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ABSTRACT

The lithostratigraphic KPg boundary separating the underlying Cretaceous
Hell Creek Formation from overlying strata of the Paleogene Fort Union
Formation in north-central Montana is delineated at the lowermost coal (Z-coal)
at the base of the Fort Union. Since meandering stream floodplain coals record
deposition in areally-restricted, meanderbelt environments, the lithostratigraphic
KPg boundary is diachronous. To test this assertion, a chronostratigraphic
framework, developed using radiometrically dated (40Ar-39Ar) ash horizons, is
utilized to examine the physical stratigraphic relations between strata of the
uppermost Hell Creek and lowermost Fort Union Formations.
The uppermost (3m) Hell Creek Formation consists of massive mudrock
with sporadic coal stringers. The lowermost (3m) Fort Union Formation consists
of massive mudrocks with the discontinuous Z-coal at its base. No sedimentary
structures are present. Three ash horizons, distinguished in the field by color and
mineralogy, were used to establish correlations. The lower and middle ashes
have been dated at 65.00 ± 0.05 Ma and 64.95 ± 0.05 Ma, respectively (Swisher
et al., 1993).
Six sites are studied. From east to west, these are: Mossbrucker,
Lerbekmo, Pearl, Bone Hollow, Hell's Hollow, and Nirvana. Each site was
trenched 3 meters above and below the Z-coal and lithofacies described every
centimeter. The lithostratigraphic boundary at Lerbekmo is 55cm below the
chronostratigraphic framework, 56 cm below at Mossbrucker, 9 cm above at
Pearl, 258 cm below at Nirvana, and was not preserved at Bone Hollow and
Hell's Hollow.
Wheeler diagrams of these sections suggest the Z-coal is stratigraphically
lower in the west and higher in the eastern sections. These observations
demonstrate that the lithostratigraphic KPg boundary is diachronous implying
portions of the Hell Creek are Paleogene in age and portions of the Fort Union
Cretaceous in age. Furthermore, this demonstrates that lithostratigraphy provides
insufficient constraints on determining chronostratigraphic position.
Localized lithostratigraphic correlations of the terrestrial sections are also
complicated by subtle diastems. Since floodplain deposition is centralized in the
floodplain trough (Pizzuto et al., 2008) and a single flood event has limited areal
extent (Aalto et al., 2003), the precision of lithostratigraphic correlations is limited
without a chronostratigraphic framework of isochronous event beds.
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CHAPTER 1

INTRODUCTION

The Cretaceous – Paleogene (KPg) boundary is one of the most studied
boundaries in geology, with much of this attention due to the end Cretaceous
(end-K) extinction event. Despite being the focus of numerous studies, several
issues regarding the KPg boundary remain. The purpose of this study is to
answer the following questions: 1) Does the lithostratigraphic KPg boundary, a
lignite bed bounded by mudrock, correspond to the chronostratigraphic KPg
boundary, at a local scale, in eastern Montana, and 2) What characteristics of the
depositional environment affect the placement of KPg boundary in eastern
Montana?
The sections chosen to examine these questions are located in Garfield
County near Jordan, Montana (Figure 1.1). This area was chosen because it is
one of the few locations containing an arguably continuous terrestrial stratigrapic
section encompassing the transition between the end of the Cretaceous and
beginning of the Paleogene Periods (Dingus, 1984). As such, it is an ideal
location to examine the depositional history encompassing the terrestrial KPg
boundary.
Workers have used the position of the lithostratigraphic KPg boundary as
a proxy for the end-K extinction event (Archibald and Bryant, 1990; Sheehan et
al., 1991; Swisher et al., 1993). The lithostratigraphic KPg boundary has also
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been used to test hypotheses regarding rates of extinction (Hickey, 1981;

Figure 1.1: Location map showing the study area in Garfield County, MT. The sites are
Nirvana (N), Hell's Hollow (HH), Bone Hollow (BH), Pearl (P), Lerbekmo (L), and
Mossbrucker (M). Cross sections along A-A' (Figures 6.2, 6.3, 6.4, and 6.7) and B-B'
(Figures 6.5, 6.6, and 6.8) can be found in Figures 6.2 – 6.8.
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MacLeod and Keller, 1991; Sheehan and Fastovsky, 1992; Keller et al., 1993),
the existence, or lack there-of, of a "gap" between the highest in situ dinosaur
fossils and end of the Cretaceous (Hickey, 1981; Sloan et al., 1986; Archibald,
2000; Sheehan et al., 2000), and to examine ecological transition between the
Late Cretaceous and Early Paleogene (Archibald, 1982; Tschudy et al., 1984;
Fastovsky, 1987; Fastovsky and McSweeney, 1987; Retallack et al., 1987;
Bryant, 1989; Fastovsky et al., 1989; Stinnesbeck et al., 1993; Smit et al., 1994;
Eberth and O'Connell, 1995; Smit, 1999; Labandeira et al., 2002; Murphy et al.,
2002). Using the lithostratigraphic KPg boundary as a proxy for the
chronostratigraphic

KPg

boundary

can

prove

problematic

since

the

lithostratigraphic KPg boundary position is not contingent upon any temporal
criteria (Fastovsky et al., 1989; Fastovsky, 1990; Sarjeant and Currie, 2001). As
such, the lithostratigraphic KPg boundary may not correspond with the
chronostratigraphic KPg boundary.
Even though a lithostratigraphic boundary may not be synchronous on a
regional scale (Lerbekmo and Coulter, 1984; Shanley and McCabe, 1994; Lund
et al., 2002), there are still attempts to assign chronostratigraphic significance to
correlations of local strata based on lithostratigraphy (Sheehan et al., 1991;
Barclay et al., 2003; Raynolds and Johnson, 2003) and to measure extinction
rates based on lithostratigraphic position (Hickey, 1981; Sheehan et al., 1991;
Barclay et al., 2003). However, if the lithostratigraphic KPg boundary is timetransgressive, correlations based primarily on lithostratigraphy will also be time-
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transgressive. This implies that any attempt to develop a chronostratigraphic
correlation based upon lithostratigraphy is fundamentally flawed.
A diachronous lithostratigraphic boundary implies that sedimentation is not
evenly distributed throughout a basin. One portion of a sedimentary basin may
experience deposition while another portion of the basin may experience a
depositional hiatus. This has been documented at the local scale (SwansonHysell and Barbeau, 2007) as well as the regional scale (MacLeod and Keller,
1991; Macleod et al., 1997). Lithologic correlations using a diachronous surface
are, by definition, not temporally equivalent. This makes field identification of the
chronostratigraphic KPg boundary a complicated proposition. Identification of the
extinction event at one locality cannot be used to extrapolate across the basin.
This study cautions workers from attributing undue chronostratigraphic
significance to lithostratigraphic units.
The relevant stratigraphic interval in Garfield County, MT consists of the
primarily Cretaceous Hell Creek Formation underlying the primarily Paleogene
Fort Union Formation (Figure 1.2). These units generally range from flat-lying to
gently dipping ~15° (Brown, 1907). The ~100 meter thick Hell Creek Formation
consists of sandstone, mudrock, lignite, and shale (Brown, 1907; Collier and
Knechtel, 1939; Fastovsky et al., 1989). The overlying Fort Union Formation is ~
950 meters thick. It has been sub-divided into 3 members: the Tullock Member,
Lebo Shale Member, and Tongue River Member (Ayers and Kaiser, 1984). This
study focuses on the uppermost 3 meters of the Hell Creek Formation and
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lowermost 3 meters of the Fort Union Formation (Tullock Member). These
intervals consist of mudrock and lignites. The strata in this interval are
comparable to strata interpreted as low energy alluvial deposits consistent with
overbank sedimentation and ephemeral ponded water deposition in other areas
(Fastovsky and McSweeney, 1987; Zaleha, 1988; Flores, 1992; Kroeger and
Chronostratigraphy

Lithostratigraphy

Figure 1.2: The general stratigraphy in the field area. The relevant formations to this
study are the uppermost 3 m of the Hell Creek Formation and the lowermost 3 m of the
Fort Union Formation, which consists of the lowermost Tullock Member in this area.
Information collected from Montana Department of Natural Resources and
Conservation and the Montana Board of Oil and Gas.
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Hartman, 1997; Kroeger, 2002; Page et al., 2003; Wakelin-King and Webb,
2007).
The paleosols in this area have previously been described by Fastovsky
and McSweeney (1987). One of the indicators of pedogenic development is the
presence of rhizoliths (Bown and Kraus, 1981). Twenty-three Munsell colors
have been documented in these successions (Fastovsky and McSweeney, 1987,
Table 1 p. 71). The paleosols described by Fastovsky and McSweeney (1987)
are interpreted as alluvial plain deposits and prograding delta plain deposits in
eastern Montana, parts of Wyoming, and the Dakotas.

Terminology

The following terms will be used in the same way as previously applied by
other workers. The lithostratigraphic KPg boundary (Figure 1.3), in this area, is
defined as the lowermost coal or "Z-coal" (Brown, 1907; Collier and Knechtel,
1939; Fastovsky, 1987; Swisher et al., 1993), representing the boundary
between the Hell Creek and Fort Union Formations. The chronostratigraphic KPg
boundary (Figure 1.3) will be defined as the temporal transition from the
Cretaceous to the Paleogene, consistent with the chronostratigraphic concept of
Aubry and Van Couvering (2007). At the time of this publication, the temporal
transition has been placed at 65.5 Ma, based on 40Ar/39Ar dating (Gradstein et al.,
2004), or 65.95 Ma (Kuiper et al., 2008), based on

40

Ar/39Ar and astronomical

calibration. The chronostratigraphic framework is a series of ash beds preserved
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in stratigraphic proximity to the Z-coal. Some of the ash beds have been dated
using

40

Ar/39Ar dating (Swisher et al., 1993). Isochroneity is defined as a surface

Figure 1.3: A visual comparison of the lithostratigraphic KPg boundary,
chronostratigraphic KPg boundary, and chronostratigraphic framework definitions. The
Chronostratigraphic KPg Boundary placement is approximate. Green represents the
Hell Creek Formation; yellow represents the Fort Union Formation.
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or horizon which represents approximately the same duration of an event
regardless of its location (Bates and Jackson, 1984, p.272). Synchroneity refers
to a surface or horizon which represents an event, but the duration of the event is
variable based on location (Bates and Jackson, 1984, p. 511). Diachroneity is
defined as a surface or horizon which cuts across time planes or biozones (Bates
and Jackson, 1984, p.137). Local is used to delineate sections less than 5 km
apart (sensu Swanson-Hysell and Barbeau, 2007). Regional, in contrast, is used
in reference to sections greater than 5 km apart. Correlation refers to
"equivalency of lithologic units, without time implication" (Prothero, 1990 p.185).
This paper classifies sedimentary rocks per Lundegard and Samuels (1980) with
the exception of the term "mud" which is used as a generic grain size term for
sediment finer than very fine sand (sensu Folk, 1954).
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CHAPTER 2

METHODS

In order to address the research questions, six stratigraphic sections were
chosen in Garfield County. The primary criterion for section selection was the
exposure of the Hell Creek and Fort Union Formation transition. Identification of
the lowermost coal (the “Z-coal”) was also a key consideration. Additional criteria
included ranchers granting access to their land and ease of measuring a section.
The six sections that were chosen were:
1. Nirvana (47°31’38.42” N, 107°11’07.56” W)
2. Hell's Hollow (47°34’03.62” N, 107°10’19.26” W)
3. Bone Hollow (47°32’02.20” N, 107°05’54.11”W)
4. Pearl (47°31’32.48” N, 107°03’45.96” W)
5. Lerbekmo (47°31’35.20” N, 106°56’27.36” W)
6. Mossbrucker (47°31’39.14” N, 106°55’10.91” W)
These six sections are distributed over an area of approximately 16.5 mi2, or ~42
km2 (Figure 1.1).
At each of these locations, a half-meter deep trench was dug spanning the
lithostratigraphic KPg boundary (the “Z-coal”), extending 3 meters below and 3
meters above the lithostratigraphic boundary. Lithostratigraphic observations
were recorded every centimeter within the trenches (Appendices A-F). Samples
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of the mudrock were collected every 10 centimeters. The position of any
chronostratigraphic benchmarks (ash beds) were measured in relation to the
position of the Z-coal. Since ash beds are considered event beds, they provide a
valuable correlation tool across the basin (Wheatcroft, 1990; Koutsoukos, 2007).
By correlating the isochronous ash beds, a chronostratigraphic framework was
developed. This allows a later comparison of the lithostratigraphic and
chronostratigraphic boundaries.
Facies types were identified in the field and classified on the basis of grain
size, sedimentary structures, composition, and lithology. These criteria were ideal
for distinguishing facies because these features are easily recognized in the field.
Four types of facies were identified in this study area: massive mudrock (Fm),
laminated mudrock (Fl), lignite (L), and tephra (T).
In order to compare the two boundary definitions (chronostratigraphic and
lithostratigraphic), the measured sections were hung on the lowest preserved
chronostratigraphic marker (ash bed). The lithostratigraphic KPg boundary was
then

correlated

across

the

measured

sections

(Figure

6.1).

If

the

lithostratigraphic KPg boundary (Z-coal) is not time-transgressive, then the
position of the lithostratigraphic KPg boundary should not change with respect to
the chronostratigraphic framework.
Compositions of the siltstone, claystone, and coal were determined by
hand sample analysis with a 10x hand lens in the field. A Leica DMEP
petrographic microscope, utilizing reflected light, was later used to confirm hand
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lens observations. These observations focused on general mineralogy or
maceral composition, grain size approximation, and fossil content if present.
The composition of the ash beds was determined in the field by hand
sample analysis. Color and phenocryst mineralogy were the key identifying
characteristics for field correlation. Samples of the ash beds were collected, and
a sample of each of the 3 ash beds identified in the field was prepared as
standard petrographic thin sections. Point counts provide detailed mineralogical
composition of the type and percentage of the phenocrysts, and the ratio of
phenocrysts to clay matrix. The upper ash provided 812 points, the middle ash
provided 729 points, and the lower ash provided 791 points. The number of
points counted in each sample was based on the dimension of the thin section.
Data from these point counts are available in Appendix G. The ash beds are
described in Chapter 3.
Mudrock samples were collected for grain size analysis. The samples
were sorted on the basis of grain size following the Udden-Wentworth scale
(Udden, 1914; Wentworth, 1922). The samples were sieved with a 3 φ and a 4 φ
screen to separate out the fine sand and mud sized particles from any coarser
grained material or agglomerations of fine material. The mass of the fine sand
component was determined and the sand was set aside. The mud component's
mass was also measured before continuing to separate grain sizes. Suspension
settling was used to separate the silt from the clay. The settling velocities were
used as a proxy for grain size using a variation of Stoke's Law:
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d=

18μVt
g (ρ p − ρ m )
eq. 1

Where d is particle diameter, μ is the viscosity of the medium, Vt is the settling
velocity, g is the acceleration due to gravity, ρp is the density of the particle, and
ρm is the density of the medium. A deflocculant was used to prevent electrostatic
cohesion of the clay-size particles. The samples were allowed to settle for 8.5
minutes, the time necessary for the finest silt to settle out of suspension. The
fluid, containing particles finer than silt, was then extracted and discarded. The
silt was dried in an oven and then weighed to provide a silt component mass and
to extrapolate a clay component mass. The sum of the 3 masses was used to
determine a weight percent composition for the fine sand, silt, and clay
components. The data collected from this technique are available in Appendix H.
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CHAPTER 3

LITHOFACIES

Four lithofacies were identified based upon lithology and by internal
characteristic features. These lithofacies include: massive mudrock (Fm),
laminated mudrock (Fl), lignite (L), and tephra (T). The tephra was further subdivided on the basis of mineralogy.

Massive Mudrock (Fm)

Description
Lithofacies Fm is characterized by massive gray-tan siltstone and/or
claystone. The thicknesses of these deposits range from 5 – 222 cm. No grading
is apparent within this facies. There are sporadic zones of iron oxidation within
lithofacies Fm. Other characteristics preserved at some locations include sublinear tubules and plant fragments. The tubules range in length from 3 – 10 cm,
and exhibit iron oxidation. Additionally, when present, the plant fossils are
primarily fragmentary leaves and fronds. The plant-rich zones are preserved in
thin horizons less than 3 cm thick. Figure 3.1 shows a generic succession of
facies Fm preserved at Lerbekmo.
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Figure 3.1: Massive mudstone (Fm) preserved at the Lerbekmo site in the Hell Creek
Formation. No grading is present within this facies. GSA photo card for scale.
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Interpretation
The association of the iron oxide tubules with the fragmentary plant debris
suggests that the tubules are root casts (Loope, 1984; Kraus and Hasiotis, 2006).
The high concentration of silt and clay within these deposits indicates a low
energy environment of deposition. This is consistent with an environment that
undergoes suspension settling of sediment (Allen, 1964).

Laminated Mudrock (Fl)

Description
Lithofacies Fl is characterized by finely laminated, clay rich mudrock. This
facies thickness ranges from 5 – 96 cm, with an average thickness of 37 cm.
These mudrocks are fissile and could be termed "paper shales" (Prothero and
Schwab, 1996 p.104; Potter et al., 2005). Their color varies from light tan to dark
red to gray. There are sporadic zones of iron oxidation present in lithofacies Fl.
Figure 3.2 shows an example of this facies at Bone Hollow.

Interpretation
High clay content is necessary for these mudrocks to break on planar
surfaces (Potter et al., 2005). This indicates a very low energy environment of
deposition where suspension settling was the dominant form of sedimentation
(Allen, 1964). This is consistent with overbank deposition within a standing body
of water. Previous work suggests paper shale is a by-product of siliciclastic
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Figure 3.2: Paper shale (Fl) preserved at Bone Hollow. Clear ruler for scale. This facies
breaks into planar sheets and there is no trend in grain size.
sediment input into an environment rich in organics (McCabe, 1984; McCabe
1987; Davies-Vollum and Smith, 2008).
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Lignite (L)

Description
Lithofacies L is a brown-black lignite grade coal with thicknesses of 3 –
192 cm. Sporadic plant fragments of woody debris are present in this facies. The
macerals in the lignites are vitrinite, a maceral derived from plant cell wall
material, and/or inertinite, a maceral derived from wood material in which the cell
structure has been preserved (Pettijohn, 1957 p.490-495; Prothero and Schwab,
1996 p.290). This observation is consistent with Flores' (1992) study of lignites in
this study area.

Interpretation
Coals form in anoxic bodies of standing water where plant matter
accumulates with little or no sediment input. These environments include
swamps, bogs, ponds, and lakes. (Pettijohn, 1957 p.495; Prothero and Schwab,
1996 p.290). The presence of both vitrinite and inertinite indicates that the
environment of deposition was either not completely or was only seasonally
inundated with water (Stach, 1968; Flores, 1992).

Tephra (T)

Description
Lithofacies T refers to one of three sialic crystalline ash bed deposits
(Pettijohn, 1957 p.153; Nichols, 1999 p.31). Lithofacies T is further subdivided

18
based on distinct mineral composition of the ash beds. The lowest ash bed
contains sanidine grains, and is given the code Ts. The middle ash bed contains
numerous biotite and sanidine grains, and is given the code Tbs. The uppermost
ash bed contains numerous sanidine and plagioclase grains, and is given the
code Tsp.
The lowermost ash (Ts) is present within the Lerbekmo section (Figures
1.1, 3.3, 4.2). This 3 cm-thick ash is preserved in lignite. It is gray in hand sample

A

B
Figure 3.3: A) Ts, the lowest ash bed, preserved at Lerbekmo. Six foot staff for scale.
The red box highlights the position of Ts within the lignite. B) Photomicrograph of Ts
in cross polarized light with 1 mm scale bar. Ts is predominantly composed of clay
matrix and sanidine grains.
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and plant fragments are sporadically present throughout. Ts is primarily clay
matrix (~85%) with a few sanidine grains (~6%) and minimal biotite grains (<1%).
No quartz or plagioclase grains were observed. Several opaque grains were
observed (~9%), but were not identified (Appendix G). The few grains present
are ~0.07 mm – 0.30 mm, measured along the long axis, with sub-rounded, welldefined grain boundaries.
The middle ash (Tbs) is preserved in a lignite present at the Lerbekmo
and Pearl sections (Figures 1.1, 3.4, 4.2, 4.6). This ash is 8 – 9 cm thick, tan in
hand sample, and has undergone moderate diagenetic alteration. Tbs is primarily
clay matrix (~63%) and biotite grains (~26%). However, sanidine was also
present (~10%), as well as trace amounts of quartz, plagioclase, and unidentified
opaque grains (all <1%) (Appendix G). The grains are ~0.18 mm – 0.60 mm,
measured along the long axis, with sub-angular, well-defined grain boundaries.
The uppermost ash (Tsp) is preserved in a lignite at the Lerbekmo,
Mossbrucker, and Nirvana localities (Figures 1.1, 3.5, 4.2, 4.4, 4.12). This ash is
1 – 3 cm thick. It is pink in hand sample and has undergone minimal alteration
compared to the other ash beds identified in this study area. Tsp consists of
sanidine grains (~35%) in a clay matrix (~32%). Biotite (~10%), quartz (~8%),
plagioclase (~6%), and unidentified opaque grains (~10%) are also present
(Appendix G). The grains are ~0.02 mm – 0.54 mm, measured along the long
axis, with sub-angular to angular, well-defined grain boundaries.
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A

B
Figure 3.4: A) Tbs, the middle ash bed, as it is preserved at Pearl. GSA photo card for
scale. B) Tbs under cross polarized light with 1 mm scale bar. Tbs contains biotite and
sanidine phenocrysts in a clay matrix.
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A

B
Figure 3.5: A) Tsp, the uppermost ash bed, in Mossbrucker lignite. Mechanical pencil
for scale. B) Tsp under cross polarized light with 1mm scale bar. Tsp contains
plagioclase, sanidine, biotite, and quartz phenocrysts in a clay matrix.
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Figure 3.6: A Sanidine (S) Biotite (B) Clay Matrix (M) ternary diagram showing the
composition of the three tuffs in this field area. ▲ is the lowermost ash (Figure 3.3). ■
is the middle ash (Figure 3.4). ● is the uppermost ash (Figure 3.5). A detailed
summary of the point count data is available in Appendix G.
The degree of alteration was qualitatively assessed on the basis of grain
alteration and the amount of clay matrix present in thin section. Higher quantities
of clay matrix and fewer unaltered grains indicate higher degrees of alteration
(Schlocker and Van Horn, 1958). The lowermost ash bed (Figures 3.3, 3.6) has
undergone significant alteration, whereas the middle ash bed (Figures 3.4, 3.6)
shows moderate alteration, and relatively minor alteration characterizes the
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uppermost ash bed (Figures 3.5, 3.6). The degree of alteration of the middle and
lower ash beds allows for classification as tonsteins. One definition for tonsteins
is "accumulations of sedimentary or volcanic material, subsequently altered"
(Price and Duff, 1969 p.45). Swisher et al. (1993) dated sanidine crystals
preserved in these ash beds with
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Ar/39Ar. The lowermost and middle ash beds

have been dated at 65.00 ± 0.05 Ma and 64.95 ± 0.05 Ma, respectively. The
upper ash bed has not been dated.

Interpretation
Lithofacies T is interpreted as a sialic crystalline volcanic ash fall deposit
(Pettijohn, 1957 p.153; Nichols, 1999 p.31). Ash fall deposits are event beds
(Wheatcroft, 1990) that have a very low preservation potential when deposited
outside of a standing body of water (Palmer, 1994). This indicates that these ash
beds were deposited in a standing body of water. This depositional environment
is consistent with the observation that the ash bed deposits are only found in
lignite, which also forms in a standing body of water (Pettijohn, 1957 p.495;
Stach, 1968; Flores, 1992; Prothero and Schwab, 1996 p.290).
Further work on ash bed provenance is necessary to identify the source
area of these ash beds. However, it is unlikely that the Elkhorn Mountain
Volcanics are related to these deposits. The emplacement of the Boulder
batholith and the Idaho batholith represent potential sources of the volcanic ash
beds. However, the duration of the Elkhorn Mountain Volcanics, associated with
the Boulder batholith, is dated between 80 and 70 Ma (Lageson et al., 2001).
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This age negates the possibility that the Elkhorn Mountain Volcanics are related
to a volcanic event 65.00 ± 0.05 Ma. Future work on the provenance of the ash
beds is required to properly identify a source location.
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CHAPTER 4

DESCRIPTION OF STRATIGRAPHIC SECTIONS

Six stratigraphic sections were measured in the field area. From east to
west they are: Mossbrucker (M), Lerbekmo (L), Pearl (P), Bone Hollow (BH),
Hell's Hollow (HH), and Nirvana (N) (Figure 1.1). Detailed stratigraphic sections
can be found in Appendices A-F. This chapter focuses on general stratigraphic
descriptions. With the exception of Lerbekmo, which is used as a standard to
compare the other sections in this study, the sections are described from east to
west.

Lerbekmo

Lerbekmo is located at 47°31'35.20" N, 106°56'27.36" W (Figure 1.1). The
area consists of two buttes in an approximately north south orientation (Figure
4.1). Both buttes expose the lithostratigraphic KPg boundary, the Z-coal, and 3
ash beds. The southern butte exposes more of the Fort Union Formation than
the northern butte, but shows evidence of recent mass wasting events. Lerbekmo
is unique among the sections in this study in that all 3 ash beds are present. As a
result, it is possible to confirm relative ages of the ash beds in the field.
Additionally, the lower ash bed (Ts) has been dated at 65.00 ± 0.05 Ma, the
middle ash bed (Tbs) has been dated at 64.95 ± 0.05 Ma, and the upper ash bed
(Tsp) has not been dated (Swisher et al., 1993). The Lerbekmo section is
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Figure 4.1: Field photo of Lerbekmo taken from the road to Fort Peck Reservoir. Photo
taken facing approximately east.
composed of lower and upper units of facies Fm separated by a unit of facies L.
Plant fragments and iron oxidation are present throughout facies Fm. Figure 4.2
shows the stratigraphic column at Lerbekmo. There is no significant trend in grain
size within the section. Appendix A contains detailed stratigraphic information
from the Lerbekmo location.

Lerbekmo Facies Association
The facies association at Lerbekmo is ephemeral body of ponded water
deposits bounded above and below by a series of floodplain deposits (Allen,
1964; Allen, 1970; Flores, 1992; Page et al., 2003; Wakelin-King and Webb,
2007).
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Figure 4.2: Stratigraphic column of Lerbekmo. Silt grain size profile is on the right.
Weight percent composition is on the left. Weight percent composition is more
sensitive to large grains than small grains. A small number of large grains can have a
higher weight percent than a large number of small grains.
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Mossbrucker

Mossbrucker is located at 47°31'39.14" N, 106°55'10.91" W (Figure 1.1).
This section is located ~1 km east of Lerbekmo, within a gully eroding into a
pasture (Figure 4.3). The top of this section is overlain by modern soil. Most of
the Paleogene System, at this location, has been eroded away. Even though
Mossbrucker is spatially the closest measured section to Lerbekmo in this study,
this section does not include all three ash beds, only the uppermost ash bed
(Tsp) is present which allows for stratigraphic correlation (Wheatcroft, 1990;
Koutsoukos, 2007). This demonstrates a relatively high degree of lateral
variability in lithostratigraphic preservation. The Mossbrucker section consists of
a lower and upper unit of facies Fm separated by a unit of facies L. Root traces
(2 – 10 cm long) and iron oxidation zones are present throughout facies Fm.
Figure 4.4 shows the Mossbrucker stratigraphic section. There is no significant
trend in grain size within this section. Appendix B contains detailed stratigraphic
information from the Mossbrucker location.

Mossbrucker Facies Association
The facies association at Mossbrucker is made up of lignite consistent
with ephemeral ponded water deposition (Flores, 1992) and mudrock consistent
with suspension settling deposition in floodplain settings (Allen, 1964; Allen,
1970; Page et al., 2003; Wakelin-King and Webb, 2007). This is consistent with
an alluvial overbank environment of deposition.

29

Figure 4.3: Photo of Mossbrucker showing incomplete trench. Photo taken from a twotrack used for ranch access. Photo is facing approximately east.
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Figure 4.4: Stratigraphic column of Mossbrucker. Silt grain size profile is on the right.
Weight percent composition is on the left. Weight percent composition is more
sensitive to large grains than small grains. A small number of large grains can have a
higher weight percent than a large number of small grains.

Pearl

Pearl is located at 47°31'32.48" N, 107°03'45.96" W (Figure 1.1) near a
reservoir on the Engdahl Ranch (Figure 4.5). The only accessible outcrop
preserved the Z-coal 2.5 meters below top of the hill containing the section. As
such, this measurable section is slightly shorter than other sections. However,
enough outcrop is exposed to be a useful section for this project. The Pearl
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Figure 4.5: Photo of Pearl looking at an incomplete trench. Photo taken facing
approximately south east.
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section consists of interbedded units of facies Fm, Fl, and L. Plant fragments and
iron oxidation zones are present in facies Fm and facies Fl. Figure 4.6 shows

Figure 4.6: Stratigraphic column of Pearl. Silt grain size profile is on the right. Weight
percent composition is on the left. Weight percent composition is more sensitive to
large grains than small grains. A small number of large grains can have a higher weight
percent than a large number of small grains.
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Pearl's stratigraphic column. There is no significant trend in grain size within this
section. Appendix C contains detailed stratigraphic information from the Pearl
location.

Pearl Facies Association
The Pearl facies association is consistent with other sections in this study
area. The lignites are consistent with ephemeral ponded water conditions (Flores,
1992) and the mudrock is consistent with suspension settling on a floodplain
within an alluvial overbank depositional environment (Allen, 1964; Allen, 1970;
Page et al., 2003; Wakelin-King and Webb, 2007)

Bone Hollow

Bone Hollow is located at 47°32'02.20" N, 107°05'54.11" W (Figure 1.1).
This is located on the Engdahl Ranch, near the top of a small butte (Figure 4.7).
The lithostratigraphic KPg boundary occurs very close, within 41 cm, to the top of
the butte. As a result, this is one of the shortest sections in this study. There is no

Figure 4.7: Photo showing Bone Hollow taken from a two-track used for ranch access.
The photo faces approximately north-east. The section was measured near the top of
the western butte.
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ash preserved at this location. Due to the position of the lithostratigraphic KPg
boundary, it is uncertain whether the ash was eroded away or was never
preserved at this location. The Bone Hollow section consists of the following
facies in sequential order, from bottom to top: Fm, L, Fl, Fm, L, and Fm. Root
traces, plant fossils, and iron oxidation zones are present within both facies Fm
and Fl. Figure 4.8 shows the Bone Hollow stratigraphic column. There is no
significant trend in grain size in this section. Appendix D contains detailed
stratigraphic information from the Bone Hollow location.

Figure 4.8: Stratigraphic column of Bone Hollow. Silt grain size profile is on the right.
Weight percent composition is on the left. Weight percent composition is more
sensitive to large grains than small grains. A small number of large grains can have a
higher weight percent than a large number of small grains.
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Bone Hollow Facies Association
The Bone Hollow facies association is consistent with other sections in
this study area. The lignites are consistent with ephemeral ponded water
conditions and the mudrock is consistent with suspension settling on a floodplain
within an alluvial overbank depositional environment (Allen, 1964; Allen, 1970;
Flores, 1992; Page et al., 2003; Wakelin-King and Webb, 2007).

Hell's Hollow

Hell's Hollow is located at 47°34’03.62” N, 107°10’19.26” W (Figure 1.1),
adjacent to Snowflake Creek. As at Bone Hollow, no ash is preserved at this
location. Hell's Hollow is unique among the other sections in this study because
the Z-coal, the lithostratigraphic KPg boundary, is not present at this location
(Figure 4.9). Hell's Hollow has been retained in this study to demonstrate the
variability of preservation of the lithostratigraphic KPg boundary.
The measured section's placement is approximately half-way between a
sandstone unit from the Hell Creek Formation and a sandstone unit from the Fort
Union Formation. As this is an approximation, it is uncertain whether this
particular section spans the lithostratigraphic KPg boundary. It is possible that
the paper shale at the base of this section is the result of sediment influx into
settings that potentially could have become the Z-coal (McCabe, 1987; DaviesVollum and Smith, 2008). This would imply that this measured section (Figure
4.10) records no deposits of the Hell Creek Formation. However, it is equally
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Figure 4.9: Photo showing the complete trench at Hell's Hollow. Photo taken facing
approximately south west.
possible that this paper shale shares no relationship with the Z-coal. The Hell's
Hollow section consists of interbedded deposits of Fl and Fm. Sporadic zones of
iron oxidation are present within facies Fm. There is no significant trend in grain
size within this section. Appendix E contains detailed stratigraphic information
from the Hell's Hollow location.
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Figure 4.10: Stratigraphic column of Hell's Hollow. Silt grain size profile is on the
right. Weight percent composition is on the left. Weight percent composition is more
sensitive to large grains than small grains. A small number of large grains can have a
higher weight percent than a large number of small grains.
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Hell's Hollow Facies Association
The Hell's Hollow facies association is interpreted as mudrock consistent
with suspension settling on a floodplain within an alluvial overbank environment
of deposition (Allen, 1964; Allen, 1970; Page et al., 2003; Wakelin-King and
Webb, 2007).

Nirvana

Nirvana is located at 47°31’38.42” N, 107°11’07.56” W (Figure 1.1). The
outcrop is a low–relief hill near the Jana Olsen Ranch (Figure 4.11). The lowest
coal does not contain an ash bed, but the upper ash (Tsp) is preserved in a coal
stringer 258 cm above the base of the Z-coal (the lithostratigraphic KPg
boundary). Since the ash bed is an event bed, its position is more reliably
correlated across an area than other lithologic units (Wheatcroft, 1990). This

Figure 4.11: Photo showing Nirvana taken from the road to Jana Olsen's ranch. Photo
taken facing south east. Excavated trench is visible on the north west side of the butte.
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section shows the greatest disparity between the position of the lithostratigraphic
KPg boundary and a portion of the chronostratigraphic framework. The Nirvana
section consists of a lower unit of facies Fm, a unit of facies L, and an upper unit
of facies Fm. Plant fossils and coal stringers are sporadically present in the
massive mudrock. There is no significant trend in grain size within this section.
Figure 4.12 shows Nirvana's stratigraphic section. Appendix F contains detailed
stratigraphic information from the Nirvana location.

Nirvana Facies Association
The Nirvana facies association is interpreted as lignites resulting from
ephemeral ponded water conditions (Flores, 1992) bounded above and below by
mudrock consistent with suspension settling on a floodplain (Allen, 1964; Allen,
1970; Page et al., 2003; Wakelin-King and Webb, 2007). These settings are
consistent with an alluvial overbank environment of deposition.
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Figure 4.12: Stratigraphic column of Nirvana. Silt grain size profile is on the right.
Weight percent composition is on the left. Weight percent composition is more
sensitive to large grains than small grains. A small number of large grains can have a
higher weight percent than a large number of small grains.
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CHAPTER 5

ENVIRONMENT OF DEPOSITION

An alluvial environment of deposition accounts for the varieties of
depositional conditions inferred at these sections. Alluvial environments can be
sub-divided into two settings, the channel and the overbank. The overbank
setting is subdivided into levees, crevasse splays, floodplain, and ponded water
sub-environments (Allen, 1964; Allen, 1970; Collinson, 1996, p. 50). The sections
in this study correspond, most closely, with floodplain and ponded water
environments (Allen, 1964; Allen, 1970; Page et al., 2003; Wakelin-King and
Webb, 2007). Additionally, workers have sub-divided the floodplain into the
proximal and distal portions (Smith, 1993a; Smith, 1993b). The distal floodplain
consists

of

distal

crevasse

splay,

marginal

lacustrine,

and

lacustrine

environments (Smith, 1993a; Smith, 1993b). The sections measured in this study
are interpreted as portions of the distal floodplain environment of deposition.
Figure 5.1 is a conceptual schematic for this study area's interpreted depositional
environment.
The predominance of mudrocks in these stratigraphic sections indicates a
low energy depositional environment dominated by vertical accretion resulting
from suspension settling of sediment (Allen, 1964). The lignites and ash beds
indicate the periodic presence of standing water (Stach, 1968; Flores, 1992;
Palmer, 1994). The macerals within the lignite (vitrinite and inertinite) indicate
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Figure 5.1: Schematic environment of deposition. This is an alluvial overbank setting.
The sub-environments represented in this study are backswamp and floodplain. The
figure is modified from Allen (1964) and Allen (1970).
that this environment of deposition was only periodically inundated with water
(Flores, 1992). This is consistent with a distal floodplain environment of
deposition interpretation.
Previous palynological studies of the Hell Creek and Fort Union
Formations further support the alluvial depositional environment interpretation
(Hotton, 2002; Kroeger, 2002). By examining the pollen preserved in the
sediment, it is possible to determine a specific environment of deposition for
terrestrial settings (Farley and Dilcher, 1986; Farley, 1989; Chmura, 1994).
Relative abundances of miospores have been shown to vary depending upon
environment, with more abundant taxa of plants resulting in higher abundances
of a taxon's pollen. This has been used to distinguish levee, swamp, marsh/lake,
and distributary margin environments of deposition in the Dakota Formation
(Farley and Dilcher, 1986). The use of palynology has been further developed to
identify ponds, crevasse splays, distal floodplains, as well as the previous
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environments of deposition (Farley, 1989). These data have been confirmed in
the modern realm as well by examining the palynology of modern subaerial
sediment along the Mississippi Delta Plain (Chmura, 1994). Based on these
studies, it is reasonable to use palynology to help identify a system's depositional
environment. Based on preserved palynomorph assemblages, in Hotton's (2002)
and Kroeger's (2002) studies, the depositional environment for the uppermost
Hell Creek Formation and lowermost Fort Union Formation, in central Montana
and northwestern South Dakota, is interpreted as a low energy fluvial
environment consistent with a meanderbelt or flood basin (Hotton, 2002; Kroeger,
2002). This interpretation is consistent with the facies preserved in this area.
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CHAPTER 6

DISCUSSION

Question 1: Does the Lithostratigraphic
KPg Boundary Correlate with theChronostratigraphic KPg Boundary?

In order to address the utility of inferring chronostratigraphic significance
to lithostratigraphic units, this study utilizes ash deposits which can be inferred to
be isochronous event beds, to establish a chronostratigraphic framework. The
preservation potential of ash deposits is very low outside of extraordinary events
producing ash-falls many feet thick. Palmer (1994) commented that outside of
standing water, an ash can easily get reworked and blended into its surrounding
deposits. This effectively dilutes the ash layer to the point that field recognition of
the ash beds is no longer possible (Palmer, 1994). This makes it safe to assume
that correlative ash deposits can be used as a proxy for chronostratigraphic
horizons in the field (Wheatcroft, 1990).
After using the ashes to develop a chronostratigraphic framework, it is
possible to test whether or not the lithostratigraphic KPg boundary is a
diachronous entity. The lithostratigraphic KPg boundary is defined by the
appearance of persistent lignite beds (Brown, 1907, Collier and Knechtel, 1939,
Swisher et al., 1993). This is in accordance with the stratigraphic convention of
only defining the base of a System, termed the 'topless' convention. The top of a
System is defined by the base of the overlying System (Bourgeois, 1990). If the
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lithostratigraphic KPg boundary cross-cuts the isochronous ash deposits, then it
is, by definition, diachronous.
The position of the lithostratigraphic KPg boundary, the Z-coal, with
respect to the chronostratigraphic framework, is not consistent in this field area
(Figure 6.1). In some locations the lithostratigraphic KPg boundary is located
below the chronostratigraphic framework. In others, the lithostratigraphic KPg
boundary is above portions of the chronostratigraphic framework. This means
that, even though this field area is very small (~42 km2) the lithostratigraphic KPg
boundary is time-transgressive at the local scale, and does not correspond to the
chronostratigraphic KPg boundary. Therefore, these two boundaries cannot be
used interchangeably.
Figure 6.2 shows an energy diagram for all six sections. By correlating
relative drops in a section's depositional energy, it is possible to correlate
depositional packages of sediment known as cyclothems. This method was first
developed to correlate Pennsylvanian coal units and the surrounding strata
(Weller, 1930; Wanless and Weller, 1932). Since its initial development,
cyclothems have been applied in a wide variety of depositional environments
including entirely terrestrial sections (Beerbower, 1964). In this area, a drop in
depositional energy indicates the initiation of a new cyclothem. For example, an
ash deposit indicates the lowest amount of energy in this interpreted setting,
followed by lignite beds, paper shales, and finally mudrock (Miall, 1978).
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A

A'

Figure 6.1: The lithostratigraphic KPg boundary plotted with respect to the
chronostratigraphic framework. The position of the lithostratigraphic KPg boundary is
not constant when compared to the chronostratigraphic framework. This indicates the
lithostratigraphic KPg boundary is time transgressive and cannot be used as a proxy for
the chronostratigraphic KPg boundary.
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A

A'

Figure 6.2: Energy diagram for the measured sections used to separate sedimentary
packages within a section. The top of the triangle represents a drop in energy in the
interpreted environment of deposition. The lowest energy environment of deposition is
necessary to preserve an ash bed, followed by lignite beds, paper shale, and mudrock.
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This energy diagram (Figure 6.2) was then used as the basis for
correlating packages of sediment across the field area (Figure 6.3). Six packages
were identified when all six sections were incorporated in the correlation. Five
packages can be identified which include a portion of the Z-coal. The western
sections, Nirvana and Bone Hollow, have the lowest occurrence of the
lithostratigraphic KPg boundary preserving the Z-coal in Unit E (Figure 6.3). The
Lerbekmo section has the next lowest lithostratigraphic KPg boundary preserving
the Z-coal in Unit D (Figure 6.3). The Pearl and Mossbrucker sections contain the
Z-coal higher up, in Unit B (Figure 6.3). Unit A (Figure 6.3) is present at all six
locations, and is identified at its base by either Tsp or a surface of non-deposition
or erosion. Even though unit A contains portions of the Z-coal, it does not
preserve the base of the Z-coal. As such, by the strictest definition (Bourgeois,
1990), it cannot be considered a part of the lithostratigraphic KPg boundary.
However, this interpretation (Figure 6.3) utilizes all the measured sections
in this study. As Hell's Hollow has no readily identifiable feature to hang a
correlation across the study area, no ash-beds or Z-coal, its stratigraphic position
is uncertain in relation to the other stratigraphic sections. Additionally, the Bone
Hollow section does not have a preserved portion of the chronostratigraphic
framework to hang on. Figure 6.4 shows an energy diagram for all measured
sections except for Hell's Hollow and Bone Hollow. Figure 6.5 correlates the
sedimentary packages inferred from figure 6.4.
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Figure 6.3: Correlation of the sedimentary packages identified in figure 6.3. Five
packages of sediment contain portions of the Z-coal. These are units A,B,C,D, and E.
Of these, unit A is the only one that does not contain the lithostratigraphic KPg
boundary at any of the locations. However, this still shows the time-transgressive
nature of the lithostratigraphic KPg boundary in this area.
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B'

Figure 6.4: Energy diagram for the measured sections used to separate sedimentary
packages within a section, now excluding Bone Hollow and Hell's Hollow. The top of
the cone represents a drop in energy in the interpreted environment of deposition. The
lowest energy environment of deposition is necessary to preserve an ash bed, followed
by lignite beds, paper shale, and mudrock.
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B'

Figure 6.5: Correlation of the sedimentary packages identified in figure 6.3. Four
packages of sediment contain portions of the Z-coal. These are units A, B, C, and D. Of
these, unit A is the only one that does not contain the lithostratigraphic KPg boundary
at any of the locations. However, this still shows the time-transgressive nature of the
lithostratigraphic KPg boundary in this area.
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This interpretation (Figure 6.5) eliminates the uncertainty presented by
attempting a correlation with Hell's Hollow and Bone Hollow. However this results
in only minor changes to the stratigraphic correlations, the Z-coal is still
preserved within five packages of sediment. Once again, the western section
Nirvana has the lowest occurrence of the lithostratigraphic KPg boundary
preserving the Z-coal in Unit E (Figure 6.5). The Lerbekmo section has the next
lowest lithostratigraphic KPg boundary preserving the Z-coal in Unit D (Figure
6.5). The Pearl and Mossbrucker sections contain the Z-coal higher up, in Unit B
(Figure 6.5). Sedimentary package A's base (Figure 6.5) is, once more,
preserved by Tsp or a surface of non-deposition or erosion. Therefore, it
technically does not preserve the lithostratigraphic KPg boundary (Bourgeois,
1990), but it does contain portions of the Z-coal.
Figure 6.6 shows Wheeler diagrams of figures 6.3 and 6.5. Wheeler
diagrams are a way to represent correlated units chronostratigraphically
(Wheeler, 1958). By correlating stratigraphic units based on chronostratigraphic
features, such as depositional hiatuses and surfaces of erosion, it is possible to
determine when portions of lithologic units were deposited in one location relative
to other portions at other locations. As with all Wheeler diagrams, figure 6.6
emphasizes the importance of recognizing durations of time are recorded as a
surfaces of erosion or non-deposition (Wheeler, 1958). Both Wheeler diagrams
show a general eastward migration of the lithostratigraphic KPg boundary
through time. The earliest lithostratigraphic KPg boundary is found in the western
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Figure 6.6: Wheeler diagrams of A-A' and B-B' showing the time-space relationship of
the sedimentary packages in this field area. It also emphasizes the significance of erosion
and non-deposition in the stratigraphic record. The lithostratigraphic KPg boundary
(black) is lower, and older, in the western portion of this field area and gets generally
higher, and younger, in the eastern portion of this study area.
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sections, with the lithostratigraphic KPg boundary being preserved later in the
eastern sections. This is what would be expected if the lithostratigraphic KPg
boundary is diachronous.
The diachronous nature of the lithostratigraphic boundary impacts other
issues associated with the KPg boundary. These include: the existence of the "3
meter gap", the "Bug Creek problem", and inferring undue chronostratigraphic
significance to lithostratigraphic correlations.
It has also been argued that the end-K extinction event is not correlative
with the KPg boundary (Hickey, 1981; Archibald, 2000). This argument is based
on the presence of a purported "3 meter gap" between the highest in situ
dinosaur fossil and the lithostratigraphic KPg boundary. The underlying premise
of the "3 meter gap" stems from an argument for gradual decline of the dinosaurs
before the end of the Cretaceous (Hickey, 1981; Archibald, 2000; Sheehan et al.,
2000). In order to test the "3 meter gap", we would need to identify specific
temporal horizons, spanning the extinction event, within the lithostratigraphic
record and demonstrate these horizons are not time-transgressive. Previous
work focusing on the 3 meter gap relies on lithostratigraphy, which is inherently
time-transgressive. With our current understanding of stratigraphy, it is not
possible to define the 3 meter gap or to tie any chronostratigraphic significance to
lithostratigraphic features. It is entirely possible that the "3 meter gap" exists at
some locations, but is absent at others.

55
The Bug Creek Anthills is another field area that has recently been a topic
of debate about the temporal placement of sections relative to the end-K
extinction (Smit and Van Der Kaars, 1984; Archibald, 1986; Fastovsky and Dott,
1986). Cretaceous macro-fossils are preserved in sediments containing
Paleogene micro-fossils, offering three possible interpretations: 1) a population of
dinosaurs that survived the end-K extinction event, 2) a population of precocious
Paleogene flora, or 3) reworked Cretaceous fossils in Paleogene sediment (Smit
and Van Der Kaars, 1984; Archibald, 1986; Fastovsky and Dott, 1986). As a
result of erosional discontinuities, the lithostratigraphic position of fossil bearing
strata within the Bug Creek Anthills field area is uncertain. Workers have argued
that identification of the Z-coal, the lithostratigraphic KPg boundary, would help
solve this problem (Smit and Van Der Kaars, 1984; Archibald, 1986; Fastovsky
and Dott, 1986). However, a diachronous Z-coal would negate the utility of this
endeavor to understand the taphonomic sequence of events. Since the Z-coal
cuts across time-horizons, it is impossible to temporally constrain the Z-coal
without a chronologic datum such as an ash deposit. Since ash deposits have
not been reported within the Bug Creek Anthills field area, it is currently not
possible to temporally constrain when the sediment at this location was
deposited any more accurately than has already been accomplished.
Within the Williston Basin, the position of the lithostratigraphic KPg
boundary with respect to magnetic polarity reversals has been somewhat
contentious, with workers placing the lithostratigraphic KPg boundary at the top
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of c29r, the bottom of c29r, and anywhere in between (Lerbekmo and Coulter,
1984; Swisher et al., 1993; Lund et al., 2002). Lerbekmo and Coulter (1984)
remarked "The position of the [KPg] boundary at Huff [North Dakota, USA] is
about halfway down in polarity zone 29r, compared with its somewhat higher
relative position at Gubbio [Italy] and in the Red Deer Valley [Alberta, Canada].
The reason for this difference is obscure at this present time" (p.316). The reason
is the lithostratigraphic framework in Lerbekmo and Coulter's study area is not
necessarily temporally equivalent to other area's lithostratigraphic frameworks.
Assuming

similarities

in

lithostratigraphy

equate

to

chronostratigraphic

equivalence is a false premise.
Since

the

position

of

the

lithostratigraphic

KPg

boundary

is

stratigraphically lower in the western portions of this field area and
stratigraphically higher in the eastern portions of this field area (Figure 6.6), the
lithostratigraphic KPg boundary is a diachronous horizon. This means that
portions of the portions of the Hell Creek Formation are Paleogene and portions
of the Fort Union Formation are Cretaceous in age. This also suggests that
lithostratigraphic correlations, lacking a chronostratigraphic framework, may not
be adequate for studies requiring chronostratigraphic precision even within a
small field area.
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Question 2: What Characteristics of the Environment of
Deposition Affect the Location of the KPg Boundary In This Area?

Beyond affecting extinction studies, the diachronous nature of the deposits
in this study area also has implications for terrestrial stratigraphy. The
environment of deposition for these deposits is interpreted to be a low energy
fluvial system consistent with meanderbelt or flood basin deposits (Allen, 1964;
Allen, 1970; Hotton, 2002; Kroeger, 2002; Page et al., 2003; Wakelin-King and
Webb, 2007). Studies of modern depositional systems provide a model for
sediment accumulation in this depositional setting (Cant, 1982; Bown and Kraus,
1987; Kraus, 2002; Aalto et al., 2003; Pizzuto et al., 2008). Studies of modern
mud-rich meandering river floodplains suggest the flood waters do not inundate
the entire floodplain, the water flows along localized depressions in the floodplain
(Pizzuto et al., 2008). As the flood recedes, water becomes stranded in floodplain
troughs, allowing deposition of fine sediment (Pizzuto et al., 2008). Having filled
the floodplain trough, subsequent floods will deposit sediment in another
topographic low that may be laterally adjacent to older events. This results in
multiple depositional events, of different ages, preserved on the same
stratigraphic horizon separated by subtle diastems (Figure 6.7). Channel
migration will generate additional discontinuities (Figure 6.8).
These internal depositional hiatuses are non-trivial (Aalto et al., 2003;
Paola, 2003). A basin-wide pattern has been observed in the Beni and Mamore
River basins. Somewhere within these basins deposition occurs at periods
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Figure 6.7: A conceptual diagram explaining how floodplain deposits can demonstrate
lateral discontinuities. Each color represents a separate episode of deposition. The
focus of deposition for these events will be in the floodplain troughs (Pizzuto et al.,
2008). Each of these events can be separated by several decades which can result in
potentially significant disconformities (Aalto et al., 2003; Paola, 2003).
slightly more frequent than once a decade (Aalto et al., 2003). However, a
separate phenomenon was observed at any particular location within the basins.
Even though sediment is deposited in discrete pulses somewhere in the basin at
average intervals of ~8 years, any particular location can experience a
depositional hiatus lasting several decades (Aalto et al., 2003). Within 1 km, it
may be possible to demonstrate temporal equivalence, but there is little
synchrony between locations 10s of km apart (Aalto et al., 2003). Extending this
modern study to the rock record will result in numerous subtle and potentially
significant discontinuities located within overbank deposits (Paola, 2003).
The interpreted environment of deposition for deposits preserving the
lithostratigraphic KPg boundary in this study, floodbasin or meanderbelt, imparts
certain concerns to studies utilizing these deposits. Discontinuities are subtle and
pervasive in alluvial overbank deposits (Aalto et al., 2003; Paola, 2003; Pizzuto
et al., 2008). These discontinuities are potentially too subtle to be observed using
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Figure 6.8: The patterns of floodplain deposition, and the internal discontinuities
generated by this pattern, are further complicated by river channel migration. Each
color represents a different depositional event. Time advances from top to bottom.
Each axis has a separate scale.
field techniques (Wood et al., 2008), especially if multiple identical horizons are
superposed within the succession (Fastovsky and McSweeney, 1987). Non-
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deposition and erosion will affect the completeness of a stratigraphic section
(Sadler, 1981; Dingus and Sadler, 1982; Signor and Lipps, 1982; Dingus, 1984;
Palmer, 1994). Regardless of establishing a chronostratigraphic framework,
lithostratigraphic correlations are not necessarily temporally equivalent.
Depictions of the deposits of fluvial systems tend to focus on channel
stacking patterns and treat overbank processes as vertically accreting
synchronous deposits (Kraus, 2002). However, as Kraus (2002) points out, this
may not be the case. Alluvial overbank mud deposits can result from floodplaintrough deposition (Pizzuto et al., 2008). A depositional event on the floodplain
can, therefore, force a lateral shift in the position of the floodplain trough due to
infilling. This results in stratigraphic architecture analogous to fluvial channel
stacking patterns, only considerably more subtle. This suggests that lateral
continuity of overbank fines is considerably more localized than has been
previously assumed which has significant impacts on terrestrial stratigraphy
(Pizzuto et al., 2008).
Local diachroneity has been demonstrated in other terrestrial settings,
notably in alluvial fan deposits (Swanson-Hysell and Barbeau, 2007). If localized
(< 5 km) diachroneity has been documented in one setting in the terrestrial realm,
and it has been postulated to exist throughout the terrestrial stratigraphic record
(Shanley and McCabe, 1994), then it is not reasonable to ignore the likelihood of
local diachroneity in the terrestrial rock record. This is especially true when
modern

analogs

of

interpreted

depositional

environments

have

been
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demonstrated to preserve subtle diastems (Aalto et al., 2003; Pizzuto et al.,
2008).
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CHAPTER 7

CONCLUSIONS

The lithostratigraphic KPg boundary, the base of the Z-coal, is timetransgressive and therefore cannot be used as a proxy for a chronostratigraphic
KPg boundary (Figures 6.1 and 6.6). Identifying portions of the Hell Creek
Formation are Paleogene in age, and portions of the Fort Union Formation are
Cretaceous in age has previously been demonstrated using palynology (Johnson,
2002). However, this study demonstrates that it is possible to show this
diachronous lithologic relationship utilizing lithostratigraphy which is a practical
approach to correlations while in the field. Also, this study demonstrates that the
lithostratigraphic KPg boundary is diachronous even within a relatively small field
area.

Detailed

stratigraphic

correlations,

within

an

established

chronostratigraphic framework, will improve the utility of lithostratigraphic
correlations in the field. A lithostratigraphic feature, such as the lowest
occurrence of coal, cannot be used to infer chronostratigraphic equivalence in a
terrestrial floodplain setting even at the local scale. This is because floodplain
environments can preserve diverse depositional histories over a relatively short
lateral distance of ~100 meters (Smith, 1993a; Smith, 1993b; Page et al., 2003;
Wakelin-King and Webb, 2007) and individual packages of floodplain sediment
cover a limited areal extent (Aalto et al., 2003; Paola, 2003). Additionally, since
sediment accumulates in floodplain troughs (Pizzuto et al., 2008) the center of
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deposition can shift with subsequent floods. This generates subtle and potentially
significant lateral discontinuities in terrestrial overbank deposits. The locally
diachronous

nature

of

overbank

deposits

means

that

a

terrestrial

lithostratigraphic boundary is not necessarily an accurate substitute for a
chronostratigraphic horizon.
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NIRVANA STRATIGRAPHIC SECTION
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APPENDIX G

POINT COUNT DATA: ASH BEDS
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Figure G.1: Plane Polarized Light (ppl) photomicrograph of a sanidine grain
(centered) in the lowermost ash.
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Figure G.2: Cross Polarized Light (xpl) photomicrograph of the same sanidine
grain (center), in the lowermost ash, half-way to extinction.
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Figure G.3: ppl photomicrograph of two biotite grains (right-center, top-left) in the
middle ash.
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Figure G.4: xpl photomicrograph of the same two biotite grains (right-center, topleft) exhibiting birds-eye extinction and anomalous brown birefringence (rightcenter).
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Figure G.5: ppl photomicrograph of a sanidine grain (center) in the middle ash.
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Figure G.6: xpl photomicrograph of the same sanidine grain (center), in the
middle ash, showing twinning.
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Figure G.7: xpl photomicrograph of the same sanidine grain (center), in the
middle ash, at full extinction.
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Figure G.8: ppl photomicrograph of biotite grain (right center) in the uppermost
ash.
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Figure G.9: xpl photomicrograph of the same biotite grain (center), in the
uppermost ash, exhibiting birds-eye extinction and anomalous brown
birefringence.
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Figure G.10: ppl photomicrograph of a detrital quartz fragment (center) in the
uppermost ash.
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Figure G.11: xpl photomicrograph of the same detrital quartz lithic fragment
(center) in the uppermost ash.
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Figure G.12: ppl photomicrograph of plagioclase grain (right center) in the
uppermost ash.
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Figure G.13: xpl photomicrograph of the same plagioclase grain (right center), in
the uppermost ash, showing twinning.
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Figure G.14: ppl photomicrograph of a sanidine grain (right center) in the
uppermost ash.
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Figure G.15: xpl photomicrograph of the same sanidine grain (right center), in the
uppermost ash, showing twinning.
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