition, which assists interpretation gf depositional
environment and provenance. In order to determine the composition of sediment
(volcaniclastic versus non-volcaniclastic) deposited in the Sevier foreland basin, point counts
were taken of very fine, fine, medium, coarse, and very coarse sand-sized sandstones. Point
counts of sandstone grains provide quantitative data on the amount of quartz, feldspar,
volcanic lithic fragménts, mafic minerals, and accessory mine‘rals present in the deposits. This
is necessary for understanding intereruptive influences on the fluvial system. Additionally,

grain size comparisons may provide information on distance and duration of transport, and

therefore, may assist in depositional environment interpretation. Provenance comparisons
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between the western and eastern facies were deterﬁﬁned using ternary diagrams that plot
modal sandstone framework grain compositions.
Clast counts of conglorﬁerate units identified in the western facies stratigraphic
sections were used to evaluate reiative abundance of volcanic versus nonvolcanic sediment
sources. This was ﬁecessary for determining volcanic (syn-eruption and inter-eruption) mass

wasting versus. dispersal of thrust-belt derived sediment in the area around Wolf Creek,

Montana, during Late Cretaceous time.
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LITHOFACIES

The Upper Cretaceous Two Medicine Formation consists of conglomerate, sandstone,
mudstone, and minor carbonate deposits interbedded with volcanic lava flows and pyroclastic
ash-flow tuffs. Lithofacies types are based on predominant (>50%) grain size, bedding,n
stratification, bed geometry, texture, fabric, sorting of grains, and sedimentary structures
found Wlthm sedimentary units D and F of the western facies, and the eastern facies (Miall,
1996) (Table 1). ‘Pyroclastic lithofacies (unit C) are defined by clast size, lithology, bed
geometry, stratification, and sedimentary structures (See "l;able 1). Asthe clastic rocks in the
study area are predominantly volcaniclastic, interpretation of lithofacies is reliant upon
comparisons with observations from known volcaniclastic settings and processes. Therefore,
lithofacies interpretations are based on modern and ancient examples of volcaniclastic
sedimentation, and the effects of volcanism on sedimentation processes. Using multiple
sources results in multiple interpretations for each lithofacies; in some instances, it is difficult
to identify the most préferred interpretation, based upon the uncertainty as to what precisely
occurred. Lithofacies in this section, therefore are presented with interpretations that may or
may not have occurred. In some i;lstances, the choice is made based on Whether the

lithofacies conforms to prerequisite characteristics for certain processes, such as grain size.




Table 1. Summary of lithofacies types and flow characteristics for the Upper Cretaceous Two Medicine Formation.

Code

Rock Description

Sedimentary Structures

Type of Process

Other Characteristics

Gmm

matrix-supported, massive
poorly sorted, mud to cobble,
rounded to very angular clasts

ungraded

debris flow

autobrecciated lava flow

laminar flow, high matrix strength, deposition
en masse
friction-induced breakage as flow travels

Gmmi]

matrix-supported, poorly sorted,
massive, mud to cobbles,
rounded to very angular clasts

inverse coarse-tail
grading

debris flow

fully sheared flow, high dispersive pressurés,
increase in yield strength

Gmin

matrix-supported, massive,
poorly sorted, mud to cobbles,
rounded to very angular clasts

inverse to normal
coarse-tail grading

debris flow

high basal dispersive pressure that decreases
upward within the flow, decreasing matrix
stréngth ’

Conglomerate
Lithofacies

Gem

clast-supported, massive, pebble
to boulders, very poorly sorted,
rounded to angular clasts

ungraded

bimodal

~ |debris flow

hyperconcentrated flow
fluid gravity flow’

high buoyancy, low turbulence, high yield
strength, deposition en masse

sheet flood, turbulent flow

turbulent flow, traction current transport

Gemi

ciast-supported, massive, pebble

| to boulders, very poorly sorted,

rounded to angular clasts

coarse-tail inverse
grading

debris flow
hyperconcentrated flow
autobrecciated lava flow

high yield strength, high dispersive pressures 7
sheet flood, turbulent flow
friction-induced breakage as flow travels

Gems)

clast-supported, massive, pebble
to boulders, very poorly sorted,
rounded to anguilar clasts

coarse-tail normal
grading

debris flow

hyperconcentrated flow

high turbulence, low dispersive pressures, low
yield strength, increased fluidity
sheet flood, turbulent flow, low yield strength

Gcin |clast-supported, massive, pebblefinverse to normal debris flow fluid-rich, basal tractive layer, normal to
to boulders, very poorly sorted, | coarse-tail grading urbulent suspension of grains
rounded to angular clasts .

Gt | granule to cobble, moderate trough cross-bedding {fluid gravity flow high turbulence, mixed bedload, channel-fill,
to poorly sorted | . ) diffuse gravel sheets

Gh |granule to small cobble, horizontal bedding fluid gravity flow raction current, turbulent grain support
moderate to poorly sorted diffuse gravel sheets

hyperconcentrated flow

low turbulence, buoyancy, dispersive
pressure, sheet flood

1L




Table 1: Continued

Code_ Rock Description Sedimentary Structures _Type of Process __Other Characteristics
Sm | very fine to coarse sand, massive [ungraded bioturbation unknown flow characteristics
moderately to poorly sorted hyperconcentrated flow | high sediment concentrations, low
turbulence
debris flow bank-collapse, highly turbulent, deposits en
_ masse__ .
Smi | very fine to coarse sand, massive,| inversely graded debris flow high dispersive pressures, laminar flow,
poorly sorted increased vield strength .
Sh | very fine to coarse sand, horizontal lamination |fluid gravity flow transition from subcritical to supercritical
moderate to poorly sorted, some flow, no turbulence, plane bed transport
outsized granules, small cobbles hyperconcentrated flow |laminar flow, upper flow regime, low
B turbulence ]
SI | fine to very coarse sand, rare low-angle (<15°) trough | fluid gravity flow upper flow regime transformation
Sandstone outsized pebbles, moderately to  [cross-stratification low turbulence
Lithofacies very poorly sorted coarsening and fining
] _ upwards sequences
St | medium to very coarse sand, trough cross-stratified [fluid gravity flow traction current transport, low flow regime
moderately to very poorly sorted, [coarsening and fining turbulent
outsized pebbles common upwards Sequences - )
Sr | very ﬁne to fine sand, moderately| ripple-cross-lamination |fluid gravity flow low flow regime, traction current transport
to well sorted, outsized clasts asymmetric
very rare .
Srs | very fine to fine sand, well to ripple cross-lamination |[fluid gravity flow ' low flow regime, bi-directional traction
very well sorted symmetric ) ) transport
Src | very fine to fine sand, moderately| climbing ripple cross-  [fluid gravity flow low flow regime, aggradation from influx
_ 1o well sorted, few outsized clast lamination_____ of sediment, traction current transport
FI | mud and silt, well to moderately | horizontally-laminated |fluid gravity flow lower flow regime, suspension settling of
sorted grains, waning flow
Fm | mud and silt, well to poorly | massive - fluid gravity flow suspension settling, lower flow regime
Mudrock sorted i : _| debris flow dilute flow
Lithofacies Fp | mud and silt, root beds massive pedogenic unknown characteristics, bioturbated

¢C




Table 1: Continued

Non-Clastic 0]

Lithofacies Cl

Code Rock Description Sedimentary Structures Type of Process _Other Characteristics
coal, clay, iron oxide nodules |horizontally-stratified fiagenesis abundant plant debris, standing water
carbonate, laminated horizontally-laminated [fluid gravity flow [waning flow, shallow water, low sediment influx

Cn

carbonate, massive

nodular

chemical, pedogenic|pedosol development

me

matrix-supported, pumice and |massive pyroclastic flow  lextremely high fluidization
accidental lithic lapilli, poorly |lithics normally graded ' some turbulence, high particle concentration
sorted pumice ungraded )

Tmm | fine ash-sized pumice, glass massive pyroclastic flow  |nonturbulent, high particle concentrations,
shards, pumice and lithic lapilli,| ungraded laminar flow, deposition en masse
poorly sorted, matrix-supported . ]

Tmmg fine ash-sized pumice, glass massive pyroclastic flow  Jincreased fluidity of the flow, dispersive pressure
shards, pumice and lithic lapilli, density graded at top of flow, turbulent at flow base, density
poorly sorted, matrix-supported contrasts between clasts and matrix

Pyroclastic Tm |coarse ash, glass shards, medium| massive pyroclastic flow  [waning flow, nonturbulent, laminar flow
Lithofacies fo very coarse crystals and lithics ungraded
poorly sorted g
Th |fine ash, accretionary lapilli horizontally stratified |pyroclastic surge [turbulent, upper flow regime, planar bedding
Ta |fine to coarse ash of glass and  |antidunes pyroclastic surge .

crystals, pumice and lithic lapilli]
poorly sorted

upper flow regime, turbulent, high particle
concentration, fluidized

Trc |ash-sized glass shards; climbing ripple cross- | pyroclastic'surge | turbulent, high particle concentration, fluidized
sub-angular lithics, poorly sorted lamination

Tv  |dense glass, aligned feldspar massive pyroclastic flow  |laminar flow, high yield strength, extreme
microlites, pumice and welded and nonwelded temperatures
lithic lapilli Zones

9¢
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Conglomerate Lithofacies

Matrix-Supported, Massive Conglomerate

(Gmm). (Gmmi), (Gmin)

This conglomerate lithofacies is ddminantly ungraded, massive, and matrix-supported
(Gmm), although two examples show evidence of grading. Clasts range in size from granule
to cobble, with uncommon boulders and blocks present in some outcrops. Clasté are very
angular to rounded, and poorly to very poorly sorted (Figure 12). Matrix is mud to very
coarse sand size, moderately to poorly sorted, and may exhibit normal grading. Basal
surfaces are sharp or follow pre-existing channel scours. Geometries include wedge-shaped,
tabular, trough, and lenticular beds, and dimensions vary from 0.4 to 7 meters thick and 2 to
tens of meters in length. Weak horizontal bedding may be visible in some outcrops, defined
by grain size changes. Flame structures may be present at .the base -if mudstone is the
underlying unit. Some beds also have vertical zones of concentrated pebbles, where the matrix
| sec;ms to be disrupted, interpreted to be fluid-escape pipes or segrcgation pipes. In some
mnstances, radially-jointed 0.3 to 0.6 meter diameter clasts are preserved in a red-orange
matrix. Decreases in the percentage of matrix-support may lead to clast-supported zones or
clusters (Figure 13). Some units possess inverse coarse-tail grading (Gmmi). Inverse coarse-
tail grading may lead to clast-supported deposits at the top .of the units, which is indicated as
aclast-supported, massive conglomerate (Gem), described below. Some conglomerates have

inverse to normal coarse-tail grading (Gmin), described below.
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Figure 12: Matrix-supported, massive, conglomerate
(Gmm) in eastern facies deposit approximately 320
meters from the base of section RE-Kte. View to the
north. Jacob’s staffis 1.5 meters tall.

Interpretation: Matrix-supported conglomerates (Gmm) are interpreted to have been
deposited by debris flows which are dispersions of sediment in water (Fisher, 1971). Driven
by gravity, debris flows typically follow topographic depressions or channels. Deposition
usually occurs en masse due to the loss oftransporting fluid and decrease in slope; therefore,

the deposit “freezes” in place (Fisher, 1971; Runkel, 1990). In order to transport large
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particles, these laminar flows must have a high matrix strength (Fisher, 1971; Vessel and
Davies, 1981; Smith, 1987a). Additionally, the high density ofthe transporting fluid results
in high buoyancy, which also allows large particles to be transported (Fisher, 1971).
Typically, the support mechanism for ungraded debris flows is a combination of dispersive
pressure, high matrix strength, and buoyancy (Vessel and Davies, 1981; Smith, 1986;

Valentine et al., 1998).

Figure 13: Clast-supported, massive, conglomerate (Gem) above a matrix-
supported, massive conglomerate (Gmm) inthe eastern facies, approximately
260 meters above the base ofstratigraphic section E2-Kte. Hammer for scale.
View to the north.

Volcanic debris flows are characteristically cohesionless, due to the lack of clay
minerals in the matrix (Smith and Lowe, 1991). The matrix is typically dominated by ash,

glass shards, and crystal fragments. The strength ofthe flow is derived therefore, from grain
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interactions (friction), and cohesion of silt-sized ash (Smith and Lowe, 1991). This results
in volcanic debris flows that are thinner than the typical debris flow of Fisher (1971), and
farther traveled. The flow also, therefore, does not necessarily deposit en masse, but by loss
of competency during waning flow (Smith and Lowe, 1991).

Another influence on the behavior of volcanic debris flows is temperature. Viscosity
decreases with increased temperature (Arguden and Rodolfo, 1990). Hot water and vapor
decrease the internal friction of the flow, and therefore, increase the distance the flow can
travel (Arguden and Rodolfo, 1990). In a hot flow, large clasts are supported by a
combination of dispersive pressure and turbulence, due to the low internal strength (Arguden
and Rodolfo, 1990). The upward movement of hot water vapor through the flow produces
high internal pressures that also assist in supporting clasts (Arguden and Rodolfo, 1990).
Temperature indicators in the field may be obscure. Red coloration of the deposits, clasts
possessing radial cooling joints, and charred wood are inferred to be the result ofheat during
emplacement. Most deposits of Gmm that contain these high temperature indicators are
interpreted to have been deposited by hot, volcanic debris flows; however, autobrecciated or
autoclastic lava flow deposits may resemble hot debris flow deposits (Riggs et al., 1997).

Autobrecciated deposits are the result of mechanical breakdown of lava flows as they
move downslope. Unfortunately, it is difficult to determine whether a poorly sorted
conglomerate or breccia is a debris flow deposit or an autobrecciated lava flow. An
interpretation based on matrix content, temperature of emplacement, and clast lithology may
be possible, but it has been documented that these criteria are not always conclusive (Riggs

et al., 1997).




31

Autobrecciation occurs through multiple processes. Brittle deformatiqn at the base
and front of a lava flow is a result of friction generated as the lava flow moves over a
consolidated surface, producing a “flow breccia” (Fisher and Schmincke, 1984). Deposits of
Gmm are interpreted to be autobrecciated lava flows when associated With an overlying lava
flow (Ricketts, 1985); this is observed in one example, found in the eastern faCies (measured
section Kamv), and is the only interpreted “flow breccia” deposit.

Autobrécciation also results from quench-shattering of the lava flow as it enters water
(Cas and Wright, 1988). Autobrecciated deposits formed from interaction with water may
be called hyaloclastites or hydroclastics (Fisher and Schmincke, 1984; Cas and Wright, 1988).
Deposits of Gmm lack evidence of quench-shattering, such as pillow-rinds. However,
phreatic or phreatomagmatic eruptions may also produce hydroclastic deposits (Fisher and
Schmincke, 1984). Explosions produced by either gases or the rapid transformation of water
to steam result in fragmentation of lava flows (Fisher and Schmincke, 1984; Cas and Wright,
1988). As a lava flow encounters surface water, a phreatic explosion occurs, loéaﬂy
brecciating the lava ﬂow (Furnes and Sturt, 1976; Ricketts, 1985). Deposits from phreatic
or phreatomagmatic processes are typically fine-grained, although coarser lapilli do exist
(Fisher and Schmincke, 1984). The larger clasts and bombs are characterized by cauliflower
texture (Fisher and Schmincke, 1984). Textures indicating lava flow interaction with water
are not found in deposits of Gmm.

Inverse coarse-tail grading (Gmmi) is due to either an increase in flow yield strength
or high dispersive“pressure forcing the larger clasts to the top of the flow during transport

(Smith, 1987a). Dispersive pressures, or forces, also increase as the concentration of sediment
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increases (Fisher, 1971). In a fully sheared flow, this would allow inverse coarse-tail grading,
as larger particles tend to move toward the areas of lower shéar (Fisher, 1971). Walton and
Palmer (1988) also attribute inverse grading in volcanic debris flows to flow that is fully
sheared at all times. As discussed above for ungraded debris flows, the lack of clay minerals
in a flow reduces the strength, and this also decreases the resistance of the flow to shear
(Smith and Lowe, 1991).

Inverse to normal coarse-tail grading (Gmin) is due ;co decreasing matrix strength in
the debris flow, and high basal dispersive pressures. that decrease upwafd within the flow
(Fisher, 1971; Walton and Palmer, 1988; Arguden and Rodolfo, 1990). Additionally, particle
settling within the flow produces an upper portion of the flow that is normally graded
(Arguden and Rodolfo, 1990).

Clast-Supported., Massive Conglomerate
(Gem), (Gemi), (Gems), (Gein)

Deposits of this lithofacies are clast-supported, massive, and are commonly ungraded
(Gcem), although grading is evident in some examples (Gemi, Gems, Gein). Clasts are pebble
to boulder size, rounded to angular, and very poorly sorted (Figure 14). Matrix is typically
mud to very coarse sand-sized and very poorly sorted; however, in some instances, matrix is
medium to fine sand and well sorted. Beds are 1 to 20 meters thick and laterally continuous
for up to 10 me‘;ers. Bed geometries are tabular and lenticular. Basal surfaces are erosive,
or sharp with mudstone flame structures and fluid escape pipes uncommon. Deposits may
contain clasts that‘ are weathered red-orange and possess radial cooling joints. In some

instances, units are coarse-tail inverse graded (Gemi), while other units are coarse-tail normal




33

graded (Gems) and may become matrix-supported at the top ofthe deposit (Gmm). Some
units show inverse to normal coarse-tail grading (Gcin). These examples of graded clast-

supported, massive conglomerate are discussed below.

Figure 14: Two tabular bodies of clast-supported, massive conglomerate
(Gem) in eastern facies, approximately located 300 meters above the base of
stratigraphic section RE-Kte. Jacob’s staff for scale is 1.5 meters tall.

Interpretation: Clast-supported, massive, ungraded conglomerate (Gem) may be the
result of a clast-rich debris flow that supports clasts through high buoyancy, low turbulence,
and high yield strength (Shultz, 1984; Walton and Palmer, 1988). Friction, inthe form of
dispersive pressure, determines the yield strength, and dispersive pressure is more influential
in clast-rich flows (Shultz, 1984). Deposits are transported by laminar flow, and thus

characteristically lack an erosive base. However, in some instances, Gecm was found with a



34

scoured basal surface, and this may indicate deposition in a pre-existing channel. Based on
the lack of grading and sorting, it is likely that deposition was en m.asse (Fisher, 1971;
Runkel, 1990).

Deposition by fluid-gravity flow is another interpretation for Gem depositsthat display
bimodal gréin—size distributions and erosive basal contacts; these are due to turbulent flow and
traction current transport of large ciasts, and inﬁltrétion of finer-grained sand during waning
flow (Shultz, 1984; Smith, 1986). If the Gem deposit is thin, and lacks bimodal grain-size
distribution, it is most likely due to hyperconcentrated flow (Smith, 1986). In this instancg
grain support would be through turbulence and increased dispersive pressures. As described
for deposits of Gmm with evidence of high temperature emplacement, Gcn} deI')osits not
associated with a lava flow are interpreted as being transported by a hot, volcanic debris flow,

| or as the result of small, phreatic explosions that ogcurred when the extruding lava flow
encountered surface Wéter (Ricketts, 1985).

Coarse-tail inversely graded conglomerate (Gemi) is deposited by a fully sheared
debris flow with high strength and/or high dispersive pressure (Sﬁﬁth, 1987; Walton and
Palmer, 1988). The high clast abundance permits higher dispersive pressures, and in a poorly
sorted flow, the larger clasts are “pushed” to the top of the flow where shearing is less
(Fisher, 1971; Shultz, 1984).

Coarse-tailnormal graded conglomerate (Gems) may be the result of a more turbulent
debris flow, or a hyperconcentrated flow (Smith, 1987a). Turbulence causes the larger,
denser clasts to be concentrated at the bottom of the flow; turbulent ﬂpws have low yield

strength (Shultz, 1984). Normal grading may also be due to increased fluidity within the
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flow, which results in a lower yield strength, permitting the “dropping” of larger clasts to the
base of the flow once the flow has stopped (Shultz, 1984).

Inverse to normal coarse-tail grading in a clast-supported massive conglomerate
(Gein) isdueto a deBris flow that is fluid-rich or cohesionless, with a basal tractive layer, and
normal to turbulent suspension of grains (Walton and Palmer, 1988). The debosit may form
as the flow encounters a change in topography that leads to a change in flow behavior, such
as thinning of'the flow on a low slope, or restriction in a channel prevents flow, and produces

a thicker deposit (Walton and Palmer, 1988).

Trough Cross-Bedded Conglomerate (Gt)

Trough cross-bedded conglomerate beds are characterized by clasts that range in éize
from granule to éobble, and are spb—rounded to rounded (Figure 15). The deposits of Gt are
moderately to poorly sorted, and show trough cross-stratification. Basal surfaces are érosive,
and bed geometries include lensoid and tabular sets. Individual sets are 0.2 to 0.5 meters
thick and 0.6 to 1.2 meters long. Beds comprising cosets of Gt can be 0.5 to 1.5 meters thick

and 1 to tens of meters long. Typical angle of inclined foresets is greater than 20°.

Inte;pretatioﬁ: Trough cross-beddingin conglomerates can be the result of channel-fill
(Waresback and Turbeville, 1990; Miall, 1996), diffuse gravel sheets (Hein and Walker,
1977), or gravel dune migration (Cpllinson, 1986; Miall, 1996).

Channel-fill deposits are typically thick (heights in excess of a few meters), and are
produced as distal channel gravel bars ﬁﬁgrate (Mathisen and Vondra, 1983; Blair- and

McPberson, 1994). Sediment is transported by turbulent flow and traction currents.
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Gt

Sl

Figure 15: Trough cross-bedded conglomerate (Gt) above low-angle trough
cross-stratified sandstone (SI) in eastern facies, approximately 139 meters
above the base of stratigraphic section RE-Kte. Pencil for scale is 10
centimeters long.

Diffuse gravel sheets are the result ofpulses o fhigh discharge within a channel (Todd,
1989). The gravel sheets are described as being one clast thick, turbulent, and in some
instances, laminar (Hein and Walker, 1977). The flows resemble hyperconcentrated flows in
this aspect and in the descriptions of flow behavior. The resulting deposits ofgravel conform
to the underlying bed geometry, and may appear to be low-angle (<15°) trough-cross-bedded
(Todd, 1989). Multiple pulses ofincreased discharge result in diffuse gravel sheets that form
packages greater than a meter thick (Todd, 1989). Diffuse gravel sheets are typically poorly

sorted; this indicates a mixed bedload was rapidly transported and deposited (Smith, 1987a).
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For normal streamflow dune nﬁgfatiom traction cﬁrrents roll and slide large clasts
downstream in the form of bars, especially during high discharge (Williams and Rust, 1969).
Larger clasts are transported by turbulence. Sinuous crested three-dimensional dunes migrate
into scours of the gravel bedform to produce trough éross-beddirlg (Collinson, 1986, Miall,
1996). Most examples of Gt exhibit cross-bedding that fines upward from gravel or cobble
sized lags to pebble up to medium sand. This is a result of waning flow, and the inability of
the flow to carry larger clasts (Collinson, 1986). Moderate sorting is characteristic of normal
stream flow with the gravel framework infiltrated by medium to coarse sand (Smith, 1987a).
For Two Medicine Formation trough cross-bedded conglomerate (Gt), gravel dune migration
is the preferred transportation mechanism, due to the deposits being greater than one clast

thick, and less than 3 meters thick.

Horizontally-Bedded Conglomerate (Gh)

Clasts found in horizontally-bedded conglomerate (Gh) range in size from granule to
small cobble, and are sub-angular to sub-rounded. The deposits are moderately to poorly
sorted, and horizontally-bedded. Basal surfaces are sharp and bed geometﬁes are tabular or
wedge-shaped. This lithofacies is also found interbedded with horizontally-stratified
sandstone beds (Sh) less than 3 cm thick (Figure 16). Bed dimensions range from 0.2 to 0.4

meters thick and laterally for tens of meters.

Interpretation: The horizontal bedding in conglomerates is a result of grain-to-grain
processes driven by traction current mechanisms during normal fluid flow (Smith, 1987;

Waresback and Turbeville, 1990). Fully turbulent flow provides the support mechanism for
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grains (Smith, 1986). When found interbedded with horizontally-stratified sandstones, the
deposits most likely reflect waning flow or migration of longitudinal bars (Waresback and

Turbeville, 1990).

Figure 16: Horizontally-stratified sandstone (Sh) interbedded with
horizontally-bedded conglomerate (Gh) “couplets” in western facies,
approximately 95 meters from the base ofsouthern stratigraphic section, unit
F (S-F). Sledge hammer for scale.

Another mechanism for producing horizontal stratification is hyperconcentrated flow
(Smith, 1987a), or sheetflood (Waresback and Turbeville, 1990; Blairand McPherson, 1994).
Hyperconcentrated flows are high-energy flows with high sediment concentrations
(Waresback and Turbeville, 1990). Turbulence is lessened (Pierson and Costa, 1987), and

so grain support is from a combination ofbuoyancy, grain dispersive pressure, and turbulence
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(Costa, 1988). Normal grading is the result of larger particles depositing as flow wanes -
(Costa, 1988). Deposition is by traction and suspension, and results in horizontal
stratification of sediment (Smith, 1986). Polymodality also indicates hyperconcentrated flow;
thus, the poorly sorted examples of Gh noted herein indicate transport by hyperconcentrated
flow (Smith, 1986). However, with waning flow, clasts transported by traction are deposited,
and as flow ceases, suspendéd sediments infiltrate between the larger clasts (Smith, 1986).
This would result in bimodal distﬁbution (Smith, 1986).

Another possible interpretation, but not the preferred interpretation, for the
development of horizontally-bedde?d conglomerate (Gh) is successive deposition of gravel
layers by multiple episodes of diffuse gravel sheets, which are more typically horizontally-
bedded (Mathisen and Vondra, 1983). Horizontally—bec_lded conglomerates would have been

deposited as longitudinal bars of low reliefin a braided stream (Mathisen and Vondra, 1983).
Sandstone Lithofacies

Massive Sandstone (Sm), (Smi)

Moderate to poor sorting, very fine to coarse sand-sized, and sub-angular to sub-
rounded grains characferize the nllassive sandstone lithofacies (Sm). Sharp basal contacts may
also show soft sediment deformation when Sm is interbedded with massive mudstone (Fm)
and laminated mudstone (F1). Bed geometry is tabular or lensoid, and dimensions are 0.1 to
1 meter thick and 1 to tens of meters long. The upper surface of some beds has evidence of
biogenic reworking, such as vertical and horizontal burrows, spreiten, waép burrows, and root

casts (Figure 17). Most units are ungraded; however some are inversely graded (Smi).
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Figure 17: Spreiten in u-shaped vertical burrows in
massive, bioturbated sandstone (Sm) of the eastern
facies, approximately 24 meters above the base of
stratigraphic section RE-Kte. Sharpie marker for
scale.

Interpretation: Massive sandstone may be formed by rapid deposition o fa well-sorted
sand from a fluid gravity flow (Costa, 1988). Another mechanism for Sm formation would
be a hyperconcentrated flow (Costa, 1988). Such Sm deposits are poorly sorted, and may

posses horizontally stratified upper portions (Smith, 1987; Costa, 1988). Highly concentrated
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sandy debris flows may be another possible mechanism for Sm deposits. Debris flows have
a high yield strength for sediment support (Waresback and Turbeville, 1990). Inversely
graded massive sandstone (Smi) could result from a sediment gravity flow, but one with high
dispersive pressures (Costa, 1988) or an increase in yield strength (Waresback and Turbeville,
1990). One of the most common processes for forming massive sandstones is bioturbation
by organisms or plant roots. For poorly-sorted massive sandstones, debris and
hyperconcentrated flow processes were dominant; this was best observed in the western

facies. In contrast, evidence of biogenic reworking was most dominant in the eastern facies.

Horizontally-Stratified Sandstone (Sh)

This lithofacies is represented by moderately to very poorly sorted grains, and very
fine to coarse sand that is sub-angular to sub-rounded. Horizontally-stratified deposits exhibit
ﬁﬁing and coarsening upward trends. Beds are 0.05 to 0.6 meters thick and 5 to tens of
meters long with a tabular g(;,ometry (F ig'ure 18). Basal surfaces are sharp or gradational.
Some units contain rare “outsized” clasts of gravel to cobble size. Upper surfaces may exhibit

soft-sediment deformation.

Interpretation: Horizontally-stratified sandstone forms in lower regime fluid flow,
upper regime fluid flow, ‘and hyperconcentrated flow. Lower flow regime flat beds are
produced by traction transport of coarse sand grains (Harms et al., 1982). Upper regime fluid
flow resiilts in flat beds created by traction transport of all sand sizes (Harms et al., 1982;
Miall, 1996). The deposits are well-sorted as stream flow capacity determines grain size

(Harms et al., 1982). Deposition occurs as flow wanes, resulting in fining-upward sequences.
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Figure 18: Horizontal-stratification in sandstone (Sh) of western facies,

approximately 25 meters above the base of the northern stratigraphic

section in unit F (N-F). Jacob’s staff for scale is 1.5 meters tall.

Hyperconcentrated flow is an intermediate flow between fluid gravity flow and
sediment gravity flow (Costa, 1988). Hyperconcentrated flow occurs during high sediment
concentrations (40-70% by weight, 20-47% by volume) in normal streamflow (Costa, 1988),
and is therefore different from typical flood events (Smith, 1986). Hyperconcentrated flow
ischaracterized by dampened turbulent flow, and support mechanisms ofbuoyancy, dispersive
pressures, and turbulence (Smith, 1986; Costa, 1988). Horizontally-bedded deposits
produced by hyperconcentrated flow are typically poorly sorted with outsized pebble to
cobble clasts common (Smith, 1987a). In some instances, Sh occurs in “couplets” that
indicate multiple surges during flood events (Blair and McPherson, 1994) on a low-gradient,

broad surface (See Figure 16) (Waresback and Turbeville, 1990).
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Low-Angle (<15°), Trough Cross-Stratified
Sandstone (SI)

This lithofacies is moderately to ver}.f pooriy sorted, wﬁh rare outsized pel;bles
common for most beds. In addition, it is comprised of fine to very coarse, sub—aﬁgular to
sub-rounded sand grains, and low-angle (<15 °) trough cross-stratification (See Figure 15).
Bed geométries are tabular and lenticulér, with beddiné dimensions 0f£0.4 to 0.6 meters thick,
and 1.2 to tens of meters inlength. Coarsening and fining upwards sequences were observed
w1thm individual seté. Basal surfaces may be slightly erosive or sharp with rare gradational
changes between lithofacies. In addition, herringbone sets were observed within the eastern

facies.

Interpretation: Low-angle trough cross-stratification (SI) is produce& by fluid gravity
flow under upper flow regime parameters, and may be formed as scour-fill, plane beds
deposited on inclined surfaces, or by migration of antidunes (Smith, 1987b; R.C.M.Smith,
1991; Miall, 1996). Plane beds form during low turbuler;t flow by rolling and sliding of grains
on the channel bed, and grains are deposited as flow wanes (Harms and Fahnestock, 1965).
Low-angle t?ough cross-stratification formed by scour-fill is the result of grains filling a flood-
generated scour, and imﬁlies rapid aggradation during and after high discharge in a shallow
channel (Smith, 1987b, 1988; Orton, 1995; Palmer, 1997). Sl may also form when upper
flow regime transformation occurs as horizontally-stratified sandstone (Sh) becomes SI, or
as Sl transforms to Sh (Miall, 1996). Low-angle trough cross-stratification in herringbone

sets indicates tidal or oscillatory-driven flow (McCubbin, 1982).
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Trough Cross-Stratified Sandstone (St)

This lithofacies is characterized by trough cross-stratification of medium to very
coarse sand, and moderately to very poorly sorte;i sub-angular to sub-rounded grains with
outsized clasts common. The basal contacts are erosive, with gradational grain size variations
between sets common. Bed geometries are lenticular, and bedding dimensions range from
thicknesses of 0.5 to 4 meters, and lengths of 3 to tens of meters. Individual sets range in
size from 0.1 to 0.5 meters thick and 0.2 to 1.2 meters long. Both fining and coarsening
upward sequences were observed within individual sets and entire units. Troughs are 0.1 to

0.45 meters thick and are 0.5 to 3 meters in length.

Interpretation: Trough cross-stratification is formed by fluid gravity flow during the
migration of three-dimensional duﬁes (Mathisen and Vondra, 1983; Miall, 1996). Grains
migrate down sinuous-crested or lingoid dune slip faces by traction current transport, in the
form of bed load and saltation (Smith, 1987b; Bentham et al., 1993; Orton,‘ 1995; Miall,
1996). Turbulent flow and traction provide grain transport, while turbulence and suspension
are the grain support mechanisms (Smith, 1986; Valentine et al., 1998). Dunes form in the
lower flow regime (H@s et al., 1982; Waresback and Tﬁrbevi]le, 1990), but transport of
coarser grains usually indicates a higher flow veloci;cy (Miall, 1996).

Ripple Cross-Laminated Sandstone
(Sr), (Srs), (Src)

The ripple cross-laminated sandstone lithofacies is predominately moderately to well-

sorted, and very fine to fine sand that is sub-angular to sub-rounded. The bed geometry is
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tabular. Individual ripples are 0.02 to 0.1 meters high, and 0.05 to 0.15 meters long. Sets
are 0.05 to 1.5 meters thick and | to 5 meters long. Basal surfaces are sharp or gradational.
Additionally, other units are characterized by climbing ripple cross-lamination (Src) (Figure

19). Some units possess sets of symmetric ripple cross-lamination (Srs) (Figure 20).

Figure 19: Climbing-ripple cross-lamination in sandstone (Src) of eastern
facies, approximately 14 meters above the base of stratigraphic section E2-
Kte. Pencil for scale.

Interpretation: Ripple cross-lamination is produced by fluid gravity flow. Ripples are
formed within lower flow regime parameters, and by traction current transport of fine grains
(Harms and Fahnestock, 1965). Current ripples (Sr) are unidirectional and have the lee-side
preserved. Climbing ripples (Src) are produced as ripples migrate with a positive angle of

climb (Harms et al., 1982). This is generally the result of abundant sediment added to the
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fluvial system, and thus record deposition from suspension (Harms et al., 1982). Symmetric
ripples (Srs) are produced by tidally-driven traction currents. Ebb and flow tides cause the
stoss and lee sides of the migrating ripple to exchange depending on the tidal direction;

therefore, if the ebb and flow tidal currents are of equal magnitude, ripple geometry is

symmetric.

Figure 20: Wave ripple form sets in sandstone (Srs)
of eastern facies, approximately 25 meters above the
base of stratigraphic section RE-Kte. Pencil for
scale (8 cm).
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Mudrock Lithofacies

Laminated Silt and Mud (F1)

This lithofacies is defined by laminated mudstone and‘ siltstone, with well- to
moderately sorted grains. Tabular geometry and sharp basal surfaces are common. The units
typically fine upwards. Beds are 0.01‘ to 0.7 meters thick and 1 to tens of meters long. In
some instances, Fl is interbedded with lenses of Sm or Sh, and Srs or Src; these are
interpreted to be wavy and wavy-flaser bedding (Figure 21). Soft-sediment defonﬂation is

characteristic, especially in the eastern facies.

Interpretation: Mud laminae are produced during suspension settling by vertical
accretion. Weak traction currents initially transport grains until flow wanes and deposition ‘
occurs (Miall, 1996). Wavy and wavy-flaser bedding form as tidally-driven flow transports

sand during higher velocity flow, and mud during waning flow (Weimer etal, 1982).

Massive Silt and Mud (Fm)

Massive mudstone and siltstone consists of well- ‘to poorly-sorted grains, .with
outsized sand grains common. The bed geometries are tabular, lenticular, and wedge-shaped.
Fm also occurs as mud stringers separating stratified sets of St, Sl, Sr, and Sh. Sharp basal
surfaces that are undulatory due to soft-sediment loading are common. Abundant plant
debris, charcoal, and root traces are pervasive throughout this lithofacies. Beds are 0.01 to

tens of meters thick (as covered sections) and are tens of meters long.
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Interpretation: Massive mud is formed during suspension settling of a waning fluid
gravity flow, and may represent vertical accretion deposits on a floodplain (Mathisen and
Vondra, 1983; Bentham et al., 1993; Miall, 1996). Miall (1996) also suggests thinly bedded
Fm is produced after channel abandonment in pools of standing water. This would result in
mud drapes (Smith, 1987b). The abundant roots indicate bioturbation as a source for the
structureless mudstone (Bentham et al., 1993). Another interpretation for massive mudstone

is a very dilute mud flow (Waresback and Turbeville, 1990).

Figure 21: Ripple cross- and climbing ripple cross-laminated sandstones (Srs,
Src) interbedded with laminated mudstone (FI) are interpreted as wavy-flaser
bedding. Exposed approximately 26 meters above the base ofthe measured
stratigraphic section RE-Kte. Hammer for scale.
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Root Beds of Silt and Mud (Fp)

Root beds of mudstone and siltstone that are well- to moderately sorted characterize
this lithofacies (Figure 22). Bedding geometry is tabular, and basal surfaces are sharp or
gradational. Abundant root traces, bioturbation, and mineral alteration (replacement) ofroots
are also characteristic. Roots inthis facies are characteristically 0.10 to 0.15 meters long and

less than 0.25 centimeters thick. Beds are 0.1to 0.8 meters thick and laterally continuous for

tens of meters.

Figure 22: Thick rootbeds in blocky mudstone
(Fp) in eastern facies, approximately 130 meters
above the base of stratigraphic section RE-Kte.
Sharpie marker for scale.
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Interpretation:. Initially, deposition of fine-grained material occurs during waning -

fluid flow. Plants then take root, producing the “root beds”. As such, Fp represents soil

development within the floodplain (Miall, 1996).

Non-Clastic Lithofacies

Organic Deposits (O)

Coal is interbedded with iron oxides (hematite and limonite) and massive and
laminaféd mudstone (Fm, F1), and massive, very fine-grained sandstone (Sm). The coal is
bituminous and thinly layered (less than 2 cm thick). Hematite and limlonite form nodules
throughout the fine-grained sand and mud. Bed geometry is tabular, and basal surfaces are
gradational or sharp with massive qustone (Fm) units below. Beds are 1.8 to 3 meters

thick, and tens of meters long. Abundant plant debris is also evident.

Interpretation: The abundant plant debris and very fine grain size indicate low flow

velocities, possibly standing water, and the iron oxides imply an oxidizing environment (Miall,
1996). The thin coal beds represent layers of plant debris that were interbedded with very
fine-grained sediments. Transformation of the plant layers by heat and burial produced the

thin coal layers.

Carbonate (Cl, Cn)

The carbonate is micritic, characterized by tabular and wedge-shaped geometries, and

in some instances, is nodular (Cn) (Figure 23). Basal surfaces are gradational or sharp.

Exposures are 0.4 to 3 meters thick and laterally continuous for 5 to tens of meters. Fresh
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water fossils (gastropods and molluscs) and large (2-4 cm diameter) root casts are found with
laminated micrite (Cl) and interbedded with Fm, FI, and Sh. Fossils decrease in abundance

in the uppermost portions ofthe laminated micrite.

Figure 23: Nodular carbonate mudstone (Cn) in eastern facies, approximately
33 meters above the base of stratigraphic section RE-Kte. Jacob’s staffis 1.5
meters high.

Interpretation: The laminated micrite (Cl) may have formed in a shallow, fresh water
lake or ponded water environment, based on the thinness of laminae, and lack of continuity.
Micrite forms in shallow water with low sedimentation rates by either primary inorganic
precipitation, calcareous production of shells and skeletons of organisms, carbonate grains

deposited in a basin from an allochthonous source, or diagenesis (Allen and Collinson, 1986).
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The nodular micrite (Cn) may represent soil development and the formation of caliche.
Caliche is a product of weathering processes on a floodplain (Miall, 1996). Surficial water
leaches ions from the surface, and concentrates them in the subsurface, forming carbonate
nodules (Miall, 1996). The caliche in this area is underdeveloped; high sediment'ation rates

within the depositional system prevent or inhibit caliche development (Bentham et al., 1993).

Pyroclastic Lithofacies

Pyroclastic rocks may be analyzed using traditional sedimentologic techniques, such
as lithofacies analysis. The violent expansion of gas during an explosive volcanic eruption
produces fragmented material (such as glass shards, pumice, lithic clasts, and crystals). In
addition, the gas behaves as water does in normal sedimentation processes, and transports
pyroclastic debris as a fluidized flow, which results in gravity-driven deposits of flow, surge

and fall. For this study, the pyroclastic lithofacies of unit C (rhyolitic to rhyolitic ash-flow

~ tuff) were identified using detailed stratigraphic (vertical) sections. Facies are segregated by

dominant (> 50%) grain size. Prefix T represents ash-sized material, and L describes lapilli-
sized clasts. Facies were further separated by degree of sorting, grading, identification of
sedimentary structures, and degree of welding. Sedimentary structures, basal contacts, grain
size, and lateral variation also assisted in ascertaining pyroclastic ]ithofacieé. Pyroclastic
lithofacies aid in describing modifications of flow dynamics and transportation processes.
Additionally, pyroclastic rocks are deposited via flows similar in behavior to sediment

gravity flows and hyperconcentrated flows. Therefore, the pyroclastic lithofacies




53

IDEALIZED
SEQUENCE Typ# of d>po»it

Follow! Tophro Ca) (b)
Ash cloud
Pumice sworme
Sr
Ash flows 2
m
a fine aromed
& beeel iorer

Ground surge flen‘se enoesite cions .
Precursor follow! vesicuiated bosoltic - endesite clasts
Pumice ciesre

ash plume generated by
- secondary ex;

accompanying line ash and

pumice flow ~tngestton of water

violent explosions and
mixing with water
on entering sea

Figure 24: Schematic diagrams that illustrate possible pyroclastic flow
deposits, and the mechanism for pumice flows that have a phreatic
component. From Cas and Wright (1987, pg. 111 and 283).

interpretations are based on studies that document sedimentary flow processes involved with
pyroclastic debris. One ofthe most significant differences between pyroclastic flow and fluid
flow is the transport medium, gas versus water (Sparks, 1976). Sparks’ (1976) pyroclastic
flow model has been modified by other workers, and those variations are presented in Figure
24. Inaddition, models that apply debris flow transportation mechanisms to pyroclastic flow

deposits are also used by volcanologists to interpret the flow processes (Figure 25).
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Only unit C (rhyolite ash flow sheets) ofthe western facies and rare outcrops ofthe
eastern facies contain pyroclastic units. One of the results of this study was that air-fall
material was not observed; this may be due to poor preservation of air-fall detritus, and/or
poor exposure of air-fall rocks. Autobrecciated rocks are not included in this section; they

are discussed in the conglomerate and gravel facies at the beginning of this chapter.

OEPCS-710NAL  UNITS
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Figure 25: Schematic diagram illustrating possible pyroclastic flow
mechanisms for producing pumice and block-and-ash flow deposits.
From Cas and Wright (1987, pg. 253).
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Matrix-Supported., Massive, Lapilli Tuff (Lmm)

Matrix—supfaorted, massive lapilli tuff ié dominated by sub-rounded to sub-angﬁlar
pumice lapilli and accidental lithics, poor sorting, and a tabular geometry. The deposit is
approximately 3 meters thick and is laterally extensive for tens of meters. The basal surface
is sharp. This facies normally grades into matrix-supported, massive tuff(Tmm). Lithic ;:lasts

are normally graded, while purrﬁce lapilli are ungraded.

Interpretation: Massive lapilli tuffis found only in the southern étratigraphic section.
In this example, it grades normally into Tmm. One hypo‘;hesis is that Lmm is the result of an
extremely fluid pyroclastic flow. Fluidization results in the elutriation éf fines, and the
deposition of lithic and punﬁce; rich zones (Carey, 1991). Fluidization also allows the larger
clasts to “sink” to the base of the flow. Another mteljpretation is that Lmm grading into the
lapilli-depleted Tmm represents a normally grac}ed pyroclastic flow.

Matrix-Supported, Massive Tuff
(Tmm), (Tmmg)

This ﬁthofabies is characterized by more than 50% ash-sized materiai, poor sorting,
and pumice and lithic lapilli that are sub-rounded to sub-angular. The conglomérate is matrix-
supported, massive and ungra(ied (Tmm), or massive and graded (Tmmg). Matrix consists
of glass shards and fine ash-sized pqmice. Bed geometry is tabular, and the basai surface may
be erosive or gradational. Laterally, units may extend for tens to hundreds of meters.
Deposits are usually 0.75 to 13 meters fhjck. Typically, clasts are purh,ice énd accidental lithic

lapilli, with abundant crystal grains that are medium ash to small lapilli size. Lithic clasts are
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mudstone, welded rhyolitic tuff, and aphanitib-porphyritic volcanic rock fragments. Tmm
may consist of entirely lithic clasts or pumice lapilli. This facies is typically welded, as
evidenced by the plastic deformation of glass shards in the matrix. In some instances, the
upper part of these deposits are colored pink, and 'perhaps indicates high temperature
emplacement (Fisher and Schmincke, 1984). Additionally, abundant lithophysae are found
elongated oblique to flow banding, and are commonly found in zones throughout the deposits.
Large, open vesicles are also elongated obﬁque to flow banding, but are more rare. Units that
are density graded with normally graded lithic clasts at the base and reversely graded pumice
lapilli at top are deéignated Tmmg. This unit can be unwelded or very weakly welded. Tmmg

is further discussed below.

Interpretations: A pyroclastic flow is a dense, laminar fluidized flow (Rowley et al.,

1985). Pyroclastic flows typically move in a nonturbﬁleﬁt manner and have high particle
concentrations, similar to a debris flow; however, pyroclastic flows are hot (Carey, 1991).
Poor sorting in pyroclastic flow deposits (Tmm) reflects the abundance of particles within the
flow (Sparks, 1976). A high temperature emplacement for the pyroclastic flows is indicated
by a pinkish upper contacf, welding, and abundant lithophysae (Fisher and Schmincke, 1984).
Welding of the unit is due to the heat of the deposit allowing the glass shards to become
viscous and deform (Ross and Smith, 1961). Compaction of the deposit over time is also
evident in the deformed glass and flattened pumice lapilli (Ross and Smith, 1961). Thin
pyroclastic flows are attributed to small, dense surges, or the “tail” of a larger pyroclastic flow

with a higher flow regime than true pyroclastic flows (See Figure 25) (Rowley et al., 1985).
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Reverse grading (inverse cdarsertaﬂ) of pumice and normal grading (normal coarse-
tail) of lithic éiasts (Tmmg) are indicative of density contrasts between the clasts and the
| matrix (Sparks, 1976; Mathisen and Vondra, 1983). The pumice fragmenfs “float” to the top\
of the flow unit, while the lithic fragments gravitationally “drop” to the basg (Sparks, 1976;
Rowley et al., 1985). Additionally, a high velocity flow allows the matrix to behave with
increasing fluidity (Carey, i991). This results in the floating of the pumice, and dropping of
lithic clasts (Carey, 1991). The reverse grading of the pumice may also indicate dispersive
- pressures (shear stresses) between the pumice clasts (Rowley et al., 1985; Carey, 1991). The
lithic clasts were possibly affected by turbulence, as suggested by the coarse-tail ﬁormal

grading of clasts at the base of the deposit (Sparks, 1976).

Massive Tuff (Tm)

This lithofacies is characterized by poor sorting aﬁd dominant, coarse ash-sized
particles. The matrix contains glass shards (plastically deformed and compressed) with
medium to very coarse ash-sized crystals of feldspar and lithic clasts (mudstone, welded tuff,
and volcanic rock fragments). The basal surface is typically gradational with Tmm or Tmmg,
and the tabular deposits range from 0.2 to 9 meters thick, and tens to hundreds of meters

long. This lithofacies is generally strongly welded.

Interpretations: This lithofacies has multiple possible interpretations. Elutriation of

fines from the top of a pyroclastic flow-can produce a deposit more fine-grained than the
underlying pyroclastic flow (Fisher and Schmincke, 1984). However, lithofacies Tm is

relatively coarse-grained, and poorly sorted, while elutriated fines are typically better sorted
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(Fisher and Schminke, 1984). The gradational contact of Tm with Tmm and Tmmg indicates
a continuous flow process, while elutriated deposits typically possess sharp basal contacts
(Cole and Ridgway, 1993). In addition, using an analogy to the model for the emplacement
of a debris flow plug, Tm may be the “tail” of the pyroclastic flow that 6verruns the “head”
(Carey, 1991) (See Figure 25). However, this would require evidence of laminar deposition,
and better sorting. Another possibility, and the most likely, is that Tm represents the
uppermost, normally graded portion of a fluidized, low yield strength, pyroclastic flow.
Normal grading within a flow is a result of decreasing eruption intensity (Vessel and Davies,
1981).

Tm may also represent a “basal layer” or ground surge (See Figure 24). This layer
is typically poorly sorte;d‘, and grades upward into a coarser grained “ignhnbrife” (Sparks,
1976). However, Tmm and Tmmg typically grade into Tm; hence, Tm most likely does not
represent a ground surge. Additionally, Tm may represent a “layer 3';, or ash-cloud surge
" (Sparks, 1976). Layer 3 deposits may be representative of a dust cloud that forms above
pyroclastic flows (Sparks, 1976). Characteristically fine-grained, layer 3 may have a
predominant coarse-tail grading (Sparks, 1976). Tm is generally coarse-grained ash, found
at the top of Tmm and Tmmg, and strongly welded. Layer 3 deposits, though, are typically

not well-preserved, due to fine-grain size (Sparks, 1976).

Antidunal Tuff (Ta)

This lithofacies is comprised of small (0.1 meters high and 0.2 meters long), swaley

deposits with the stoss-side (foresets) preserved. The deposits are poorly sorted, and are
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comprised of ash-sized glass shards, crystéls, small pumice lapilli, and lapilli-sized lithic clasts.
The unit is laterally extensive for up to tens of meters, and less than 1 metér thick. The basal

surface is typically sharb, and the bed geometry is tabular.

Interpretation: Pyréclastic surges are turbulent, low concentration,hﬂuidized debris
flows that evidencé.r.eco gnizable sedimentary bedforms (Rowiey etal., 1985). Antidunes are
‘common structures formed in pyroclastic surges, due to the high particle content and the
upper flow regimé conditions that characterize pyroclastic su;ges (Sparks, 1976; Rowley et
al., 1985). Additionally, antidunes form in high velo ci’;y flows, and deposit rapidly due to the
cohesive, damp ash that commonly forms the deposits (Rowley et al., 1985). There are three
types of pyroclastic surges. Baée surges are formed during phreatomagmatic eruptions and
are coxﬁprised ofhydroclastic particles (F isher and Schminke, 1984). They may occur during
eruption column collapse (Fisher and Schminke, 1984). Ground surges form from eruption
column collapse or by ingestioﬁ of air at the front of a pyroclastic flow (Fisher and Schminke, .
1984). Ash-cloud déposits are due to elutriation of fines at the top of pyroclastic flows, or
by normal gravity sorting of clasts (Fisher and Schminke, 1984). Fisher (1977) attributes

antidunes to base-surges, and while Ta is found at the base of Tmm, evidence for hydroclastic

or phreatomagmatic activity is lacking.

Climbing-Ripple Crosé—Laminated Tuff (Trc)
This uncommon lithofacies is characterized by ash-sized glass shards, and pebbly, sub-
angular lithic clasts that are climbing-ripple cross-laminated. The deposits are approximately

one meter thick, and tens of meters long. The basal surface inay be sharp or gradational.
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Interpretation: Climbing ripples form ﬁom high particle concentrations, and Trc may
be the result of a pyroclastic surge. As Trc is found in some instances at the base of Tmm,
it is possible that Trc may have been deposited as.a ground surge. However, in one instance,
Trc is a gradational unit between Tmmg and Tmm. Trc may then be reﬁresentative of flow
transformation from a pyroclastic flow of high matrix strength to one that is more fluidized

due to increasing velocity or another episode of column collapse (Carey, 1991).

Horizontally-Stratified Tuff (Th)

This lithofacies is characterized by fine ash-sized material that contains horizontally-
stratified accretionary lapilli (0.1 to 0.5 cm in diameter). The deposit is approximately 0.4
meters thick and laterally continuous for 14 meters. The basal surface is sharp, and the

bedding geometry may be wedge-shaped.

Interpretation: This most Iikely the result of a pyroclastic surge, but the accrefionary

lapilli add another dimension to the interpretation. Accretionary lapilli are found various

distances from the source vent, form fromrain drops or water within the surge (a base surge),

and, therefore, can be the resﬁlt of a pyroclastic surge. Th could be derived from an ash-fall,
but this is difficult to ascertain. Being mostly ash, and with accretionary lapilli horizontally
bedded in-between, Th is not gravity-sorted, while ash-fall material is. Therefore, Th most
likely represents a pyro-cl‘astic surge that may have moved across a wet su.rface, or mixed with

rain.
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Vitrophvric Tuif(Tv)

This facies is characterized by a dense, black glass that contains variable amounts of
feldspar crystals that are planarly aligned, and small pumice and lithic lapilli (Figure 26). In
some instances, the glass is found as abundant stringers and pods in a fine ash matrix (Figure
27). Typically, the uppermost section of glass has hydrated to perlite. The deposits are 0.4
to 4.8 meters thick, and are laterally continuous for approximately tens ofmeters. The basal

surface is typically gradational where observed, and bed geometry is tabular.

Figure 26: Vitrophyric tuff (Tv) in western facies,
approximately 30 meters above the base of the
southern stratigraphic section in unit C (S-C).
Hammer for scale.
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Interpretation: This lithofacies represents deformation by either extreme welding or
extreme heat (Rossand Snﬁth, 1961). Welding would produce flattening of pumice ;.nd glass
to form a layered appearance; heat does not produce flattening (Ross and Smith, 1961). In
most instances, the Tv is gradational with deposits attributed to pyroclastic flow deposits.
Tv Would therefore be indicative of the welded zone found in most pyroclastic flow models
(Figure 28). However, one example of Tv is found at the known base of unit C. A
pyroclastic surge deposit overlies the dense zone of Tv. Tv in this instance may represent an

earlier pyroclastic flow that had been eroded prior to deposition of Ta.
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Figure 27: Interbedded vitrophyric tuff (Tv), horizontally-
stratified tuff (Th), and swaley antidune tuff (Ta) in western
facies, approximately 58 meters above the base of the central
section in unit C (C-C). Jacob’s staffis 1.5 meters tall. View to
the north-northwest.
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Figure 28: Diagram of alteration stratigraphy in pyroclastic flows,
illustrating locations of welding, vapor phase crystallization,
devitrification, and vitric zones. From Cass and Wright (1987).
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VOLCANIC ROCK UNIT DESCRIPTIONS

Field analysis of volcanic unifs included measuring sections, sample collecting,
identifying surface contacts between flows, and noting the abundance and occurrence of
lithophysae, épherulites, pumice lapilli, lithic clasts, alteration zones, crystais, and vesicles.
Additionally, flow bandi‘ng, fo]iation; and miIlleralﬂ identiﬁcation n hand‘ sample wére recorded.
Thin section petrography of the volcanic rocks (units B, C, E, and’ the Adel Mountain
Volcanics) was necessary for identifying major phenocrysts that may be found in epiclastic
sandstones. Schmidt (1978) identifies the chemical cqmposition of volcanic rock units B
(latite), C (rhyo]ite-rhyodacite), E (trachyte),‘ and Adel Moun_tain Volcéxlics (trachxbasalt‘ and
trachyandesite), and observations made in this study were compared to his data. Utilizing thin
section petrography, twenty-five samples were analyzed from latite, trachyte, and trachybasalt
lava flows, and the rh)}oﬁte;rhyodacite ash-flow tuﬁs. ﬂPetr(-)graphic analysis aided in
determining flow mechanisms, alteration characteristics, and'identifying the number of

individual flows.

Unit B- Latite Lava Flows

Latite lava flows in this study are characterized- by abundant plagioclase feldspar
phenocrysts set in a dark grey to grey-purple groundmass (Figure 29). The unit generally
weathers orange brown, especially near the bése. The tabular flows range in thickness from

30 to 75 meters, and are laterally continuous for hundreds of meters, only to pinch-out north
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of the field area (Figure 30) (Schmidt, 1978). Lithophysae and vesicles occur in various

amounts throughout the flows and aid in determining multiple flow units (Figure 31).

Figure 29: Porphyritic latite lava flow with abundant
plagioclase feldspar phenocrysts in western facies,
approximately 128 meters above the base of the
central stratigraphic section in unit B (C-B). Sharpie
marker for scale.

In thin section, the porphyritic latite lava flows consist of a finely-crystalline
groundmass of feldspar (a rare instance showed penetrating twins). Specifically, the

groundmass is microcrystalline andesine, sanidine, augite, quartz, magnetite, and apatite
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(Schmidt, 1978). The phenocrysts are dominantly plagioclase feldspar and rare augite.
Plagioclase phenocrysts range in size from 0.1 to 0.5 cm, and the augite phenocrysts are
generally 0.2 to 0.4 cm. Schmidt (1978) identified the plagioclase feldspar phenocrysts as
labradorite ranging in composition from An3®to An58 The plagioclase phenocrysts are
typically equigranular, albite twinned, discontinuously zoned, grouped in glomocrysts, heavily
fractured in some instances, and may have microperthitic textures. Where altered, plagioclase
phenocrysts are almost unrecognizable except for relict twinning. The plagioclase is replaced
to various degrees by calcite, chlorite, clay, and zeolite (possibly clinoptilite), and sericite. The
commonly equigranular augite phenocrysts are consistently zoned, and where altered, are

replaced by zeolite, biotite, chlorite, and/or clay.

Figure 30: Exposure of latite lava flows (unit B) in western facies central
stratigraphic section. View to the west from road leading into Rock Creek
drainage. Uppermost rocks on left are ash-flow tuffs of unit C.



68

270 m
[ f
I'f-':'t:-:"'f’
200 E3 Vesicles
0 Lithophysae
0 Lithic clasts
Pebble and cobble
conglomerate
g $.9.
\ e
100
, .1 o
| # «>
7 vy

Figure 31: Schematic stratigraphic section of latite lava flows found
in the western facies, unit B. Two flows are illustrated here, based on
the location of lithic clasts approximately 130 meters from the base of
the stratigraphic section.
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Vesicles (up to 6 cm in ’diameter)‘ are typically infilled by spherulitic chalcedony,
macroquartz, chlorite, clay, and zeolites. Some afﬁygdules contain multiple episodes 6f
infilling. Rarer constituents of the latite lava flows are quartz, rock fragments (chert, micrite,
and mudstone), nepheline? (may be K-spar), and analcime crystals. Hematite staining is

prevalent, as are opaque minerals.

Integpretation

Multiple flows were distinguished where vesicles Were concentrated (indicating the top
ofthe flow), where a distinct, sharp upper surface occurred, and where squeeze-ups ofaltered,
silicified mudstone indicated the presence of a basal surface. The northern measured section
possibly contaihs two lava flows, whﬂg the central and southern sections consist of at least two

or more flows.

Unit C-' Rhyolitic Ash-Flow Tuffs

This unit is .characteristically pink, tan, grey, purple, and white. The deposits include
exposures of lapilli tuff, ash tuff, and vitric tuff (Figure 32). Tabular deposits range in
thicknesses from 8 to 26 meters, and the unit thins to the north (Figure 33) (Schmidt, 1978).
In hand sample, flow banding is evident, as are stretched, wispy pumice fragments (Figure 34).
Non-welded deposits are poorly exposed and typically contain abundant biotite and pumice
fragments. The pyroclastic structures observed in stratigraphic sections are dis'cussed in the

pyroclastic lithofacies section of the Lithofacies chapter.
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Figure 32: Schematic stratigraphic section of rhyolite-rhyodacite ash-flow
tuffs found in the western facies. Pyroclastic lithofacies codes discussed in
text and in Table I.
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In thin section, unit C is characterized by a vitric groundmass that has altered in most
instances, to clay, chlorite, quartz, or zeolite. Relict shards are visible and retain bubble-wall
texture. Glass in welded tuffs is compressed, with maximum compression localized at crystal
contacts. Fragments include pumice, feldspar, biotite, quartz, and accidental lithics of

mudstone, welded tuff aphanitic volcanic rock, chalcedony, and plutonic rock.

Figure 33: Exposure of rhyolite-rhyodacite ash-flow
tuff sheets (unit C) in western facies, northern
stratigraphic section (N-C). View to the northwest.
Two flow units present (1,2), separated by covered
interval between.
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Figure 34: Flow-banding in welded tuffs of the
western facies, approximately 11 meters from the
base of the northern stratigraphic section in unit C
(N-C). Camera lens cap for scale.

Pumice fragments are generally wispy, and have been replaced to varying degrees by
calcite, chlorite, microquartz, chalcedony, zeolite, and clay. In some instances, replacement
is complete and the original pumice structure is difficult to identity. Some pumice clasts
contain quartz, feldspar, and biotite in the vesicles. The quartz crystals found in compacted

pumice commonly are strained, and contain abundant vacuoles.
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Feldspar found in unit C is commonly broken along cleavage planes, equant, and may
be altered to clay, chlorite, calcite, and zeolite. Typically, -c'ores are more intensely altered,
while rims may appear to be rounded due to clay replacement. Albite twinning on simple twins
is most common, with rims of zoned plag;ioclase exhibiting simple twins. Rare, untwinned
feldspar was also noted, and may have been sanidine. In one sample, feldspar is represented
by multiple variations: plagioclase, potassium feldspar, perthite, and sanidine are present in one
tuff sample. Atypically, this sample lacks alteration of feldspar. Feldspars range in size from
0.05 cmto 0.3 cm, and in one example, are glomocrysts. Quartz crystals are common to rare,
and are found as broken, small (0.02 cm) fragments. Biotite is also less common than feldspar,
and is typically deformed due to compaction during welding.

Lithic fragments are sub-rounded to sub-angular clasts of welded tuff, tuff, mudstone,
aphanitic volcanic rock, and plutonic rock. Allrock fragments contain crystals or groundmass
altered to clay, chlorite, calcite, quartz, or zeolite. Mudstone grains are typically deformed.
Rock fragments are found commonly in samples collected from the base of flows, and, in some
instances, may be deformed or flattened.

Where vesicles are preserved, they are filled with chalcedony, microquartz,
megaquartz, calcite, chlorite, clay, and zeolite. In some instances, quartz and feldspar are

found in the. vesicle cavity, and may represent vapor phase crystallization.

Unit E- Trachyte Lava Flows

Light grey groundmass, and trachytic texture characterize these aphanitic-porphyritic

lava flows. The trachyte flows weather purple-grey, and in some cases are flesh colored. The
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tabular flows range in thicknesses of 50 to 140 meters, and pinch out northwest of the field
area (Schmidt, 1978) (Figure 35). The upper surface of the trachyte in the northern and
central sections consists ofa massive, matrix- and clast supported conglomerate (Gmm, Gem)
(Figure 36). Clasts are rounded to sub-rounded, scoriaceous, and severely stained by hematite.

Matrix is difficult to discern from clasts, but appears to be hematitically-stained trachyte.

In thin section, two distinct compositions were observed, and are interpreted as
representing two distinct lava flows; a lower and upper lava flow. The lower lava flow is

typified by an abundance of augite, rare and highly altered feldspar, and a finely-crystalline
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groundmass. The groundmass consists of stubby, relict feldspar laths that have been altered
to clay and perhaps zeolite or quértz, with abundant finely-crystalline opaque minerals.
Schmidt (1978) determined that the groundmass is comprised of microcrystalline sanidine,
andesine, augite, magnetité, and biotite. The augite phenocrysts are equigranular, fractured,
show evidence of zoning and twinﬁing, and are on average, 3 mm in diametér. The augite
crystals are commonly intergrown and form glomocrysts. Only in a rare instance was an augite
crystal found altered; the core of the augite crystal had been alteféd to clay. The feldspars are
completely replaced by clay and chlorite, most likely after ‘seric‘itization. The feldspars show
relict albite twinning on simple twins. Schmidt (1978) providesa raﬂge in composition for the
feldspars as andesine (An4(')) to labradorite (Ans,). The feldspars are rimmed with less-altefed
feldspar thét display simple twinning. Some of the feldspars f(;rm penetrating intergrowths,
o; aggregates, which are on average 5 mm in diameter; individual crystals are 2 mm. There
are also abundant opaque minerals. Hematite-rich clusters have “microlites” of quartz and
feldspar, and may be accidental lithic clasts. -

Amygdules are lined with clay, then filled with unaltered potassium feldspar that has
simple and albite twins, and is zoned. Calcite inrare examples hasreplaced the amygdule core
or has filled the entire vesicle. In other instances, the amygdules are spheroidal and are rimmed
first with hematite, then clay, zeolite, clay again, and finally calcite. Calcite also fills pore
spaces that may have originally been very jirregularly shaped vesicles. In the southern section,
the amygdules are filled with‘chlofite, macroquartz, chalcedony, and feldspar. The lower flow

also has abundant hematite staining, especially along feldspar cleavage (twin) planes.
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Figure 36: Schematic stratigraphic section through trachyte lava flow (unit
E) found in western facies.



- ! . W— bl

77

The uppermost lava flow, seen in all stratigraphic,_sections, has a more éoarsely—
crystalline groundmass than the lower flow. The groundmass consists of elongate feldspar
laths altered to clay and possibly clinoptilite, augite crystals, and abundant opaque minerals.
The groundmass exhibits evidence of flowage through preferential alignment of microlites
around phenocrysts. Faint amounts of chlorite are visible, but alteration minerals are mainiy
clay and zeolites. A few of the groundmass feldspar laths show simple twins, and have
undulatory extinction. The phenocrysts are predominantly zoned pla;gioclase feldspar, zoned
augite, and biotite. Accidental lithic clasts are also present. The plagioclase feldspar
phenocrysts have been sericitized, in addition to alteration of cores to clay, clinoptilite, and
chlorite, and the rims completely to clay. Albite twinning is still evident, and the rims exhibit
relict simple twinning. Chlorite alteration occurs along fractures. Simple twinned feldspars are
uncommon. Many appear to be albite twinned where feldspar is intergrown with pyroxene.
Feldspars are on average 3 mm long, and when in groubs, the glomocrysts are on average 5
mm in diameter. Augite phenocrysts are equigranular, zoned, fractured, and mainly unaltered.
Some are “embayed” into the feldspar crystals, and others seem to have intergrown with each
other and feldspar. The augite crystals range in diameter from 2 to 5 mm. In one sample, a
chlorite pseudomorph has replaced augite. Some biotite flakes occur, but are a minor
accessory. |

Amygdules are found only in the.southern‘section, and they are comprised of chlorite
rimmed in hematite. Hematite staining and chlorite replacement are prevalent throughout all
sample locaﬁtiés. The conglomerate matrix inthin section displays feldspar laths that are sub-

angular and altered to zeolite, and feldspar microlites that are unaltered and needle-like.
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Interpretation

Two distinct flows Wére determined to be present through field analysis (sharp contact,
lower flow had a pink upper surface, and vesicles), and through petrographic analysis (flow
composition and textures differ slightly). The two ﬂows occur together only in the central and
southern measured sections. The northern section is comprised of only the uppermost lava
flow. Additionally, the scoriaceous conglomefate is present in fhe central and northern

sections only.

Adel Mountain Volcanics

Rocks of the Adel Mountain volcanic field were not extensively thin sectioned, and
most ofthe information described here is from field observation. The Adel Mountain Volcanic
rocks are aphanitic-porphyritic trachybésalt, and are characterized by a dark grey-green color
that weathers to rust-orange or dark grey. The lava flows form columnar-jointed cliffs, have
autobrecciated zones, and are interbedded with sandstones and conglomerates (Figure 37).
The one identified and investigated lava flow is comprised of a broken basal surface that has
baked the conglomerate below, a middle section with flow fo]iat‘io.n and elongate amygdules
(lemto 5 cmlong, and 0.25 cm wide), and an irregular upper surface that has a discontinuous
sandstone lens above. The entire flow sequence is approximately 10 meters thick and tens of
meters long. |

Inthin section, the groundmass consists of microcrystalline feldspar (some relict simple
twinning) that has been altered to clay, abundant opaque minerals, and altered olivine

(iddingsite pseudomorphs). Large (0.5 to 2 cm ‘long) augite crystal appear visually to be the
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most abundant phenocryst phase. The augite is fractured, zoned, and exhibits rare twinning.
The iddingsite crystals are rimmed in hematite, are typically cored by vermicular chlorite or
vermicular clay, and have a slight pleochroism of green to green-brown. The olivine
phenocrysts are on average 2 mm in diameter. An isotropic phenocryst also exists that
Schmidt (1978) suggests is analcime. The mineral in thin section is elongate, rectangular, and
looks like altered feldspar as the rims are altered to clay. This same mineral fills the irregularly

shaped amygdules as well, and is altered to clay near the edges of the amygdule. Rare,

recognizable feldspar has been severely altered to clay.

N Lava flow

(

\
Autobrecciated
Lava Flow

FigureS7: Exposure of Adel Mountain Volcanics (Kamv) in measured
sections ofthe eastern facies (RE-Kte). View to the north.
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LITHOFACIES ASSOCIATIONS

Lithofacies associations were de;termined by identifying groupings of lithofacies from
detailed stratigraphic section information that includes facies .analysis, lateral facies
relationships, and similarities among transportation processes. Deﬁneating lithofacies
associations allows interpretation of depositional environments found within larger, more
generalized depositional systems. The lithofacies associations for the Upper Cretaceous Two
Medicine Formation are separated into the western and eastern facies in order to facilitate
understanding (;f the distinct depositional environments the western and eastern facies
represent. The following analysis discusses»sedime'ntary lithofacies, pyroclastic lithofacies, and
characteristics of coherent lava flows from all units in the western and eastern facies. In some
instances, however', units D and F are separately described to illustrate the differences between

their sedimentary processes, lithofacies associations, and depositional environments.

Western Facies

Cﬁa‘nnel Association

Two Medicine Formation chanﬁel—ﬁll deposits contain evidence of deposition from
fluid gravity flow, hyperconcentrated flow, and debﬁs flow. Lithofacies that represent
channel-fill include trough: cro Ss-, low-angle cross-, and hor'izontall)I/- stratified sandstones (Sf,
S1, Sh), ripple cross-laminated sandstone (Sr), massive sandstone (Sm, Smi), trough cross- and

horizontally-bedded conglomerate (Gt, Gh), and massive- and clast-supported conglomerate
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(Gmm, Gmmi, Gmin, Gem, Gcmi, Gems, Gcin) (Figures 38 and 39). Deposits are lenticular
and tabular, and are generally laterally discontinuous. Beds of channel-fill deposits are | to
20 meters thick, and 5 to hundreds ofmeters in length. Carbonized vegetation is present at the

base of unit D, and rarely found elsewhere.

m vf f ms G v g p co bo

Figure 38: Schematic stratigraphic section of channel
association found in unit D ofthe western facies. Lithofacies
codes described in text and Table |I. DF= debris flow, HF=
hyperconcentrated flow, and FGF= fluid gravity flow.
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Figure 39: Schematic stratigraphic section of channel and
floodplain associations for unit F of the western facies.
Lithofacies codes are described in the text and in Table I.
DF= debris flow, HF= hyperconcentrated flow, and FGF=
fluid gravity flow.
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Fluid Gravity Flow (FGF): Trough cross-, low-angle cross-, and horizontally-stratified,

and ripple cross-laminated tabular and lenticular sandstones (St, S, Sh, Sr), clast-supported,
massive conglomerate (Gem), and trough cross- and horizontally-bedded conglomerate (Gt,
Gh) represent deposition and transpdrt by fluid gravity flow and traction currents.

Coarsening upwards sets of St indicate increasing flow velocity over time (Miall,
1996). This is a common feature of unit D sandstones. St and Sr are found in lower regime
fluid flows and the trgnsition from St to Sr implies waning flow velocity (Harms and
Fahnestock, 1965). Additionally, Sr could Hrepresent shallow stream flow. Stinterbedded with
Sh may be the result of waning flow (for lower flow regime plane bed movement), or may
indicate increased aggradation with higher flow velocities (upper flow regime plane bed
movement) (Harms et al., 1982). The ﬁansition frpm Slto Shalso indicates upper flow regime
transformation in a shallow channel, or increased flow velocity (Orton, 1995).

The trough cross-bedded (Gt) conglomerates were deposited as dunes migrated down-
channel. Fining upwards troughs indicate failure of the flow to transport the larger clasts
(Miall, 1996). Therefore, flashy flow was most likely responsible for ﬁovement of the gravels.
Migration of diffuse gravel sheets during pulses of high flow may have been responsible for
producing horizontally-bedded conglomerates (Gh) (Heinand Walker, 1977). Finally, bimodal
grain size distribution in clast-supported, massive conglomerate indi;:ates deposition from
streamflow. The larger clasts are deposited without orientation; matrix infiltrates the pore

spaces to produce the bimodal grain size (Smith, 1986).
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Debris Flow ( DF ): Debris flow deposits include matrix- and clast-suppoﬁed, massive
conglomerates (Gmm, Gmmi, Gmin, Gem, Gems, Gein, Geri), and massive sandstones (Sm,
Smi). Debﬁs flows, being laminar, typically have sharp basal contacts. In a pre-existing
chanriel, the basal contact may appear to be scoured. Several instances of matrix-supported
conglomerates with erosive conta'cts found in unit F imply deposition in a channel scour.’
Matrix and clast-supported COnglomeratés transported by debris flows indicate pulses of
volcaniclastic sediment into thé fluvial system. The v_olcanicléstic sediment may have beén
derived from local volcanic edifices, or ﬁlay be distal deposits. of the Elkhorn Mountains
volcanic field debris flows. Channelized volcanic debris flows may travel up to 100 kilometers,
and may tranéform to hyperconcentrated ﬂéws as the debris flow lo sés velocity and large cIésts‘
(Smith, 1987a, 1987b). Massive sandstone may be indicative of rapid deposition from a high

discharge flow (Fisher, 1971).

Hyperconcentrated Flow (HF): Hyperconcentrated flow produces thin Gem deposits,

coarse-tail normal graded conglomerate (Gems), matrix-supported conglomerate (Gmm,
Gmmi, Gmin), massive sandstone (Sm, Smi), and horizontally-stratified sandstone and
conglomérate (Sh, Gh). In a channel, these most likely trepresent run-out from debris flows,
or flow transformation due to fluidization of a debris flow as it encounters more water in the
channel (Smith, 1987b). Massive sandstone and horizontally-stratified sandstone and
conglomeraté méy be the resulf of high discharée flows that are sediment-rich and behave in

a slightly turbulent manner (Miall, 1996).
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Interpretation: Based on lithofacies, bedding geometries, abrupt vertical changes in
grain size and lithofacies, and lack ofevidence for lateral accretion, the fluvial systems ofthe
Campanian Two Medicine Formation are interpreted to have been sandy and gravelly braided
streams with well-defined floodplains or interchannel areas (Figure 40). Periodic influx of
coarse volcaniclastic detritus in the form of debris flows and hyperconcentrated flows
inundated fluvial channels. Episodes ofabrupt aggradation on the fluvial plain were followed
by periods of reworking by fluid gravity flows and channel entrenchment. This is especially
noted in unit F, which is characterized by an abundance of debris flow and hyperconcentrated

flow deposits relative to fluid gravity flow deposits.

Figure 40: Channel-fill deposits ofthe western facies, unit D, approximately
80 meters above the base of the measured stratigraphic section. Trough
cross-stratified sandstone (St) is capped by horizontally-stratified,
hyperconcentrated flow-deposited sandstone (Sh). Note scour into
floodplain-deposited mudstone (Fm). Notebook for scale (23.5 cm).
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Floodplain Association

The floodplain association describes interchannel areas of the Two Medicine braided
stream system. The lithofacies idehtiﬁed as representing deposition on the floodplain include
massive and laminated mudstone (Fm, F1), horizontally- and iow angle trough cross-stratified
sandstone (Sh, Sl), ripple cross-laminated sandstone (Sr), massive, matrix-supported
conglomerate (Gmm), lava flows, and pyroclastic lithofacies of multiple ash-flow tuff sheets
(Figures 39 and 41). Fm, F], Sh, and Sl are the most commonly interbedded deposits. Basal
surfaces are commonly sharp, and erosional only rarely. Deposits of the floodplain association
range in thicknesses of 2 to 15 meters (see Figure 40). Laterally, the deposits are continuous
for distances up to 50 meters. Evidence for vegetation is conspicuously absent from all but

the lowermost unit D floodplain deposits.

Fluid Gravity Flow (FGF): Deposition on the floodplain is typically by flood or high

. discharge flow that overflows channels. Thick sequences of massive and laminated mudstone
(Fm, F) indicate that vertical accretion processes occurred on the floodplain. Horizontally-
stratified and low-angle cross-stratified sandstones (Sh, SI) exhibit coarsening upward

sequences, are moderately to poorly sorted, and have sharp basal contact with the underlying

laminated and massive mudstones (Fl, Fm). Deposits with these characteristics indicate

overbank flow, crevasse splay, or waning channel-flow transportation mechanisms (Mathisen
!

and Vondra, 1983; Smith, 1987b). Additionally, ripple cross-laminated sandstones (Sr) were

noted at upper contacts of coarsening-upward crevasse splay deposits, and may indicate

waning fluid flow (Harms and Fahnestock, 1965). Floodplain deposits, where exposed, were
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approximately 0.5 to 3 meters thick, and laterally extensive for 10 to 30 meters. In addition,
massive sandstone (Sm) beds are found in unit D with abundant root traces, implying stable

interchannel areas (Lorenz, 1981).

Ql ' "o

m Vvf f ms <8 ve g P <» b

Figure 41: Schematic stratigraphic section of floodplain
association for unit D ofthe western facies. Lithofacies codes are
described in the text and in Table I. DF= debris flow, HF=
hyperconcentrated flow, and FGF= fluid gravity flow.
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Debris Flow (DF): Episodic influx of sediment-laden flows in the fluvial systems likely

over-ran channel banks and spread laterally over the fluvial plain. One example observed in
unit F resembled “levee” deposits above a conglomerate-filled channel scour. The “levee” was
a clast-supported, massive conglomerate (Gem). Filling the channel scour was a coarse-tail
inversely graded, clast-supported conglomerate (Gemi). The floodplain-deposited
conglomerate (Gcm) was observed laterally for approximately 20 meters, and then was
covered. Other debris flow deposits (Sm, Smi, Gmm, Gmmi, Gems, Gein) were also found
strétigraplﬁcaﬂy above “normal” floodplain deposits of vertically accreted, massive and
laminated mudstone (Fm, F1), and crevasse splay-deposited, horizontally-stratified, and ripple
cross-laminated sandstone (Sh, Sr). In mosf examples, the basal contacts were erosional or
sharp. Some of'the ml}dstone lithofacies were also contorted by soft-sediment loading, which
indicates deposition of coarse deposits en masse on a moderately wet surface (Smith, 1988).
Debris flow deposits in the floodplain setting were typically 0.2 to 10 meters thick, and

laterally extensive for 3 meters to 100 meters.

Hyperconcentrated Flow (HF): Hyperconcentrated flows on the floodplain behave

“similarly to sheetfloods on an alluvial fan (Blair and McPherson, 1994). Hyperconcentrated
flows may result from the fluidization (flow transformation) of a debris flow as it encounters
water in a channel, and proceeds to 'over—run the channel banks (Smith, 1986). This would be
especially significant in the inter.channel area of a fluvial plain, where high-discharge flows
episodically avulse and inundate the floodplain. Inunit F, horizontally-stratified conglomerate

and sandstone (Gh, Sh) occur in “couplets” interbedded with debris flow deposits of massive
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clast- and matrix-supported cohglomerate (Gem, Gmm). Couplets on alluvial fans occur as ’
standing waves wash-out during a sheetflood event (Blair and McPherson, 1994). - This
definition is especially significant as couplets in unit F are found interbedded with low-angle
cross-stratified sandstone (SI); Sl has been interpreted as the result of scour-fill structures or .
antidunes (Miall, 1996). Sh and Gh are also found interbedded with massive and laminated
mudstone (Fm, FI), which also supports hyperconcentrated flow occurring on the vertical
accretion deposits of the floodplain (Fm, FI). Hyperconcentrated flow deposits generally are

0.05 to 2 meters thick, and laterally extensive for tens of meters.

Pyroclastic Flows/Surges: The lapilli- and .ash-flow tuffs observed in unit C were

déposited via pyroclastic flows and surges, as determined by lithofacies analysis. Pyroclastic
lithofacies observed include massive tuff (Tm), climbing ripple cross- and horizoﬁtally—
stratified tuff (Trc, Th), antidune-stratified tuff (Taj, vitrophyric tuff (Tv), and ﬁassive, matrix-
supported tuff and lapilli tuff (Tmm, Tmmg, Lmm) (see Figure 32). Tuffs are tabular, laterally
extensive, and occur almost exclusively in the western facies field area. Upper contacts with
the fluvial deposits of unit D are covered, as are basal contacts with the underlying latite lava
flows of unit B; howgver, in the southern séction of unit C, a very poorly exposed, sharp,
undulatory, basal surface was observed between a pyroclastic flow (Tmm) and a massive
mudstone (Fm) (Figure 42). The pyroclastic units were deposited in a series of catastrophic
events that inundated the ﬂuvial plain; therefore, the pyroclastic lithofacies are placed in the

floodplain association based on their tabular geometry and lack of channelization evidence.
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Figure 42: Pyroclastic flow deposit on floodplain mudstone (Fm). Lithic-
rich base of pyroclastic flow (Tmm). Exposed in southern stratigraphic
section of unit C (S-C), approximately 6 meters above the base ofthe
measured section. Sharpie marker for scale.

On a broad fluvial plain, the lack of significant channelization results in attenuation of
the pyroclastic flow, and may result in uncharacteristically thin, massive, matrix-supported tuff
sheets (Tmm). In addition, attenuation results ina loss ofyield strength (Costa, 1988), which
may result in normally-graded lapilli tuff(Lmm, Tm). Deformed accidental mudstone (Fm, FI)
clasts were also observed in the field and petrographically, suggesting incorporation of “rip-
ups” from the underlying substrate into the moving flow. This was especially evident in
density graded, matrix-supported tuffs (Tmmg) where lithic lapilliwere more concentrated and

obvious.
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Pyroclastic surges are :epresehted by stoss-side dunes (Ta), horizontally—stratiﬁgd tuff
(Th), and éﬁnibing ripple cross-stratified tuff (Trc). Deposits are typically ‘tabular, and
dominantly grade upward into pyroclastic flow depbsits. Poor exposuré limits determination
of lateral continuity; however, thicknesses of pyroclastic surge deposits range from 0.1 to

almost 3 meters.

Lava Flow: The Two Medicine fluvial plain is unusual in that lava flows are
interbedded with fluvial overbank deposits. Units B and E are comprised of multiple lava
flows of latitic and trachytic comﬁosition. The lava flows range frqﬁl 35 to 78 meters thick
and are latéraﬂy continuous throughout the ﬁeid area; although, Schmidt (1978) documents
thinning of both lava flow units to the north. Basal and upper surfaces are covered; in one
exami)le (central seétion ofunit B), conglomerates deposited by either hyperconcentrated flow
m“-ﬂuid gravity flow are found Between units B and C. Silicified and altered accideﬁtal‘ lithic
clasts are found in the flows. The lithic clasts are generally very ﬁne-grqined, rounded to.
angular, and in some instances, appear to be “squeeze-ups” of underlying, muddy substrate.
In one example, a large, laminated mudstone (F1) accidental clast‘was found (F igure 43). A
lava flow with these accidental lithic clasts indicates movement of the lava flow on the
floodplain. The tabular geometry of the lava flows, their lateral continuity, and the
incorporation of laminated mudstone (Fl) aqcidental lithic clasts permit inclusion oflava flows

in the floodplain association.
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Interpretation: Floodplain deposition was dominated by vertical accretion of massive
and laminated mudstone (Fm, FI); however, catastrophic floodplain inundation is indicated by
wedge-, lenticular-, and tabular-shaped units of massive, clast- and matrix-supported
conglomerate (Gem, Gmm), and horizontally- and low-angle trough cross-stratified sandstones
(Sb, SI) deposited by debris flow and hyperconcentrated flow events. Presence of lava flows
and ash-flow tuffsheets attests to direct influence oferuptive activity across the Two Medicine
fluvial plain. It is hypothesized that fluvial channels were likely to have been also filled by lava

flows and ash flow tuffs; however, evidence of this was never directly observed.

Figure 43: Laminated mudstone (FI) accidental lithic clast in lathe lava flow.
Exposed inthe central stratigraphic section ofunit B (C-B), approximately 30
meters above the base ofthe measured section. Sharpie marker for scale.
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Eastern Facies

Marsh Association

Organic material (O) is found interbedded with ﬁne-gr;aine'd, ﬁorizont‘a]ly—stratiﬁed and
massive sandstones (Sh, Sm), rootbeds (Fp), carbonate (Cn, Cl), and massive mudstone (Fm)
in laterally discontinuous tabular deposits approximately 7 meters thick (Figure 44). Basal and
upper surfaces are gradational between O, Fm, and Fp, but sharé between Sm, Sh, and (CI).
Thin coal beds (<0.1 meters thick), plant debris, and clay make up the organic material (O). |
Bioturbation results in massive sandstone and mudstone (Sm, Fm). Hematite and limonite
nodules, concretions, and zones also occur in this association, indicating oxidation of the

sediments.

Interpretation: The units described are interpreted to have been deposited in a marsﬁ
setting based on the interbedding of the‘ carbonaceous mudstone and sandstones, and
abundance of plant material (Weimer et al., 1982). In addition, the rootbeds (Fp) indicate a
low energy environment that permits plant growth and sediment trapping (Dyer, 1994);
sediment in this environment is deposited during waning flow, as evidenced by the fine-grain
size and stratification observed in the sandstones and mudstones.(Sh, Fm) (Weimer et al.,
1982).‘ Hematite and limonite nociules may be due to the replacement or infilling of decayed
plant material by hydroxides; this is also typical ofa mérsh setting (Weimer et al., 1982). The
carbonate mud may be the result of an enclosed or partially enclosed waterbody within the

marsh (Reading and Collinson, 1996).
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Beach
Salt Marsh

m vf f ms ¢ vc g p co bo

Figure 44: Schematic stratigraphic section of salt marsh and
beach associations found in the eastern facies. Lithofacies codes
are described in the text and in Table I. DF= debris flow, HF=
hyperconcentrated flow, and FGF= fluid gravity flow.

Beach Association

Interbedded low-angle cross- and horizontally-stratified (SI, Sb), and massive
sandstone (Sm) are capped by symmetric ripple cross-stratified (Srs) and swaley horizontally-
stratified sandstone (Sb) (see Figure 44). Trough cross-stratified sandstone (St) is also

present. Sl commonly exhibits “herringbone” stratification, which indicates bidirectional flow
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(McCubbin, 1982). Tabular and lenticular deposits are 2 to 10 meters thick, and laterally
continuous for hundreds of meters. Basal surfaces are sharp or gradational, with soft sediment
deformation occurring in thin beds of Sh. Bioturbation is‘ evident by the presence of worm
burrows in the massive sandstone (Sm). Mud intraclasts (1 cm long, sub-flattened) are
common alqng many of the trough bases of Sl and St. Heavy minerals (pyrite, magnetite) are
prevalent in the lowermost deposits of Sl and Sh. The S1and Sh deposits are also “cleaner”,

with less mud, clay, and zeolites, and typically weather a tan-white color (Figure 45).

| Interpretation: Together, these lithofacies describe deposition ina beach or strandplain
environmént. Swash-backswash mechanisms produce horizontally- and low-angle cross-
stratified sandstone in the beach backshore (McCubbin, 1982). In addition, heavy mineral
concentrations, and bioturbation by roots and worm burrows are typically found in the beach
backshore (McCubbin, 1982; Bibler and Scﬁmidt, 1986). Trough cross-stratified sandstone
(St) may be the result of migrating dunes in the upper shoreface (McCubbin, 1982; Reading
and Collinson, 1996). Storm depositioh in the lower shoreface may be responsible for the
climbing ripple cross-stratification, the swaley geometry of the hofizontally—étratiﬁed
sandstone, and the low-angle cross-stratification (McCubbin, 1982; Reading and Collinson,
1996). In addition, the base of one of the beach association deposits has a basal lag of woody
debris and mud intraclasts; this is also indicative of a storm deposit (McCubbin, 1982).
However, the de;;osits are mostly fine and mediurn sand-sized, and therefore lack the

characteristic silt and mud of the lower shoreface (McCubbin, 1982).
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Figure 45: Beach sandstones in eastern facies exemplified by
interbedded low-angle cross-, horizontally-, and ripple cross-
stratified sandstones (SI, Sb, Sr). Unit is 3 meters thick, and
located approximately 14 meters from the base ofstratigraphic
section E2-Kte, and laterally, 20 meters along strike.

The deposits, if compared to other Late Cretaceous coastal plain sediments, may be
interpreted as barrier islands rather than beaches. However, these coastal plain deposits lack
thick (>10 meter), high-angle, trough cross- and planar-stratified sandstones (Bibler and
Schmidt, 1986) and facies associated with barrier island formation (tidal delta, lagoon, and

tidal inlet facies) (Reading and CoHinson, 1996). Outcrops ofthe eastern facies definitely lack
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thick high-angle trough cross- and planat-stratified sandstones. Tidal delta, lagoon, and tidal
inlet facies may be present, but " due to ‘poor exposuré of deposits,.‘may not have been

recognized.

Lacustrine Association

Thin (<1 meter), laterally discontinuous beds of carbonate mudstone (Cl) are
interbedded with extremely fine-grained mudstone (Fl, Fm) (Figure 46). Basal surfaces are
sharp, and one example shows evid‘ei;ce of deformation by loading from above. Laminae are
the result of suspension settling, or may be due to ash-fall landing on the pond surface.
Massive mudstone is interpreted as being bioturbated; freshwater gastropods and pelecepods

(Unio).were found in two examples of the eastern facies.

Interpretation: The deposits were produced by shallow, ponded freshwater (Smith,
1987b; Waresback and Turbeville, 1990). Shallow waterbodies may also represent lacustrine
deposits in an upper delta plain se;cting (Reading and Collinson, 1996). Lacustrine
environments are characterized by fine-grained deposits, including abundant clay, and indicate

deposition in a low energy environment (Reading and Collinson, 1996).

Distributary Channel Association

Facies deposited in this association include pdorly—sorted, trough cross-, low-angle
trough cross-, and horizontally-stratified sandstone (St, Sl, Sh), ripple cross-laminated
sandstone (Sr), massive, bioturbated sandstone (Sm), trough cross-bedded conglomerate (Gt),

and massive, matrix- and clast-supported conglomerate (Gmm, Gem, Gems) (see Figure 46).
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Deposits are < 3 meters thick, are laterally discontinuous lenses (< 35 meters), and typically
have erosive basal surfaces (Figure 47). Mud intraclasts typically form basal lags in St, SI, and

Gt. Many ofthe distributary channels laterally pinch out into the mudflat as crevasse splay

deposits (Figure 48).

FGF

Lacustrine
Channel
Gem

Gmm

Gem FGF

1Om

FGF

FGF
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Figure 46: Schematic stratigraphic section of the lacustrine
and distributary channel associations found in the eastern
facies. Lithofacies codes are described in the text and in
Table 1. DF= debris flow, HF= hyperconcentrated flow,
and FGF= fluid gravity flow.
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Fluid Gravity Flow (FGFk Interbedded low-angle trough cross-, horizontally-, and
trough cross-stratified sandstone (Sl, Sh, St), ripple cross-laminated sandstone (Sr), and trough
cross-stratified conglomerate (Gt) were deposited by fluid gravity flow in distributary channels
that periodically experienced avulsion. In many instances, the distributary channels cut
shallowly and broadly into mudflat deposits (discussed below), and the distributary channel
deposits are commonly capped by mudflat deposits (Fm, FI, Sr). Mud intraclast lags imply
migration of the distributary channels across the mudflat (Weimer et al., 1982). Massive
sandstones above distributary channel deposits are bioturbated by roots, and indicate channel
abandonment. St is commonly capped by Sr, and this may indicate waning flow within the

distributary channel (Harms and Fahnestock, 1965).

Gmrri

Figure 47: Distributary channel-fill deposits are trough cross-bedded,
and matrix-supported, massive conglomerate (Gt, Gmm), and trough
cross- and low-angle trough cross-stratified sandstones (St, Sl).
Exposed approximately 139 meters above base of measured
stratigraphic section RE-Kte.
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Figure 48: Crevasse-splay deposits found in the eastern facies. Lithofacies

present are horizontally- and ripple cross-laminated sandstones (Sh, Sr)

interbedded with laminated and massive mudstone (FI, Fm). Exposed

approximately 93 meters above the base ofmeasured stratigraphic section RE-

Kte. Hammer for scale.

Debris/ Hyperconcentrated Flow (DF/HF): As with western facies channel deposits,
the distributary channels experienced periodic influx ofvolcanic debris inthe form ofvolcanic
debris flows and hyperconcentrated flows. Rare, matrix- and clast-supported massive
conglomerate (Gmm, Gem, Gems) were found in channel sequences, with erosive bases, and
interbedded with hyperconcentrated flow deposits of poorly sorted, horizontally-stratified
sandstone (Sh). The Sh deposits may be run-out end members of larger volcanic debris flows
derived from volcanic edifices to the west. As the debris flows reached the low-gradient

coastal plain, they thinned and spread laterally across the mudflats, distributary channels, and

possibly into the seaway (Orton and Reading, 1993). However, clast counts (See Provenance



R Ll | L N |

101

Chapter and Appendix B) and observations of the deposits indicate that the coarser debris flow

deposits may be monogenetic, and derived from the Adel Mountain volcanic field to the east.

Interpretation: The distributary channel association reflects normal fluvial deposition
affected by episodic catastrophic processes on a coastal plain. Based on coarseness of grain-
size (coarse sand to pebble), the lack of lateral accretion deposits, and the relatively thin (<3
meters) and discontinuous deposits, the distributar.y channels are interpreted to be low-
sinuosity, braided, sandy-gravel “streams” that periodically received detritus from an explosive

source (Smith, 1987b).

Tidal Mudflat Association

Thinly-bedded, tabular rdeposifs of laminated aild massive mudstone (Fl, Fm), fipple
cross-, climbing-ripple cross-, and wave cross-laminated sandstones (Sr, Src; Srs), -
horizontally- and low-angle trough cross-stratified sandstones (Sh, Sl), massive sandstone
(Sm), carbonate mudst,ope (Cn),. and massive- and clast-supported conglomerate (Gmm,
Gmmi, Gmin, Gem, Gemi, Gems, Gein) are found interbedded with each other, and have sharp
and erosive basal surfaces (Figure 49). Deposits are typically poorly exposed, and deposits
are 1 to 10 meters thick, and laterally continuous for tens of meters. In a few examples, the
interbedding of the mudstone with the sandstone resembles wavy-flaser bedding and wavy
bedding (See Figure 21) (Weimer et al., 1982). Trace fossils, including worm burrows of
various orientations, vertical spreiten, and wasp burrows, are abundant-in deposits of Fm, F1,
Sm, and Sr. Oyster hash (Ostrea glabra: Schmidt and Zubovic, 1966) of whoie, seemingly

unabraded oysters is also found interbedded with these deposifs; disarticulate and articulate
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oysters are commonly present in muddy deposits that are poorly exposed. Oysters are more
abundant in the northernmost section ofthe eastern facies (E2-Kte). Deposits of Fm, Fl, Sr,
and Sh exhibit soft-sediment deformation in the form ofconvoluted bedding, flame structures,

and rare fluid-escape structures.

. Gmmi
-0 DF

Fm
Oyster hash

FGF

10m Sm

Src
Sm HF
Fm

Src
Sm
Fm

FGF

ms ¢S Ve @ ho

Figure 49: Schematic stratigraphic section of tidal mudflat
association found in the eastern facies. DF= debris flow, HF=
hyperconcentrated flow, and FGF= fluid gravity flow.
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Fluid Gravity Flow (FGF): Tides deposit finer-grained sediment on the mudflat,
producing wavy-flaser bedding (Dyer, 1994). Deposition by suspension settling, vertical
accretion, and traction current transport resulted in interbedded lénﬁnated and massive
mudstone (F1, Fm) with magsiVe, bioturbated sandstone (Sm), ripple cross-laminated sandstone
(Sr, Src, Srs); and horizontally- and ldw-angle cross-stratified sandstone (Sh, SI) (Weimer et
al., 1982). Root traces are prevalent in massive sandstone beds (Sm). Nodular carbonate
mudstone (Cn) is found in this association as well, and implies pedosol development, while
laminated carbonate mudstone (CI) in this association impliés ponded water (Reading and
Collinson, 1996). Disarticulate and articulate oysters are present in mudstone that is poorly
exposed, and as well-cemented beds 1 meter thick. The associated deposits would be
considered representative of a typiéal tidal flat envhonmeﬂt (Weimer et al.,. 1982). Thin,
discontinuous sheets pf interbedded Fm, Fl, Sr, and Sh that lack ;[idal evidence are interpreted

as crevasse splay deposits.

Debris Flow (DF): The mudflat also received debris flow detritus, evidenced by
lenticular sheets of clast- and matrix-supported, massive conglomerate (Gem, Gmm, Gmmi).l
The conglomerates are found interbedded with fluid gravity flow-deposited massive and
laminated mudstoﬁe (fl, Fm), ripple cross-laminated sandstones (Sr, Src, Srs), horizpnta_lly—
and low-angie cross-stratified sandstone (Sh, Sl), and massive sandstone (Sm). Oysters
(Ostrea glabra) and mud intraclasts (Fm, FI) are found as clasts within the conglomerates.
Soft sediment loading of the underlying mudstone occurred, indicating deposition of the debris

flows on a wet, unconsolidated material. Clast- and métrix—supported breccias (Gem, Gmmy)
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that are monogenetic, have evidence for emplacement at high temperattirés (red discoloration
of clasts, red discoloration of underlying unit, radially jointed clasts), and have a matrix of the
same composition as the clasts are interpreted as hot debris flows when not associated with

a lava flow.

Hyperconcentrated Flow (HF): Poorly sorted, massive sandstone (Sm) and

horizontally- stratiﬁed sandstone (Sh) were deposited by hyperconcentrated flow on the
mudflat. This is indicated by the sheet-like geometry of Sm and Sh, sharp basal contacts with
underlying units of Fm and Fl, and the common bioturbation of the uppermost portions of the
beds by roots and burrows. Deposits are tth (< 0.5 meters), tabplar, and laterally

discontinuous (15 to 25 meters).

Lava/Autobrecciated Flow: A single trachybasalt lava flow of the Adel Mountain

volcanic field is interbedded with matrix- and clast-supported conglomerate (Gmm, Gem) that
may be of autobrecciated origin, and ripple cross-stratified (Sr) and hbfizonta]ly—stratiﬁed
sandstone (Sh). Laterally, deposits of Fm, fl, and oysters in mudstone are found. The laya
flow is interpreted to have been deposited on the mudflat based on the interbedded vertical
accretion deposits (Fm, F1), squeeze-ups of wet sediment frombelow (Figure 50), waning flow
depbsits (Sr, Sh), and the occurrence of oysters in mudstone underlying the lava flows. A wet
substrate has been documente_d to cause phreatic explosions uriderneath a moving lava flow
(Ricketts, 1985). Coﬁglomerates and breccias interpreted to have been deposited by debris
flows may be autoclastite lava flows, broken by the interaction of surface water with the lava

flow.
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Figure 50: Wet sediment loading and incorporation oftidal
mudflat-deposited mud into the base of a lava flow of the
Adel Mountain Volcanics. Jacob’s staff for scale (1.5
meters). Exposed 330 meters above the base of measured
section RE-Kte, and laterally along strike 100 meters to the
south.

Interpretation: The fluid gravity flow deposits are commonly found in a tidally-
influenced mudflat environment (Weimer et al, 1982). The presence of disarticulate Ostrea
glabra indicates some transport; however, articulated shells do occur, and this implies short

transport distances or in-growth preservation (Weimer et al., 1982; Bibler and Schmitt, 1986).



106

In addition, oysters live in brackish water settings (Feldmann and Palubniak, 1975). Burrow
and root traces, brackish-water fauna, symmetric ripple cross-lamination (Srs), and laminated
mudstones and sandstones (wavy, and wavy-flaser bedding) are indicative ofan intertidal flat
area of deposition (Weimer et al., 1982; Reading and Collinson, 1996). As seen in Figure 51,
tidal mudflat lithofacies association is the most common of the associations found in the
eastern facies. The stratigraphic placement ofthe eastern facies associations is represented in

Figure 51.
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Figure 51: Schematic stratigraphic section of lithofacies
associations found in the eastern facies. Data from RE-
Kte and E2-Kte.
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The deposition and transport of coarse, poorly) sorted debris on the tidal flat are
unusual occurrences, and rarely documented in the literature. The monolithologic, extremely
coarse (boulder-sized) débris flow deposits of the eastern facies are compriséd of Adel
Mountain Volcanics clasts; this indicates a source to the east, rather than transport from the
western facies, or the Elkhorn Mountains volcanic center. Additionally, the trachybasalt lava
flow also must be derived generally from the east, as that is the only known location of

trachybasalt.
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PROVENANCE

In order to determine potential source areas for epiclastic material in the clastic

sedimentary rocks and document the relative abundance of volcanic versus non-volcanic

sediment, clast counts of conglomerate units and point counts of sandstone units were
undertaken. Actual clast count and point count modal data are found in Appendices B, C, D,

and E.

Conglomerate Composition .

Clast counts were performed where coarse-grained deposits within the Two Medicine
Formation were well-exposed; therefore, gravels transported by both debris flow and fluid

gravity flow were counted. Five clast counts.are from unit F of the western facies while only

one is from a conglomierate in unit D. The lower eastern facies units lack well-exposed

conglomerates; however, the uppermost section of the eastern facies is characterized by
volcaniclastic breccias. Clasts in these were not counted due to their obvious monogenetic
(trachybasalt) clast composition. Data are recorded in Appendix B, and histograms depicting

relative modal percentages are in Appendix C.

Description

Conglomerates of the Two Medicine Formation are predominately sub-rounded to

rounded, volcaniclastic-peBble to -boulder conglomerates. As platy or elongate clasté arerare
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in the Two Medicine conglomerates, imbrication is uncommon. Clasts are typically
volcaniclastic sandstone, undifferentiated volcanic rock (aphanitic, aphanitic-porphyritic),
latite, trachyte, pumice, and mudstone. The volcaniclastic sandstone, latite, trachyte, and
generic volcanic rock clasts are more durable than the.‘pumice and mudstone clasts. Matrix
is typically medium to very coarse sand, poorly sorted, and greenish in color due to alteration
of'volcanic rocks to chlorite and zeolites. Conglomerate framework is both clast- aﬁd matrix-
supported.  Clasts form lenticular and tabular beds 0.5 to 14 meters thick.

The volcaniclastic sandstone clasts-are commonly sub-rounded to rounded, grey-green,
poorly sorted, mediumto coarse sand-size, and composed of aphanitic vqlcahic rock fragments
and feldspar. In some instances, identification of volcanic rock clasts was restricted to the
obvious phenocrysts in hand sample (i,e;, plagioclase and pyroxene). Tfachyte and latite clasts
are sub-rounded and aphanitic-porphyritic. The latite wasidentified by a purple-grey color and
large (1 cm) plagioclase phenocrysts, while frachyte clasts were identified by a light .purple-
grey color and bright green pyroxene phenoérys‘;s. Pumice clasts are highly altered, rounded,
green to whitish-green, friable, and Ausually in stringers at the ;cop of conglomerate beds.
Mudstone intraclasts form the base of many clast-supported conglomefates, and are usually

angular or deformed.

Clast Composition Modes

Latite clasts are the dominant clast type for the unit D clast count, comprising almost
two-thirds of the grains counted. The latite clasts are dominant in one outcrop of unit F;

however, the occurrence of latite clasts decrease as trachyte clasts increase in abundance.
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Trachyte (unit E) clasts are found only in unit F conglomerates, and increase in abundance
upsection. Volcaniclastic sandstone clasts are presc—:‘nt‘in every clast count, although in varying
amounts. Pyroxene = hornblende (mafic)- and feldspar-rich clasts are present in lithofacies
Gt, Gem, and Gmm, and although the clasts may be derived from other volcanic sources, they
may actually be textural variations of the latite ahd trachyte lava flows. Pumice clasts are
found in two units, S-F Gmm and Gt, and are abundant in S-F Gmm only. Mudstone clasts
are uncommon, and are found in unit S-F Gem. In unit S-F Gt, a single intrusive clast (diorite
or granodiorite) was observed within a stream-laid conglomerate of unit F. Clasts grouped as
“other” clasts were of unknown volcanic rock composition, some heavily altered to zeolite.
The unidentifiable clasts may be altered rhyolitic clasts derived from the ash-flow tuffs of unit
C. Rare boulder- and cobble-sized clasts of amphibolite and Cambrian Flathead Sandstone are
found in an extensive breccia deposit of unit F, but the deposit was not included in a clast

count due to poor exposure.

Sandstone Composition-Western Facies

Analysis of 13 western facies sandstones was necessary to determine the composition
of sedimentary units, using approximately 300 point counts per thin section (Appendix D).
The identified mineralogic content was then plotted on histograms to determine relative
abundance of non-volcanic and volcanically derived grains (Appendix E). Figure 52 represents
modal grain compositions for the western and eastern facies sandstones. Thin sections were
chosen based on stratigraphic location; coverage of an entire unit was more desirable than

repetitive counting of a single sandstone deposit.
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Texture

Western facies séndstones are ﬁne'fo very coarse-grained, very poorly sorted, and
consist of angular to sub-.roun‘ded‘ grains that in some examples appear to be floating, dﬁe to
the amount of alteration. Other grain-to-grain contacts are concavo-convex, long, or
tangential. Matrix is difficult to discern from the pervasive cement; however, hematite and clay
typically form the matrix. The cement varies, and is most often clay, quartz, calcite, chlorite,
zeolite, or some combir'lation of these. Calcite typically replaces feldspar framework grains,
although alteration varies from complete to slight. Volcanic rock fragments and feldspar

grains are also altered to clay.

Framework Grains

Framework grains include monocrystalline quartz (Qm), feldspar (plagioclase (P) and
potassium feldspar (K)), and lithic grains (primary volcanic rocks (Lv), pyroclastic rocks (Lp),
and sedimentary rocks (Ls)). 'Point count data are presented on histograms illustrating the
modal compositions for sandstones of the western facies (Appendix E) Framework grains
were identiﬁgd with petrographic microscope, and were counted as grains, rather than

constituents.

Quartz, Monocrystalline' (Om): Monocrystallirie quartz is rare to non-existent in
western facies sandstones. Identified by lack of clay alteration, the few quartz grains counted

had straight extinction, or were slightly undulatory.
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Feldspar (F): Feldspar grains in the western facies are typically angular, broken, and
altered to clay, calcite, chlorite, or zeolite. Perthitic textures are common, while microcline
or tartan tWinnjng is rare. Albite twinning is the most common, and may be found on simple

twin planes. Feldspars are dominantly plagioclase, and are broken along cleavage planes. Thin

sections were not stained for potassium feldspar. Rare potassium feldspar was identified by -

lack of albite twinning, and having clay, calcite, chlorite, or zeolite alteration, and possessing

cleavage.

Lithic Fragments (Lv, Lp, Ls): . Lithic fragments in the western facies sandstones

include volcanic rock fragments that are aphanitic/porphyritic (Lv), pyroclastic rock fragments
(Lp), and sedimentary rock fragments (Ls).’ Grains of volcanic rock (Lv) resemble latitic
clasts; feldspathic groundmass encloses feldspar laths that may be altered to cléy; calcite or
chlorite, or may be completely unaltered. Other volcanic grains are wholly aphaniti;:.
Pyroclasti‘c rock fragments (Lp) include welded tuff, pumice, and glass particles that ma.y be
rounded to sub-angular, unaltergd, or altered to clay, calcite, chlorite, zeolite, or varieties of

quartz. Mudstone grains (Ls) are rounded or deformed around resistant grains.

Accessory Minerals: Other grains found in _the sandstones include augite (M), biotite
(Bi), muscovite (Mi), and opaque (D) minerals. Analcime (A) was observed, but rare. Augite,
muscovite, and biotite are always broken, and in the case of the micas, deformed around more
resistant grains. The accessory minerals are less likely to be found altered, though if alteration

has occurred, augite was replaced by chlorite or calcite, and biotite was replaced by chlorite.
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Sandstone Composition Modes

Point counts of 13 western facies sandstones plot on a Q-F-L ternary diagram in a
generally linear cluster (Figure 52). Values were obtained from relative modal percentages of
framework grains described previously'. All of the western facies sandstones are low in quartz,
and have moderate to low feldspar contents. Lithic grain content seems to be inversely relatéd
to feldspar content; otherwise, lithic grains are the most dominant in most ofthe western facies
sandstones. Sandstone composition ranges from lithic arkoses tuncommon) to feldspathic
litharenites (very common) and litharenites (common), using terminology from Folk (1970).
The litharenites are primarily volcanic litharenites, as volcanic and pyroclastic lithic fragments
(Lv, Lp) comprise the majority of lithic grains (Lv + Lp=90-95% of lithic grains). The
litharenites completely lack quartz (Q=0%), and feldspafs are only present in the 4-25% range.
* The feldspathic litharenites contain more feldspar than the litharenites (F=30-50%), and have
a small quartz component that is monocrystalline (Qm=2-5%). The lithic fragments in the
feldspathic litharenites are also dominantly volcanic (Lv) and pyroclastic (Lp) (Ls=4%). The
single lithic arkose sample is feldspar-rich (F=64%), while quartz is lacking (Q=0%), and lithic

fragments are solely volcanic (Lv=36%).

Sandstone Composition-Eastern Facies

Analysis of 15 sandstone thin sections from the eastern facies was performed in order
to document compositional differences between the western and eastern facies sandstones, and
to identify compositional variations within the eastern facies. Modal point count data are

found in Appendix D, and histogram plots of the data are found in Appendix E.
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Sandstone Modal Compositions

Q

50 - < 50

Symbol Legend

+ western facies sandstones
© eastern facies sandstones

Figure 52: Ternary diagram of modal composition for western and eastern facies
sandstones. Sandstone classification boundaries from Folk et al. (1970). Q= total
quartz, F=total feldspar, and L= total lithics. See text for full discussion.
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Texture
Eastern facies sandstones are very fine to very coarse-grained, very poorly to poorly
sorted, and have angular to sub-rounded grains. Cementation may be by clay, quartz, zeolite,
calcite, chlorite, glass, or a combination of these. Matrix may be clay or hematite. Grain
contacts are 'tangeﬁtial, floating, long, or concavo-convex. Calcite typically replaces feldépar
grains; feldspar is reco gnized by calqite pseudomorphs, or by residual twinning evident in the

grains.

Framework Grains

Framework grains were identified by petro gfaphic microscope, and ;zvere counted as
whole grams, rather than as constituents of a grain. Identified framework grains include
monocrystalline (Qm) and polycrystalline (Qp) (chert and metasedimentary) quartz, feldspar
grains (F), and lithic grains (Lv, Lp, Ls). Accessory grains were also identified, and are

described herein.

Quartz, Monocrystalline (Om): Monocrystalline quartz may be angular, broken, and
shard-like (Q1), or sub-angular to sub-rounded (Q2). In a few examples, the quartz is

volcanic; embayed edges are rounded and globular. Straight extinction characterizes both

varieties of monocrystalline quartz, although slight undulatory extinction may be found. Rare-

to uncommon features include vacuoles and inclusions.
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Quartz, Polycrystalline (Qp): Polycrystalline quartz includes both chert fragments and

metasedimentary quartz. Polycrystalline quartz grains are typically rounded. Chert grains are
microcrystalline quartz, and may be confused with zeolite or silica replacement of pumice

grains. Metasedimentary quartz was reco gnized by sutured grain contacts.

Feldspar (F): Plagioclase feldspars are often broken along cleavage planes. Plagioclase
feldspar grains were identified by albite and composite twinning. Rare examples of microcline
and possible potassium feldspar were also observed. Thin sections were not stained, so
potassium feldspar was identified by presence of cleavage and clay alteration. In some
instances, plagioclase has been completely replaced by calcite or microquartz; chalcedony is
often the cement in these examples. Alteration intensities for feldspars in the eastern facies are

as varied as the western facies feldspars.

Lithic Fragments (Lv, Lp., Ls): Volcanic rock fragments (Lv) include

aphanitic/porphyritic grains that are sub-rounded, and may be altered to clay or zeolites. Some

. may have also been replaced by calcite and chlorite. The groundmass is feldspathic, and visible

phenocrysts are feldspar laths. The most abundant rock fragments are pyroclastic (Lp)
(welded tuff, pumice, and ash). Alteration of pumice and ash is prevalent; calcite, chlorite,
clay, and zeolites are the most common replacement minerals, with.micro- and macroquartz
rare. Unfortunately, it is difficult to discern the pumice and ash (glass) due to the severity of
the alteration; the grains in the sandstone commonly appear to be “floating” rather than in
grain-to-grain contact. Sédimentary lithic grains (Ls) are mudstone and are most often

hematite stained and rounded, and deformed mudstone grains were also observed.
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Accessory Minerals: Mafic grains (M) include augite and orthopyroxene that are

typically equant, and may be broken. The augite is unaltéred, twinned, and zoned, while the
orthopyroxene is unaltered and untwinned. Other accessory minerals are biotite (Bi),
muscovite (Mi), analcime (A), and opaques (D). Chlorite-based clays were also more

prevalent in the eastern facies sandstones than the western facies.

Sandstone Composition Modes

Point counts of 15 eastern facies sandstones reveal two distinct composition clusters
on a ternary diagram (See Figure 52). Relative percentages of modal composition for
framework grains described above were plotted on a ternary diagram in order to compare
composition of the eastern facies sandstones Wifch the western facies sandstones. As seen from
the diagram, less than half (six) of the point counted eastern facies sandstones plot with the
western facies sandstones, although with a distinct increasein the quartz content (Qt=2-12%).
The lower cluster is distinctly lithic-rich (Lt=60~90%), and has a moderate to low feldspar
content (F=4-39%). The sandstones correspond with the feldspathic litharenites (F>25%) and
volcanic litharenites of thé western facies. Quartz in the sandstones includes chert and
metasedimentary types (Qp). Chert and metasedimentary quartz are typically included in the
lithic fragments total; however, in order to document a recycled origin for the eastern facies
éandstones, all quartz was plotted together. |

The upper clusfer is well-distributed betWeen lithic grains (Lt=40-65%) and quartz
(Qt=35-42%), with a feldspar content that ranges from Ft=2-37%. The sandstones are also

feldspathic litharenites and litharenites, although not as rich in volcanic rock fragments. Total
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quartz is composed of both polycrystalline and monbcrysta]]ine quartz grains (Qp, Qm), with
monocrystalline quartz commonly occurring in all sandstones (Qm=3-35%). Lithic fragments
are more pyroclastic in origin than the western facies sandstones, and pyroclastic lithic

fragments (Lp) are inversely related to the abundance of volcanic lithic grains (Lv).
Paleocurrents

Paleocurrent data are lacking from the western and eastern facies sandstones due to
poor exposure, lack of three dimensional exposure, and incomplete exposure of cross-bed
limbs. The paleocurreﬁt indicators that were measured include trends of parting lineations
from the eastern facies (measured section RE-Kte), and trough cross-stratification from
sandstones in both facies. The parting lineations revealed a north-south trend for the beach
sandstone measured, and the trends measured for the channel sandstones indicate an east-to-
west direction of transport. The paleocurrent measurements are too few to be a statistically
large enough representation of the transportation direction for the Two Medicine Formation,

thus, they are not considered further.

Potential Sediment Source Areas

Conglomerate Sources

Based on relative percentages of clast composition, the latite lava flows (unit B)
generated debris for coarse-grained volcaniclastic deposition throughout units D and F.
Pumice clasts are present in several conglomerate units that are stratigraphically higher than

unit C (ash-flow tuff unit). Pumice, although perhaps from the uppermost deposits of the ash-

e e L LIt
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flow tuffs of unit C, may have been from various sources; primary pumice may have been
deposited as lapilli-fall and subsequently reworked, or may have been transported via rafiing
in the fluvial system.

Clast counts of coarse-grained deposits in the Two Medicine Formation reveal
volcaniclastic sediments are predominant over non-volcaniclastic detritus. The lack of obvious
thrust-derived clasts indicates volcanically-derived deposits overwhelmed the sedimentary
basin. Volcanic debris may have been incorporated into thrust sheets; thus, the preponderance
of volcaniclastic clasts in the Two Medicine Formation may disguise an actual thrust-sheet
source. In addition, the observance of angular Flathead clasts in unit F may indicate neérby
thrust activity (the Flathead clasts were boulder-size and angular) during deposition of the
volcaniclastic conglomerates of unit F.

The roundness of the volcanic cobbles in the conglomerates of the Two Medicine
Formation may imply long transport distances (Davies et al., 1979); however, others have
determined that rounding in volcanic rock fragments (larger than granule size) may occur in
short transport distances (Pearce, 1971). Abrasion of cobbles and boulders occurs by the
transport of smaller detritus impacting the sta;tionary'larger clasts (Cameron and Blatt, 1971;
- Pearce, 1971). A transport distance of 2 miles was hypothesized as necessary for rounding of
volcanic cobbles in the conglomerates of the Early Cretaceous Crowsnest Formation\in
Alberta, Canada (Pearce 1971). Climate is also considered to be an important factor in
producing roundness; however, the climate in the Campanian of western Montana is not well
known (Viele and Harris, 1965; Lorenz, 1981; Roberts and Kirschbaum, 1995). Resilicified

volcanic rocks are considered to be durable, and less likely to chemically weather (Cameron
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and Blatt, 1971; Abbot and Peterson, 19785. The clasts in this study were not evaluated
petro graphically; thus, it is difficult to determine if resilicification was a factor, if abrasion of
the cobbles occurred, or if the clasts were actually transported long distances.

The latite and trachyte clasts are locally-derived from the erosion of the volcanic
carapace that sourced the latite and trachyte lavvaxﬂows. Pumice may be farther-traveled; a
source from the Elkhorn Mountains volcanic center may be possible, or traﬁsport of pumice

from the Sleeping Giant rhyodacitic volcanic center.

Western Facies Sandstone Sources

Point counts of western facies sandstones reflect the proximity of the western facies
volcaniclastic deposits to a volcanic source. The abundance of rock fragments and “fresh”

crystals (plagioclase, augite, biotite) in western facies sandstones indicates erosion from nearby

sources; unaltered sand-size crystals indicate short residence times in fluvial systems (Self,

1975). The different alteration intensities among the plagioclase feldspars may be interpreted
as representing various cycles of feldspar transport (Davies et al., 1979). Feldspar derived
from a far source (‘Fhe Elkhorn Mountains Volcanics) may have had more opportunities to be
altered to clay and abraded. In addition, crystals may have been added to the fluvial system
by ash-fall, which may also explain the occurrence of relatively fresh plagioclase feldspar with
completely altered plagioclase. Pyroclastic fragments may be derived from erosion of the
volcanic edifice at Sleeping Giant, or from the Elkhorn Mountains volcanic center. Latite and
trachyte grains most likely represent erosion of the volcanic cafapaces’ once around Wolf

Creek.
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Eastern Facies Sandstone Sources

Eastern facies sandstones are finer-grained than the western facies. Point-counted
grain sizes range from very fine to very coarse sand, and samples are predominantly very fine-
to fine-grained. Petrographic observations indicate a preponderance of pyroclastic and
volcanic rock fragments in the coarse grain size, while qﬁartz occurs mainly in the fine grain
size samples. Chert is a component of the uppermost coarse-grained sandstones. Medium-
grained sandstones have both abundant volcanic lithic fragmehts and quartz. Asvolcanic lithic
fragments breakdown, their components would be considered “fine-grained”; thus, the very
coarse samples may represent deposits oflocal volcérﬁcally—derivcd sediment, or sediment that
was transported only short distances. The fine-grained samples would therefore be indicative
of longer transport or more active, highenergy transport, necessary for breakdown of volcanic
fragments. Quartz, however, is found in angular and sub-rounded forms, and is not an
abundant constituent of the primary volcanic rocks found in this setting. = Based on the
roundness of the pyroclastic rock fragments and common occurrence of hematite staining 6f
the clasts, some transport and exposure occurred before deposition (Davies et al., 1979).
Angular and shard-like quartz (Q2) is characteristic of ash-fall or impact shattering of quartz
grains, while round quartz grains (Q1) are iﬁdicative of current transport (Viele and Harris,
1965). Rounded quartz grains may also be the result of magmatic resorption or multiple cycles
oftransport (Garzanti, 1986). Fresh and unaltered pyroxenes imply a single-cycle of transport
(Davies et al., 1979). In addition, fresh pyroxene also indicates short residence time in the
transport systems (Self, 1975); thus, the pyroxenes are likely derived from the nearby Adel

Mountain volcanic field or from erosion of the Wolf Creek volcanic center. Compositional
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comparisons between pyroxenes found in the Adel Mountain Volcanics and the western facies
lava flows was not conducted, nor was it possible with petrographic microscope, as they are
augite in both units. Chemical analysis would need to be conducted on the mineral grains.
The eastern facies sandstones likely had multiple sources. If time-correlative, the
eastern facies sandstones may represent the distal deposits of the western facies braid-plain.
Other sources of sand may include longshore current transport of grains é.long the coastal
plain, or from erosion and reworking of the Adel Mountain volcanic rocks derived from the
east. Rounded quartz grains may imply longshore current transport. Grains typically derived
from unrooﬁng of thrust sheets include chert, limestone, sandstone, quartzite, and
metamorphic and igneous lithic grains and mineral constituents. The sandstones ofthe eastern
facies have a small cbmponent of rounded chert, sandstone, mudstone, and metasedimentary
quartz grains, in addition to rare occurrences of microcline (a plutonic feldspar). Asthe Sevier
thrust belt was active during this time, it is possible that longshore currents transported durable
grains from the actively eroding thrust-belt northward into western Montana. Concurrently,
the Montana section of the Sevier thrust belt was activély shedding Paleozoic and Mesozoic
strata into basins of southwestern Montana to form the Beaverhead Group (Wilson, 1970).
It is also possible, therefore, that the sediments typically derived from unroofing of thrust
sheets may be delivered by fluvial transport of debris from the west, rather than longshore
current transport from the south. Finally, the volcanic grains have multiple source area
possibilities. Pyroclastic lithic fragments may be derived from erosion of the rhyolitic-
rhyodacitic volcanic carapace near Sleeping Giant, or the Elkhorn Mountains volcanic center.

The volcanic rock fragments may be derived from the erosion of the latite and trachyte
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volcanic carapaces of the western facies, or from the Adel Mountain volcanic center. For the
latter, it would require erosion of earlier Adel Mountain volcanic rocks, since the sandstones

are stratigraphically below the Adel Mountain Volcanics.
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VOLCANIC ROCK SOURCE AREAS

* Latite Lava Flows

A latite intr,usioq 0.10 miles north of Wolf Creek, Montana, is of the same chemical
composition as thé latite lava ﬂo§vs‘ (Schmidt, 1978). Schmidt (1978), therefore, implies that
the source-for the latite lava flows in unit B is this latite mtmsion; the latite lava flows also thin
to the north, away from the intrusion. The latite intrudes the Telegraph Creék Formatioﬂ,
Virge]lé Sandstone, and the sedimentary member and unit A of the‘ vao Medicine Formation;

the contact with the latite lava flows (unit B) is mapped as sharp (Schmidt, 1972a).

Rhyolite Ash-Flow Tufis

Pyroclastic rocks (unit C) were deposited by eruption-induced flows and surges; air-fall
deposits may be present but are poorly exposed. Deposits of unit C are laterally continuous,

with abrupt variaﬁons in lithofacies visible in well-exposed outcrops. Pyroclastic deposits are

~ preserved as pinching out tabular shéets ranging from 8 t0 20 meters thick; unit C thins to the

north (Schmidt, 1978). Schmidt (1978) identified five sheets in the southern exposures near
Wolf Creek, three to four sheets above Rock Creek, and two to three sheets near Electric
Mountain. Lithofacies and petrographic analyses in this study reveal two sheets in the northern

section, four sheets in the central section, and three sheets in the incomplete southern section.
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Information regarding the source areas for the pyroclastic rocks is sparse. Rhyolitic
intrusives (sills and dikes) are found throughout the western facies; however, Schmidt (1978)
has mapped these as Tertiary. Additionally, the rhyo]i;[e intrusives are compositionally
dissimilar from f[he rhyolitic tuffs (Schmidt, 1978). The E]khorn Mountains volcanic field to
the southwest is interpreted as the source area for the rhyolite to rhyodacite tuffs found near
Wolf Creek (Schmidt, 1‘978). Thrust faulting during Late Cretaceous-early Tertiary time
shortened the actual distance between the Elkhorn Mountains Volcanics and Wolf Creek
depositional area. Wolf Creek is presently 50 km from the northern part of the Elkhorn
Mountains Volcanics. The original, restored distance may be on the order of 150 km. This
greater distance may account for the thinness of the pyroclastic ﬂowé, the low abundance of
pyroclastic surges, and thinning of the deposits to the; north. Conversely, the source area may
be directly to the south; the Sleeping Giant rhyodacite intrusion is approximately 17 km from
the study area (Cannon et al., 1996). This Iﬁay be the more likely source area; although,
conclusive evidence would require chemical analysis of the intrusion and ash-flow tuffs to

determine if they are similar.

Trachyte Lava. Flows

The trachyte lava flows have a possible source area approximately one mile west of the
latite intrusion. A trachyte intrusionis solely within the sedimentary rocks of unit D; Schmidt
(1972a) has mapped trachyte dikes that are fed by the intrusion and truncated by the trachyte
lava flows of unit E. Field and petrographic ,gnaflyses‘r,eveal two lava flows at the southern and

central stratigraphic sections, while the northern section contains only one flow; thus, the
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trachyte lava flows thin to the north, away from the trachytié intrusion. Schmidt (1978) also
states that the trachyte lava flows thin to the north, and describes the trachyte intrusion as a

possible source for these flows.

Tiachybasalt Coherent and Autobrécciated Lava Flows

The trachybasélt lava flow and associated autobrecciated flows found in the eastern
facies are mapped as deposits of the Adel Mountain Volcanics (Lyons, 1944; Schmidt, 1978).;
howe'ver, Lyons (1944) and Schmidt (1978) describe these fogks as part of the volcanic
breccia unit of the Adel Mountain Volcanics, which is the most voluminous of the Adel
Mountain Volcanics rocks. The source ayeé for Java flows of the Adel Mountain Volcanics
is hypothesizéd to be the Three Sisters stock (vent) in sections 30, 31, 32, and 33 of T16N,
R1W (Lyons, 1944). The Three Siste;s .étock is app;ommately 15 miles (24 km) from this
study’s eastern facies measured sections, and was determined to be the vent for the Adel
Mountain Volcanics based onradiating dike patfems that emanate fromthe Threp Sisters stock

(Lyons, 1944).
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DEPOSITIONAL SYSTEMS

Western Facies

Based on lithofacies associations, vertical stratigraphic profiles, and observed lateral
relationships, the western facies of the Two Medichle Formation near Wolf Creek, Montana,
is interpreted to be the deposit ofa volcanically-influenced, possibly unconfined, sandy-gravel,
braid-plain (Figure 53). The fluvial systems weré characterized by in-channel gravel and sand
dune migration, vertical accretion on extensive floodplains, and hyperconcentratéd flow, debris

flow, lava flow, and pyroclastic flow and surge occurring on floodplains and within channels.

Braid-Plain Deposits

As des_cribed 1n previous chapters, the western facies is comprised of poorly sorted,
sub-angular to sub-rounded volcaniclastic channel-fill, and poorly sorted, volcaniclastic
ﬂoodplain deposits. Thick, laterally continuous floodplain strata envelope tabular, coarse-
grained sand and gravel channel-fill depésits. Episodic debris flow and hyperconcentrated
flows contributed high concentrations of sediment to the fluvial systems, as evidenced in the
common occurrence of matrix- and clast-supported, massive conglomerates (Gmm)
intercalated with channel sandstones and overbank mudstones. Mud intrac;lasts form lags at
the base of charnel-fill deposits, and may imply that flashy, high discharge fluid gravity flow

resulted in bank collapse, or channel scour on the floodplain (Lorenz, 1981; Suydam, 1988).
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Vegetated floodplains are suggested by the abundance of root traces within floodplain
mudstones. Floodplain deposits typically are overlain by channel sandstones or by floodplain-
deposited debris flow and hyperconcentrated flow conglomerates. This implies that stable
interchannel areas experienced periodic inundation from volcanic debris flow and

hyperconcentrated flow.

Sw NE
Two Medicine Braid-plain

Elkhom Mountains
Volcanic Field

Proximal Medial and Distal Facies
Facies

0 5 kilometers
1 1

Figure 53: Schematic diagram illustrating the Two Medicine braid-plain, and
associated volcanic facies related to the ElIkhom Mountains volcanic field. Note
fining of units away from the source, and the geometry of the sandstone beds
enveloped within floodplain mudstones in the braid-plain.

Depositional Model

Traditional braided stream facies models are based on modem braided streams which

lack fine-grained sedimentation on adjacent floodplains (Miall, 1996). In contrast, the channel
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deposits in the Two Medicine Formation near Wolf Creek, Montana, afe tabular, coarse- -
grained, and very poorly sorted. The channel deposits lack lateral accretion surfaces, are
laterally continuous for tens of meters; and are surrounded by floodplain deposits, which may
imply rapid aggradation, high subsidence rates (to create accommodation spacé), and/or an
unconfined b;aid—plain (Lorenz, 1981; Suydam, 1988; Bentham et al.,, 1993). With a
volcanically—inﬂuenéed fluvial system, the episodic and voluminous influx of detritus (syn-
eruption) would result in high sedimentation rates; in fact, the actual cause for the preservation
of the vertical accretion deposits may be high sedimentation rates (Smith, 1987a; Runkel,
1990). On I_an' unconfined alluvial plain, the voluminous volcaniclastic debris would be
reworked by braided streams during inter-eruption peﬂodé (Smith, 1987b; Orton, 1995). The
channels of thé Two Medicine Formation responded to the high sedimentation rates by
reworking volcanic detritus (as evidenced by bimodal conglomerates), and depositing fine-

grained sediment on floodplains during high discharge avulsion events.
Eastern Facies

Based on vertical stratigraphic profiles, lithofacies assemblages and associations, and
lateral relations between lithofacies, the eastern facies of the Two Medicine Formadtion is
interpreted to be representative of braid-delta deposition (Figure 54). Deposition occurred by
vertical accretion on mudflats and marshes, sand and gravel dune migration within distributary
channels, and debris flow, hyperconcentrated flow, lava flow, and autobrecciated flow on

marshes, tidal mudflats, and in distributary channels.
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distributary channels
(braid-delta)

Western facies
braid-plain

Figure 54: Schematic map-view diagram illustrating the proposed
relationships between the lithofacies associations of the eastern facies,
before eruption of the Adel Mountain volcanic field, approximately at 74
Ma. Volcaniclastic sediment that is fluvially transported to the Western
Interior Cretaceous Seaway is interpreted to be derived from erosion ofthe
Elkhom Mountains and Wolf Creek volcanic fields to the southwest.

Braid-Delta Deposits
As with the western facies, episodic, volcanically-derived debris flow and
hyperconcentrated flow periodically inundated the coastal plain, documented by the

interfingering ofmatrix-supported, massive conglomerate (Gmm) with tidal mudfiat sandstone
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and mudstone. 'Laminated mud intraclasts are found at the bases of chamnel deposits,
indicating erosion of the marsh by undercutting distributary channels (]jyer, 1994). Beach
deposits are thin, lacustrine deposits are laterally discontinuous, and marsh deposits are
underdeveloped. Distributary channel and tidal mudflat deposits are the primary units

observed.

Depositional Model _

The marsh, tidal mudflat, beach, distributary channel, and lacustrine deposits of the
eastern facies are interpreted to be components of a braid-delta. This is due to the presence
of braidéd channel facies (distributary chanﬁel and mudflat deposits), the lateral continuity of
the deposits, the lack of boulder-sized clasts, and the association with a braid-plain to the west,
which fulfill certain criteria of braid-deltas as defined by McPherson et al. (1987). McPherson
et al. (1987), define fan-deltas as being very coarse-grained, having lenticular channel bodies,
and being laterally discontinuéus. Fan-deltas are cha.racterized by debris flow and
hyperconcentrated flow (McPherson, et al., 1987). However, the Two Medicine braid-delta |
experienced hyperconcentrated flow and debris flow, and yet maintains the original
characteristics of the braid-delta as defined above. The differences between the Two Medicine
braid—delté and the McPherson et al. (1987) model are due to the episodic and intense nature
of volcanism, and the abundant debris volcanism produces, compared to typical fan-deltas
which are formed as proximal highlands erode. In contrast, the uppermost eastern facies
contains very coarse breccias of the Adel Mountain Volcanics. The breccia units aré wedge-

shaped and laterally discontinuous, and are interpreted to be the deposits of debris flows. The
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debris flows were derived from the Adel Mountain volcanic center; therefore, transport was
from the east-southeast. The breccia units found inthe upper eastern facies are interpreted to

have been deposited on a fan-delta that episodically interfingered with braid-delta deposits

derived from the west (Figure 55).

Two Medicine Adcl Mountain
tidal mndllat and volcanic field WIC seaway

X >

Figure 55: Schematic block diagram illustrating proposed relationships between
the distributary channel, tidal mudflat, and beach lithofacies associations ofthe
eastern facies after eruption of the Adel Mountain volcanic field, post-74 Ma.
Braid-delta distributary channels were most likely diverted around the Adel
Mountain volcanic field, thus, the Adel Mountain fan-delta interfingered with
tidal mudflat deposits of the eastern facies. This is proposed to be representative
ofan Adel Mountain transition zone between the Two Medicine Formation and
the Adel Mountain Volcanics.

The beach, marsh, and mudflat deposits may be interpreted as being the deposits of
estuarine or lagoonal settings; however, evidence for drowned valleys or barrier islands is
lacking (Bibler and Schmitt, 1986). The depositional environment was most likely influenced

by the amount ofsediment fed into the system, or how fluvially-influenced the braid-delta was
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at a given time (Orton, 1988; Ballance, 1988). Rapid changes of depositional environment
may have occurred, influenced by the amount of volcaniclastic sediment entering the system.
~ Evidence for the addition of volcanically-derived detritus into the depositional system is found
with sandstone point counts (see Figure 52). The eastern facies- sandstones have both volcanic
and non-volcanic sources. The eastern facies most likely received volcanic-rich sediment from
the western facies braid-plain. During syn-eruptive episodes, debris flows and

hyperconcentrated flows traveled down braided channels, and reached the coastline at the

braid-delta. The volcaniclastic sedimentation fromepisodic debris flow and hyperconcentrated .

flow resulted in prograda’;ion of the braid-delta into the beach, tidal mudflat, and marsh
settings. The deposition of voluminous volcanic debris produced rapid changes in depositional
environments, indicated by the thinness of the beach deposits, lacustrine deposits produced by
the ponding of water behind choked distributary channels, and by the decrease in marsh
settings over time. In fact, when compared to equivalent Upper Cretaceous rocks, the Two
Medicine Formation eastern facies most likely interfingers with at least two beach sandstones
that have to be Horsethief Formation (Figure 56). The only other transgressive beach
sandstone is the Parkman Formation, which in addition to not being exposed in this part of
Montana, is also too low stratigraphically to be found in the eastern facies (See Figure 56).
An example of fluvial influence on beach formation is found in the late Jurassic Huriwai delta,
in New Zealand. The Huriwai Formation lacks beach_ facies, which Ballance (1988) attributes
to the high occurrence of fluvial sedimentation derived from the denudation of a volcanic
center. The beach facies in the Two Medicine Formation are thinner than normally observed,

and this may be due to pulses of sustained volcanism.
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bend in bend in
section
Elkhom Mtn.
Volcanics
Judith River
Two Medicine Formation

Formation

Figure 56: Schematic stratigraphic cross-section illustrating interfingering relationship
between the Two Medicine Formation and equivalent Upper Cretaceous rocks in
western, central, and northern Montana, and southern Alberta. See Figure 4 for
cross-section information. Modified from Gill and Cobban (1973), Lorenz (1981),
Rogers et al. (1993), and Rogers (1998).
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DISCUSSION

The Campanian Two Medicine Formation near Wolf Creek, Montana, provides
important insight into the development of the Sevier foreland basin and resultant
paleogeography withrespect to volcanic processes. As such, sedimentologic and stratigraphic
data presented in this study, when associated and compared to cqrrelati\_/e Late Cretaceous
deposits, suggest depositional environments were highly varied regionally due to intermittent
volcanism. In addition, voléanism may have increased aggradation rafes across local basins,

and resulted in varied fluvial responses during syneruptive and intereruptive periods.

Volcanic Influences on Sedimentation

Explosive aﬁd effusive volcanism resulted in sedimentary facies and deposits that are
atypical for braided stream depositional sequences (Smith, 1987b; Waresback and Turbeville,
1990; Miall, 1996). Hyperconcentrated and debris ﬂdws provided sediment from distant and
locai sources, and dispersed this sediment into fluvial and coastal systems. The result of this
episodic influx was choking of stream channels and increa‘sing fluvial influence c;n coastal
environments.

Choking -of streams by pulses of sediment is typical in volcanic fluvial environments
(for example, Smith, 1987a, b; Waresback and Turbeville, 1990; Riggs et ;211., 1997). Debris
flows commonly experience flow transformation to hyperconcentrated flows as the debris flow

encounters increasing amounts of water and attenuates (Smith, 1987a; Runkel, 1990).
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Attenuation may also occur as the debris flows leave high gradient, proximal channeis when
they reach distal, lower gradient braid-plains and transformto hyperconcéntrated flows (Smith,

| 1987a). Thick accumulations of hyperconcentrated flow depositson floodplains indicate rapid
aggradation rates due to the low preservation potential of floodplain deposits in an active
braided channel system (Smith, 1987a; Smith, 1988b; Palmer, 1997). In addition, sheets of
hyperconcentrated and debris flow deposits are indicative of syn-eruptive induced aggradation
(Smith, 1988a). In western facies deposits, unit D commonly contains an abundance of
hyperconcentrated flow deposits and minor debris flow deposits, while unit F is comprised of
abundant debris flow deposits. Both units have hyperconcentrated and debris flow deposits
in channel-fill and floodplain associations. Hyperconcentrated flow deposits‘ preserved in
channel-fill sequences indicates channel migration (Smith, 1987a). Paleosols are an indicator
of sedimentation rates; neither unit ‘D nor unit F display evidence of well-developed paleosols.
For instance, unit D contains root traces in the exposed lower half, while unit F lacks any
evidence for vegetation. Thick paleosols imply low sedimentation rates (Smith, 1987a);
therefore, sedimentation increased as volcanism increased throughout the basin.

In addition to debris and hyperconcentrated flows affecting the morphology of braid
plains, lava flows and ash flows also influenced sedimentation on the Two Medicine alluvial
plain. Catastrophic influx of voluminous debris instaﬁtaneously alters the gradient,
topography, and base level of the'basin (Smith, 1988a; Riggs ét al., 1997). The tabular
geometry of the flows and their tépering to the north imply that the pre-eruption gradient was
generally low. Viele and Harris (1965) and Schmidt (1978) report a thick accumulation of

conglomerate (stream-laid) cut into the lava flows and pyroclastic flows of units B and C,
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north of this study. Significantly, this implies erosion and downcu;tting of the fluvial systems |
into the lava and pyroclastic flows, which was not diréctly observed in the study area.
However, pomt-counts of sandstones in units D and F indicate erosion of the volcanic
highlands continued throughout deposition of fluvial sandstones.

Inter-eruption periods (terminology of Smith (1987a)) are identified by channels incised
into lava, pyroclastic, debris, and hyperconcentrated flow deposits (Riggs et al., 1997). The
implications are that streams attempt to return to the previous gradient, by incising chanﬁels
into the volcanic rocks (Smith, 1987a, b; Waresback and Turbeville, 1990; Riggs et al., 1997).
Additionally, fluvial channels rework deposits by transporting finer-grained material
downstream, developing channel margins, and eroding less-consolidated volcanic debris
(Smith, 1987b; Riggs et al., 1997). For this area, only once was a sedimentary deposit found
atop a primary flow. Therefore, inter-eruption episodes are identified by fluid gravity flow
deposits that may have debris and hyperconcentfated flow deposits intercalated within.
However, it is possibie that the hyperconcentrated flows and debris flows may be associated
with eruptions upstream, énd are not locally-derived (Smith, 1987b). In addition, inter-
eruptive deposits are considered to be those that cohtain syn-orogenic grains from tectonically
active environments (Riggs et al., 1997); however, it is p;)ssible that for this stﬁdy area, syn-
orogenic grains may actua]iy be volcaniclastic due to the overwhelming of thrust sheets by
volcanic debris, or the incorporation of volcanic detritus into thrust sheets.

The presence of thick floodplain deposits in the western facies of the Two Medicine
Formation indicates rapid vertical accretion or aggradation due to normal or volcanism-

induced flood evénts (Waresback and Turbeville, 1990; Palmer, 1997). Aggradation within
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channels during syn-eruptive events may cause avulsion of phaﬁnels onto the floodplain
(Waresback and Turbeville, 1990; Palmer, 1997). When addition of voluminous volcanic
detritus occurs concurrent with foredeep subsidence, the preservation of sediments is more
likely (Lorenz, 1981).

For the eastern facies, the affect of volcanism on sedimentation is seen in the
occurrence of volcaniclastic, fluvially-influenced braid-delta deposits interfingered with tidal
mudflat and beach deposits. Fluvial deposits (distributary channels of the braid delta) were
likely derived from the west, based on the abundant pyroclastic fragments, large feldspar
crystals, and low quartz (monocrystalline, angular) content. Additionally, the point-counted
samples for beach sandstones in the lowermost eastern facies exhibit compositions similar to
the fluvial sandstones. This may be due to air-fall derived pyroclastic fragments being added
to the nearshore environment. The uppermost eastern facies deposits sampled are tidal mudflat
sandstones that are also pyroclastic-rich, and contain low amounts of rounded quartz grains
and analcime crystals. This may reflect the addition of air-faﬂ material to the low-energy
mudflat environment. Analcime is found in the Adel Mountain Volcanics (Schmidt, 1978);
however, small amounts are also found in the rhyolite-rhyodacite ash-flow tuffs ofthe western
facies (Schmidt, 1978). Thus, analcime is not indicative; of source.

As volcanism increased (whether from the east or west), it produced a prograding

wedge of volcaniclastic material. The initial deposits of the eastern facies are marsh and beach A

deposits, possibly indicating a higher sea level (base level) than the later braid-delta deposits.
The beach and marsh deposits are then overlain by tidal mudflat deposits, which may imply an

increase in volcanic activity causing progradation of littoral sediments. Evidence for
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progradation is found in sediment composition becoming increasingly pyroclastic and more
coarse-grained upsection (Smith, 1987b, 1988b). Thus, during syn-eruption episodes,
volcanism iﬁcreased the fluvial influence on the coastal plain, producing a prograding braid
delta (Orton, 1995). An increase in channel depth and width, and a decrease in sediment
sorting indicate a fluvial system attempting to rework and attain grade after an eruption (Riggs
et al., 1997). With a decrease in volcanism over time, the braid delta either migrated or the
fluvial influence decreased sufficiently to allow the development of a tidal mudflat (Lorenz,
1981; Orton, 1995). During this seemingly quiescent period; the Adel Mountain volcariic field
produced debris flow breccias that inundated the tidal mudflat from the east, incorporating
oysters as clasts, and producing chaotic soft-sediment loading. Within the Adel Mountain
Volcanics (furtﬁer upsection), mudflat and channel deposits are intercalated with lava flows,
autobrecciated flows, and debris flow deposits. The coastal plain deposits are laterally
discontinuous, and appear to represent deposition in local paleotopographic low areas. The
coastal plain, therefore, was affected by a west;facing volcaniclastic fan derived from erosion
of the proximal Adel Mountain volcanic center, and by a volcanically-influenced braid-delta

prograding to the east.

Tectonic Implications

During Late Cretaceous time, the Sevier fold-thrust belt was actively propagating
eastward into its associated foreland basin. Synorogenic conglomerates and sandstones in
alluvial fan settings are the characteristic deposits that demonstrate thrust belt movement

(Pivnik, 1990). Shallow thrusts typically caused denudation of Paleozoic and Mesozoic strata.
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The sediment derived from the uplifted areas was then transported and deposited into wedge-
top and foredeep depozones (Lawton et al., 1997) (S‘ee Figure 1). The Sevier thrust belt
extended ﬁomNevéda into Canada, and syn-orogenic conglomerates énd sandstones are found
along the length of the orogenic belt (Steidtmann and Schmitt, 1988); however, in western
Montana, these synorogenic deposits are only found in the hinterland (Golden Spike
Formation), or along reentrants (Beaverhead Group). This may be due to volcaniclastic
processes being more dominant than tectonic processes.

The Elkhorn Mountains Volcanics and possible volcanic sources that have subsequently
been eroded (Viele and Harris, 1965), were erupted along and within the thrust belt.
Synchronous with volcanism, thrusting and folding occurred along the Sevier orogenic front
to the north and south of the area now occupied by the Boulder batholith. Deposits in the
volcanic member of the Two Medicine Formation near Wolf Creek, lack any identifiable syn-
orogenic deposits. Debris flow and hyperconcentrated flow deposits of conglomerates and
sandstones exist; however, as they are almost exclusively volcaniclastic, they are not derived
from exhumed Paleozoic or early Mesozoic strata. These deposits are interpreted as
representing episodes of slope failure on volcanic edifices, and are not orogenically produced.

The lack of identifiable syn-orogenic deposits does not preclude thrusting in this area
at this time. Folding of foredeep deposits is evidenced in the disconformity between the Adel
Mountain Volcanics and the Two Medicine Formation along the southwestern edge of the
Adel Mountain volcanic field (Viele and Harris, 1965; Schmidt, 1978). The prodigious volume
of volcanic material deposited in the Two Medicine Formation fluvial systems, in conjunction

with the local magmatic intrusions, may have overwhelmed thrust sheets by mantling
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topography, thereby, preventing denudation of thrust sheets. This would indicate that
aggradation was volcanism-induced (Smith, 1987a). Conyersely, thrusting may have produced
erosion of uplifted volcanic material that was th§ﬁ transported and deposited into the foredeep.
The appearance of quartzite boulders, an amphibolite cobble, and volcaniclastic sandstone
pebbles and cobbles in the upper deposits of the Two Medicine Formation volcanic member
may imply thrust activity, and most likely indicates uplift along the Steinbach thrust to the west

late during Two Medicine deposition.
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CONCLUSIONS

Sedimentologic and petrogiaphic analyses of the Two Medicine Formation near Wolf
Creek, Montana, suggest the following conclusions regarding the response of alluvial systems
to intra-basinal explosive and effusive volcanism:.

1) The western facies of the ‘Campanian Two Medicine Formation was deposited by
braided fluvial systems. Braided systems were characterizc;d by interconnected channels that
experienced episodic sedimentation associated with f:xplosive volcanism, and normal
streamflow processes (vertical accretion), producing tabular channel bodies within extensive
floodplain deposits. | |

2) The eastern facies of the Campanian Two Medicine Formation was deposited by a
braid-delta system. The braid-delta was characterized by braided distributary channels that
experienced episodic avulsion associated with increased sedimentation from terrestrial
volcénism, which resulted in tabular distributary channel bodies within tidal mudflat deposits.
As volcanic eruptions declined, the dominance of the braid-delta decreased, resulting in the
production of beach, marsh, and lacustrine deposits.

3) Lava flow, pyrocléstic flow and surge, debris flow, and hypercbnceﬁtrated flow are
found within channel deposits, anci int,ercélated with floodplain deposits of the western facies,
indicating that active volcanism within the retroarc foreland basin waé concurrent with braid-

plain sedimentation.
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4) Fluviai channels responded to Volcanism‘ and Volcanicélly-derived sedimentation
events by reworking the debris and incising ﬂoodplain deposits in order to attain original
grade.

5) Coastal plainresponse to volcanism and volcanically-produced sedimentation eveﬁts
(syn-eruption) was progradation of the braid-delta. Progradation occurred as pulses of deiaris
flow and hyperconcentrated flow traveled down braided channels and reached the coastline,
depositing coarse, poorly sorted material, and overwhelmiﬁg normal coastal processes. During
inter-eruptive events, distribgtary channels reworked debris. As volcaniclastic sedimentatién

declined, beach, marsh, and tidal mudflat environments were reestablished.
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APPENDIX A
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APPENDIX A: Detailed stratigraphic section locations for the area north of Wolf Creek,
Montana (centered around Rock Creek), and the area north of the Dearborn River off of
Highway 287.

1. Western facies, northern stratigraphic section: Using Wolf Creek Quadrangle map,
begin at northern base of the peak just southeast of Electric Mountain in NW %, NW Y4, NE
Y4, SW %, sec. 34, T1I6N, R4W. Continues perpendicular to strike to Dry Creek drainage.
Moves southeast along drainage approximately 40 meters. Continues up outcrop, still
perpendicular to strike towards the prominent peak at 4634 ft on map. Now move to the
southeast along the rim to SE %, NW %, NE Y4, NE %, sec. 4, T15N, R4W. Continue
perpendicular to strike down towards the Rock Creek drainage. Section ends at SW %, SW
Y4, SE Y4, NE Y4, sec. 4, TISN, R4W.

2. Western facies, central stratigraphic section: Using the Wolf Creek Quadrangle
map, begin at NW %4, SE %, SE %, SE Y4, sec. 14, T15N, R4W. Continues in a southwesterly
step perpendicular to strike to the ridge top located at SE %, SE %, SW Y, SE %, sec. 14,
T15N, R4W. Moves directly downslope, perpendicular to strike towards the reservoir.
Continues directly north approximately 500 meters, then across the Dry Creek drainage.
Begins again at the NW %, NW %, SE %, NW Y%, sec. 14, T15N, R4W. Continues for 25
meters perpendicular to strike, then moves laterally 50 meters directly north along strike. Now
in the NW %, SE Y4, NW Y4, NW Y4, sec. 14, T15N, R4W. Continues perpendicular to strike
up to ridge crest, and then moves laterally south to SE %, NE %, SW %, NW %, sec. 14,
T15N, R4W. Continues perpendicular to strike directly downslope into the Rock Creek
drainage. Section ends at NW Y, SW Y4, SW %4, NW Y%, sec. 14, T15N, R4W.

3. Western facies, southern stratigraphic section: Using the Wolf Creek Quadrangle
map, begin at SW V4, SW Y4, SE %4, SW ¥, sec. 23, T15N, R4W. Continues perpendicular to
strike up the ridge to elevation 4916 ft. Moves perpendicular to strike downslope, towards
unnamed drainage. Moves northeast along drainage 25 meters. Begins again at the NE %, SE
Y4, SW Y, NE Y4, sec. 22, T15N, R4W. Moves upslope, perpendicular to strike to elevation
4506 fi. Moves laterally southwest along the ridge for 500 meters. Begins again at SE %, NW
Ya, SE Y4, NW Y4, sec. 22, T15N, R4W. Continues downslope, perpendicular to strike in a
northeasterly direction. Follows second drainage from the bottom to the northeast for 600
meters. Begins again at SE Y%, NE Y4, NW Y%, SE %, sec. 15, T15N, R4W. Moves
perpendicular to strike to NW %, NE %, NW %, SE %, sec. 15, TI5N, R4W. Then moves
laterally along strike to the southwest, along the anticlinal trend, to NE %4, SW %, NE %, SW
Y4, sec. 15, T15N, R4W, where it ends.
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APPENDIX A, Continued:

4. [Eastern facies, stratigraphic section RE-Kte: Using the Coburn Mountain
Quadrangle map, begin at SE %, NE %, SW %, NE Y%, sec. 27, T17N, R4W. Continue
perpendicular to strike in an east-northeast direction. Move laterally to SW %, NE %, SE. V4,
NE Y%, sec. 27, T17N, R4W. Continue perpendicular to strike. Move laterally to SE %, SW
Yo, NW Y4, SW Y, sec. 26, T17N, R4W. Continue perpendicular to strike to base of Adel
Mountain Volcanics (Elephant Mountain). Move laterally to SW %4, NW Y4, NW 4, NW Y,
sec. 26, T17N, R4W. Continue perpendicular to strike up into the narrow canyon Section
ends at SW Y4, NE Y4, NW Y4, NW %, sec. 26, T17N, R4W.

5. Eastérn facies, stratigraphic section E2-Kte: Using the Coburn Mountain
Quadrangle map, begin at the SE %, SE Y4, SW Y, NE %, sec. 27, T17N, R4W. Continue
perpendicular to strike, laterally moving along the drainage to NE Y4, SE Y4, SE Y4, SE Y%, sec.
22, T17N, R4W. Continue upslope perpendicular to strike to large outcrops of NW Y4, NE
Vi, SE Y4, SE Y4, sec. 22, T17N, R4W. Section ends there.
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APPENDIX B

. CLAST-COUNT DATA
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APPENDIX B: Table 2. Clast-count data from Two Medicine Formation conglomerates.
Sample number refers to stratigraphic section location, unit, and lithofacies type. VSS =
volcaniclastic sandstone clasts, latite = latite lava flow clasts, trach = trachyte lava flow clasts,
MSN = mudstone clasts, INT = plutonic clasts, PUM = pumice clasts, FELD = feldspar-rich
clasts, MAF = mafic-rich clasts, and other = unidentifiable clasts.

Sample n _VSS . Latite Trach. MSN INT PUM FELD MAF Other

C-DGmm 100 28 62 0 0 0 0 0 0 10
S-FGt 88 28 12 20 1 7 7 0 11
S-FGem 110 22 23 12 10 0 0 17 13 13
S-FGmm 80 6 0 0 0 0 19 7 18 30
S-F Gh 100 93 0 0 0 0 0 0 0 7
N-F Gmm 100 2 0 87 0 0 0 0 0 11
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APPENDIX C

HISTOGRAM PLOTS OF CLAST-COUNT DATA
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APPENDIX C: Histogram plots ofrelative percentages for clast composition inconglomerates
ofthe western facies ofthe Two Medicine Formation. Sample number refers to stratigraphic
section location, unit, and lithofacies type. VSS = volcaniclastic sandstone clasts, latite = latite
lava flow clasts, trach = trachyte lava flow clasts, MSN = mudstone clasts, INT = plutonic
clasts, PUM = pumice clasts, FELD = feldspar-rich clasts, MAF = mafic-rich clasts, and other
= unidentifiable clasts.



165

APPENDIX D

POINT-COUNT DATA
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APPENDIX D: Table 3. Point-count data for Two Medicine Formation sandstones. Sample
number refers to stratigraphic section and unit location. N is number of counts. F = total
feldspar; Qm = monocrystalline quartz; Qml= monocrystalline quartz, rounded; Qm2=
monocrystalline quartz, angular; Qp = polycrystalline quartz; Lv, Lp, Ls
pyroclastic, and sedimentary lithic fragments; Ca = calcite; Cl = chlorite; Ph = total micas; M
= mafic grains; D= opaques; A = analcime; O = other.

Sample #

RE-Kte-2

RE-Kte-11
RE-Kte-24
E2-Kte-8

E2-Kte-10
A-la-612d
A-1b-613c¢
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Kamv-9
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APPENDIX E

HISTOGRAM PLOTS OF POINT-COUNT DATA
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APPENDIX E: Histogram plots of relative percentages for sandstones ofthe Two Medicine
Formation. Sample number refers to stratigraphic section and unit location. N is number of
counts. F = total feldspar; Qm = monocrystalline quartz; QmIl= monocrystalline quartz,
rounded; Qm2= monocrystalline quartz, angular; Qp = polycrystalline quartz; Lv, Lp, Es =
volcanic, pyroclastic, and sedimentary lithic fragments; Ca = calcite; Cl = chlorite; Ph = total
micas; M = mafic grains; D= opaques; A = analcime; O = other.
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APPENDIX E: Continued:
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