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ABSTRACT

Aggradation and fluvial incision controlled by downstream base-level
changes at timescales of 10 to 500 kyr is incorporated in classic sequence
stratigraphic models. However, upstream climate control on sediment supply
and discharge variability causes fluvial incision and aggradation as well.
Orbital forcing often regulates climate change at 10 to 500 kyr timescales
while tectonic processes such as flexural (un)loading exert a dominant con-
trol at timescales longer than 500 kyr. It remains challenging to attribute flu-
vial incision and aggradation to upstream or downstream processes or
disentangle allogenic from autogenic forcing, because time control is mostly
limited in fluvial successions. The Palaeocene outcrops of the fluvial Lebo
Shale Member in north-eastern Montana (Williston Basin, USA) constitute
an exception. This study uses a distinctive tephra layer and two geomagnetic
polarity reversals to create a 15 km long chronostratigraphic framework
based on the correlation of twelve sections. Three aggradation—-incision
sequences are identified with durations of approximately 400 kyr, suggesting
a relation with long-eccentricity. This age control further reveals that inci-
sion occurred during the approach of — or during — a 405 kyr long-eccentri-
city minimum. A long-term relaxation of the hydrological cycle related to
such an orbital phasing potentially exerts an upstream climate control on
river incision. Upstream, an expanding vegetation cover is expected because
of an increasingly constant moisture supply to source areas. Entrapping by
vegetation led to a significantly reduced sediment supply relative to dis-
charge, especially at times of low evapotranspiration. Hence, high discharges
resulted in incision. This study assesses the long-eccentricity regulated cli-
mate control on fluvial aggradation and incision in a new aggradation—inci-
sion sequence model.

Keywords Aggradation, climate change, fluvial stratigraphy, hiatuses, inci-
sion, long-eccentricity cycle, magnetostratigraphic correlation, tephrostrati-
graphic correlation.
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INTRODUCTION

Many fluvial successions are built by aggrada-
tion intermittently interrupted by degradation
(incision), operating at 10 kyr to 10 Myr time-
scales. Aggradation occurs when sediment sup-
ply is significantly higher than maximum
bedload transport rate, and incision occurs
when sediment supply is significantly lower
than bedload transport rate. Both aggradation
and incision are controlled by internal (auto-
genic) and/or external (allogenic) factors on sed-
iment supply (Mackin, 1948; Leopold & Bull,
1979; Blum & Tornqvist, 2000; Catuneanu, 2006;
Holbrook et al., 2006; Miall, 2014). On 10 kyr to
10 Myr timescales, fluvial incision and aggrada-
tion are attributed to an interplay of allogenic
controls: geomorphic base-level (i.e. sea-level,
lake-level, or a drainage network trunk channel
axis), climate and tectonics (e.g. Schumm, 1993;
Shanley & McCabe, 1994; Ethridge et al., 1998;
Miall, 2014). Base-level change remains a major
cause for fluvial incision and aggradation in
sequence stratigraphic models (e.g. Posamentier
& Vail, 1988; Wright & Marriott, 1993; Shanley &
McCabe, 1994). Accordingly, base-level fall
causes incision and base-level rise causes aggra-
dation. Nevertheless, the sequence stratigraphic
model cannot simply be applied to every fluvial
setting. If, and how, base-level change causes
aggradation or incision depends in particular on
the difference between the coastal plain and
shelf gradient, the river’s ability to self-accom-
modate by adapting channel sinuosity, and the
landward limit of base-level influence (Schumm,
1993; Blum & Tornqvist, 2000). Base-level
change may be controlled downstream by
eustasy and upstream by sediment supply.
Greenhouse worlds feature only minor or no
polar ice-caps which makes glacio-eustasy as a
mechanism for base-level control unlikely. In
contrast, aquifer-eustasy (i.e. the imbalance in
continental water storage in lakes and ground-
water and continental water release to the
ocean) driven by eccentricity-forced climate
changes may control higher-order global sea-
level fluctuations of ca 30 m (Sames et al., 2016;
Wendler & Wendler, 2016; Wendler et al., 2016).
In addition to downstream control by aquifer-
eustasy, orbital-forced climate changes in the
hinterland (i.e. precipitation, weathering and
vegetation), that influence sediment supply and
discharge, exert an important upstream control
on sedimentation at the basin-scale (Fielding &

Webb, 1996; Abels et al., 2013; Noorbergen
et al., 2018).

Orbital control is difficult to separate from
time-overlapping tectonic forcing (e.g. Holbrook
& Schumm, 1999) and autogenic processes (e.g.
Hajek & Straub, 2017). This is mainly due to
poor age control in pre-Quaternary archives
(Blum & Tornqvist, 2000; Abels et al., 2013). It
precludes proper assessment of timescales, lat-
eral extents of facies and inter-facies connec-
tions. Not surprisingly, only a few pre-
Quaternary studies have documented impacts of
orbital-forced climate changes on sedimentation
in fluvial systems (Olsen, 1990; Olsen et al,
1994; Fielding & Webb, 1996; Abels et al., 2013;
Noorbergen et al., 2018). These studies deal
with fluvial stratigraphic architectures that are
dominated by aggradation and lack valley-
related unconformable surfaces. It thus remains
unknown how orbital-forced climate change
may influence aggradation and incision in pre-
Quaternary greenhouse fluvial systems.

The Palaeocene Lebo Shale Member of the
Fort Union Formation, Williston Basin (north-
eastern Montana, USA), provides the rare oppor-
tunity to investigate the control mechanisms
related to fluvial aggradation and incision under
greenhouse climate conditions and at the time-
scales of interest. For this purpose, a ca 15 km
long north-south oriented stratigraphic fence
panel, based on detailed stratigraphic logging of
parallel sections in combination with magne-
tostratigraphic and tephrostratigraphic correla-
tions and tracing of stratigraphic marker levels,
such as coals and palaeosols, has been generated
in McCone County (north-eastern Montana,
USA).

GEOLOGICAL SETTING

The lower Fort Union Formation in the
Williston Basin

During Cretaceous time, the intracratonic Willis-
ton Basin was encapsulated in the Western Inte-
rior Foreland Basin (DeCelles, 2004). Depositional
environments in the Williston Basin were mainly
marine in the mid-Cretaceous but these became
replaced by the alluvial systems of the Laramide
orogeny taking place from the late Cretaceous into
the Eocene (Cherven & Jacob, 1985). Approxi-
mately half-way through the Laramide uplift, in
the early Palaeocene, fluvio-deltaic sediments of
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the Fort Union Formation were deposited. In the
Williston Basin, the lower Palaeocene part of the
Fort Union Formation is exposed in the badlands
of the Missouri River and its tributaries, broadly
covering the region between eastern-Montana and
central-Dakota (Fig. 1A). The base of the Fort
Union Formation is represented by the first lat-
erally extensive coal seams at — or close to — the
K-Pg boundary (Fastovsky & Bercovici, 2016).
The top of the lower Fort Union Formation, at
the base of the Tongue River Member, is repre-
sented by a few metres thick bleached palaeo-
weathering zone (i.e. the Rhame Bed) that might
represent a hiatus of a few million years of
middle Palaecocene time (Warwick et al., 2004).
The lower Fort Union Formation has been sub-
divided into five members that are partly lateral
equivalents; the Tullock, Lebo Shale, Ludlow,
Slope and Cannonball members (stratigraphic
relations, Fig. 1B).

The Lebo Shale Member

The Lebo Shale Member (Stone & Calvert, 1910)
consists of greyish-yellow sand-dominated inter-
vals and grey mud-dominated intervals, both
containing several coal seams and bleached
zones (Collier & Knechtel, 1939; Rigby & Rigby,
1990). The sand-dominated intervals are later-
ally extensive and form erosion-resistant caps
on top of buttes and ridges. These have been
interpreted as channel-splay systems (Rigby &
Rigby, 1990) with point-bar deposition along
meandering streams (Diemer & Belt, 1991). The
mud-dominated intervals contain coaly organic
material and locally contain lenses of coal and
carbonaceous shale. If enriched in shale, these
units typically show a sombre and bentonitic (as
‘dirty-popcorn’) surface weathering (Righy &
Rigby, 1990). They have been deposited in mod-
erately saline playas with low carbonate concen-
trations (Righby & Rigby, 1990). The coals are
sub-bituminous to lignite in rank (Collier &
Knechtel, 1939; Rigby & Rigby, 1990) and con-
tain abundant vitrain alternated by dull-black
powdery material (Rigby & Rigby, 1990). Coals
in the Lebo Shale Member may have been
formed in raised mires (Flores & Keighin, 1999;
Flores et al., 1999). Bleached zones are whitish
laterally extensive markers and have been inter-
preted as the leaching-horizons of palaeosols
(Rigby & Rigby, 1990).

The presence of dark-grey shales is the litholog-
ical criterion to distinguish the Lebo Shale Mem-
ber from the underlying grey-gold-brownish
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thinly banded siltstones of the Tullock Member
(e.g. Rigby & Rigby, 1990). Accordingly, the con-
tact between the two members is placed at the
base of the first distinct dark-grey shales just
above the W-coal zone (Noorbergen et al., 2018).
In McCone County, distinct coal beds in the Fort
Union Formation have been locally traced and
regionally mapped based on topographic extrapo-
lations (Collier & Knechtel, 1939). Collier &
Knechtel (1939) assigned these coal beds reverse
alphabetic labels, from ‘Z’ to ‘P’. Given the Tul-
lock-Lebo Shale lithostratigraphic contact as
defined in Noorbergen et al. (2018), the Lebo
Shale Member in McCone County includes coal
beds ‘V’, ‘U’ and ‘T’ of Collier & Knechtel (1939).
In the study area (Fig. 1D) only bed U has been
mapped by Collier & Knechtel (1939). Because
each coal bed of Collier & Knechtel (1939) is gen-
erally part of a larger cluster consisting of multi-
ple coals, they are referred to as ‘zones’ in this
work. Within the coal zones, individual coal beds
can be up to 2 m thick but still contain centime-
tre-scale detrital partings and centimetre to
decimetre-scale intervals with volcanic ash or
sharp millimetre to centimetre-scale ash interca-
lations (i.e. tephras). The tephras contain euhe-
dral crystals which enables their distinction
from detrital partings that contain rounded
minerals as the result of abrasion. Because of
its abundant tephras (more than 20) and detrital
partings, Collier & Knechtel (1939) held the U-
coal zone, as being identical to the Big Dirty
coal zone. In this matter, these authors fol-
lowed the definition of Woolsey et al. (1917) of
a high ash content coal zone in the Bull Moun-
tain coal field, at a distance of ca 300 km
south-west of McCone County.

METHODS

Sections and palaeo-flow measurements

In McCone County, 12 sections have been
logged in four isolated outcrop areas that are
from north to south: Coal Mine Divide (CMD);
Rough Prong (RP); Radiotower (RT); and Horse
Creek Road (HCR). There are at least two sec-
tions in each outcrop area; a central main
section (the last character is ‘M’, for example
CMD-M) and one or more other sections at a max-
imum distance of ca 3 km from the main section
(the last character is the compass direction with
respect to main section, for example CMD-W is
west of the main section at Coal Mine Divide).

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 1. Geographic and geological setting of the study area in McCone County, north-eastern Montana (USA). (A)
Environmental reconstruction of Montana and adjacent states (modified from Flores, 2003). Peat mires were dis-
sected by low sediment load rivers that drained into the Cannonball Sea in the early Palaeocene, approximately
65 Ma. Dashed white lines show map locations projected on the lithostratigraphic diagram of panel (B). (B)
Along-profile cross-sectional diagram of lithostratigraphic units comprising Chron G29r to Chron G28n (modified
from Johnson et al., 2002). Study interval of Lebo Shale Member in north-eastern Montana is indicated (red
arrow), stratigraphically above the Tullock Member studied by Noorbergen et al. (2018; white arrow). (C) Enlarged
area from (D). Figure shows lenticular ridges belonging to the muddy point-bar deposits of Facies B1 (Table 1).
(D) Ortho-image of the study area with 24.4 m (80 feet) elevation contour lines. Facies B1 valley-fill deposits are
coloured orange for aggradation—incision sequence 1 (AIS-1) and cyan for AIS-2. Thick black solid line shows
field mapping of coal bed U by Collier & Knechtel (1939). The locations of the sections (yellow circles) are con-
nected by a solid black line showing the transect of the fence panel (Fig. 7). Section abbreviations (from north to
south): CMD-W = Coal Mine Divide West; CMD-M = Coal Mine Divide Main; RP-N = Rough Prong North; RP-
E = Rough Prong East; RP-M = Rough Prong Main; RP-SW = Rough Prong Southwest; RT-NE = Radiotower North-
east; RT-E = Radiotower East; RT-M = Radiotower Main; RT-SE = Radiotower Southeast; HCR-N = Horse Creek
Road North; HCR-M = Horse Creek Road Main. Orthoimagery, quadrangle and road data were obtained from the
Montana Spatial Data Infrastructure (MSDI) (http://geoinfo.msl.mt.gov/Home/msdji).

Palaeo-flow directions were measured from the corrections for tectonic dip were required because
dip planes of different sets of decimetre-scale the layers of the Fort Union Formation in north
cross-bedded sandstone that were interpreted as eastern Montana are dipping less than 1°.

mid-channel bars. Channel axis orientations were
determined perpendicular to the dip plane of lat-

eral accretion planes that were interpreted as Palaeomagnetism
point-bars. Both sources of palaeo-flow data were All samples for palaeomagnetic analysis were
plotted onto separate rose diagrams. No taken in trenches, from unweathered rock at

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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least 1 m below the surface. A total of 243 levels
were sampled within eight sections with an
average sampling resolution of 0.5 m. Standard
core samples (diameter = 2.54 cm) were taken
with an electric, battery-powered drill using
water as a coolant and oriented with a Brunton
compass fixed to a Pomeroy orientation shaft
(Brunton Inc., Riverton, Wyoming, USA). For
each level it was attempted to drill multiple
cores or one core of sufficient length so that the
sample could be split into at least two speci-
mens, enabling both thermal (TH) and alternat-
ing field (AF) demagnetization.

Previous rock magnetic analyses in the lower
Fort Union Formation showed that the dominant
magnetic remanence carriers are magnetite and
maghemite (Swisher ef al., 1993; Sprain et al.,
2016). Intermediate-composition titanohematite
could also be present and, if abundant, this min-
eral might complicate palaeomagnetic interpreta-
tions because of its ability to self-reverse (Sprain
et al., 2016). Previous magnetostratigraphic
results of the lower Fort Union Formation in
this area (Swisher et al., 1993; LeCain et al.,
2014; Noorbergen et al., 2018; Sprain et al,
2018) are mutually consistent and in line with
the Geomagnetic Polarity Timescale (Ogg, 2012).
Therefore, self-reversal of intermediate titano-
hematite is a minor issue. In this study, TH
demagnetization was done on 219 samples and
AF demagnetization on 205. Of the total of 243
sampling horizons, 172 could be processed with
both TH and AF demagnetization. More detailed
procedures for the TH and AF demagnetization
experiments are described in Noorbergen et al.
(2018).

Inclination and declination components of the
Characteristic Remanent Magnetization (ChRM)
were determined using the rRemasorT 3.2 software
program (Chadima & Hrouda, 2006). Plots were
exported from Paleomagnetism.org (Koymans
et al., 2016). The ChRM directions were deter-
mined by anchored principal component analy-
sis (PCA) (Kirschvink, 1980) if the sample
clearly trended towards the origin along at least
four consecutive demagnetization levels. If a
sample showed no clear trend towards the ori-
gin, but a clustering of higher coercivity vector
end-points, Fisher statistics (Fisher, 1953) were
used to calculate the mean direction of that
cluster. Data points with a mean angular devia-
tion (MAD) <15° of the anchored fit or a MAD
<15° of the Fisher mean (note: The MAD in
Remasoft shown for the Fisher mean is the
alpha95 of the Fisher mean) are connected

Orbital-forced fluvial stratigraphy 2533

(Fig. 2). Samples with a ChRM, but with a MAD
>15°, are displayed with open symbols. The data
were not corrected for the present-day local
declination in the study area of 9.3° (Thébault
et al., 2015), because for the purpose of this
paper (determining whether polarity was normal
or reversed) the data are conclusive.

Scaling, vertical optimization and correlation
of sections

From north (left) to south (right), along the tran-
sect (Fig. 1), stratigraphic logs of the sections
were plotted on a 1 :80 000 horizontal scale
and a 1:600 vertical scale (Fig. 7). Two geo-
magnetic polarity reversals and one distinctive
tephra (‘the Sugar Ash’) were used to optimize
their vertical positions with respect to a back-
bone section (Coal Mine Divide West, CMD-W)
in which all three chronostratigraphic markers
are present. For the polarity reversals the mid-
point of the reversal interval was used as abso-
lute value (Figs 3 and 8). From the five sections
that contained all three markers, CMD-W was
selected as backbone, because the stratigraphic
spacing of the markers in this section best repre-
sented the entire study area. The position of
polarity reversals in sections lacking palaeomag-
netic data was estimated by correlating the
Sugar Ash and/or field tracing coal seams to
nearby sections (at <3 km distance) that
recorded the reversal to increase the number of
optimization tie-points. Prediction of polarity
reversals include the lower reversal in Rough
Prong North (RP-N), Rough Prong Main (RP-M)
and Radiotower Northeast (RT-NE), and both the
lower and upper reversals in Rough Prong
Southwest (RP-SW), Radiotower East (RT-E) and
Horse Creek Road North (HCR-N). For the verti-
cal optimization, the same approach was used
as in Noorbergen et al. (2018). After scaling and
vertical optimization, sections were correlated,
using the three chronostratigraphic markers. On
the basis of this chronostratigraphic fence panel,
the stratigraphic architecture of the three facies
associations (Table 1) was interpreted.

RESULTS

Magnetostratigraphy

The polarities can be divided into four groups:
(i) reversed polarity (24.3%); (ii) normal polarity
(56.1%); (iii) uncertain polarity (14.6%); and (iv)
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Fig. 2. Sedimentological logs and magnetostratigraphic columns of the sections. (A) Coal Mine Divide. (B) Rough
Prong. (C) Radiotower part 1. (D) Radiotower part 2. (E) Horse Creek Road. Note: to improve visibility of the mag-
netostratigraphic reversals, samples in the magnetostratigraphic columns with a declination between 0° and 90°
have been added to by 360° so that the declination range is set to 90 to 450 (90) degrees.
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undetermined polarity (5.0%). The resultant
magnetostratigraphy reveals a single reversed
polarity interval with normal polarities strati-
graphically both below and above. The lower
normal polarities correspond to Chron C29n,
because they represent the stratigraphic continu-
ation of normal polarities recorded in the top
part of the underlying Tullock Member that have
previously been correlated to C29n by Noorber-
gen etal (2018) in accordance with the
*°Ar/*°Ar radioisotope dating of Swisher et al.
(1993) and Sprain et al. (2015). The reversed

interval thus corresponds to C28r and the two
recorded reversals to the C29n/C28r and C28r/
C28n Chron boundaries.

Additional, more detailed, information on the
demagnetization results is given in the
Appendix S1, Data S1, Data S2 and in Fig. S1.
The interpreted magnetostratigraphic data are
provided in Tables S1 and S2. The raw palaeo-
magnetic data are available online in the data
repository of this article.

Facies associations

Three facies associations are recognized in the
Lebo Shale Member: (A) channel-splay, (B) val-
ley-related, and (C) peat mire facies association.
A description of the different facies within the
facies associations along with their depositional
interpretation is given below and summarized in
Table 1. Figure 3 provides a field photograph of
an outcrop in which the three Facies Associa-
tions A, B and C are identified. Facies-specific
field photographs of the facies associations are
provided in Figs 4, 5, and 6, respectively.

Facies Association A — Channel-splay
Description. Facies Association A (Fig. 4) is
composed of Facies A1 (ca 20%), A2 (ca 10%)
and A3 (ca 70%). Facies A1l consists of up to
10 m thick light-yellow-weathered sandstone
bodies that are up to 0.25 km wide in cross-sec-
tional dimension. From aerial view they show
nearly straight ridges (Fig. 1C). The bodies con-
sist of up to metre-scale trough-cross-stratified
medium-grained sandstone sheets (Fig. 5C and
D) gradually changing-upward to centimetre-
scale trough cross-laminated and climbing ripple
cross-laminated fine-grained to very fine-grained
sandstone.

Facies A2 is represented by ca 1 to 15 m wide
and ca 1 to 3 m thick, locally isolated, brown-
ish-yellow-weathered concentric sandstone bod-
ies with average total width—depth ratios of 4.8
(6 = 1.4, n = 3; Fig. 4B). The bodies consist of
10 to 30 cm thick concentric internal bedding
composed of slightly muddy sandstone in the
lower part and very muddy sandstone in the
upper part (Fig. 4B).

Facies A3 is composed of ca 0.5 to 5.0 m thick
brownish-yellow weathered, horizontally strati-
fied packages consisting of decimetre to cen-
timetre-scale silty sandstone (ca 80%) to
mudstone (ca 20%) sequences that show a fin-
ing-upward trend (Fig. 4A). The silty sandstones
are decimetre to centimetre-scale rippled

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 2. Continued.

(Fig. 4E) and horizontally laminated. The mud-
stones contain decimetre to centimetre-scale
horizontal laminations. The sand-mudstone
sequences show kilometre-scale lateral extent.
Locally mudstones can be up to 1 m thick.
Within the horizontally stratified packages, up
to 10 m wide lenticular intercalations of up to
2 m thick fine-grained sandstone bodies occur
(Fig. 4A).

Decimetre-scale cross-stratified sandstone units
of Facies A1 are found with a sharp contact on top
of underlying facies. Laterally, sands of Facies A1
pass gradually into the laminated silty sandstones
and mudstones of Facies A3. The concentrically
bedded local sandstone deposits of Facies A2
have a sharp lower contact. Laterally, sediments

C28r

90 360/0 90

declination (°) * extrapolated from mid-height reversal of RTM

in the upper part of Facies A2 pass gradually into
those of Facies A3 (Fig. 4B).

Interpretation. The sharp bases, relatively
coarse grain sizes compared to A3 and channel-
ized geometries lacking major concave trunca-
tion-surfaces, point towards slightly erosive-
based aggrading channels for the origin of Facies
A1l and A2. Channel deposits of Facies A1 and
A2 that laterally pass into the finer-grained
deposits of Facies A3 indicate a crevasse-splay
origin for the latter. The elongated cross-sec-
tional nature, decimetre-scale cross-bedded
sheets and low dispersive palaeo-flow (Fig. 1C)
of Facies A1l are indicative of large-sized, low-
sinuosity, sandy river channels (Rigby & Rigby,
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1990). The sedimentation of sands in such chan-
nels possibly led to super-elevation with respect
to Facies A3, initiating subsequent river avul-
sion and compensational stacking (e.g. Straub
et al., 2009; Hajek & Straub, 2017). The symmet-
rical cross-sectional nature, isolated occurrence
and concentric internal bedding of Facies A2
argue for the presence of small-sized, relatively

narrow channels with the filling composed of
multiple individual beds (Gibling, 2006).

The grain-size range, sedimentary structures,
and organic content of the horizontally stratified
packages of Facies A3 suggest the presence of
most crevasse-splay elements, i.e. crevasse-chan-
nel (lenticular sandstone intercalations), proxi-
mal to distal splays (respectively decimetre to
centimetre-scale fining-upward sequences), and
very distal splays (slightly laminated to struc-
tureless mudstones). The kilometre-scale lateral
extent of the sand-prone (ca 80%) crevasse splay
deposits indicate mature crevasse-splay systems.
The high sand (relative to mud) fraction may be
due to relatively low-accommodation, mainly
offered by compaction of underlying peats and/
or high amounts of sand in suspension during
flood events (Burns et al., 2017).

Facies Association B — Valley-related
Description. Facies Association B (Fig. 5) is
composed of Facies B1 (ca 50%), B2 (ca 40%)
and B3 (ca 10%). Facies B1 consists of up to
20 m thick, light-grey to grey-weathered hetero-
lithic bodies (Fig. 6A and B) that are a maxi-
mum of 1 km wide in cross-sectional dimension
and show multiple WNW-ESE oriented lenticu-
lar ridges from aerial view (Fig. 1C). The bodies
consist of an up to 10 m thick, decimetre-scale
cross-stratified, medium to fine-grained sand-
stone-dominated lower part (Fig. 5D) gradually
changing-upward into a ca 10 m thick hetero-
lithic upper part. The upper part is composed of
low-angle inclined to horizontal decimetre-scale
alternations of ca <40% fine-grained sandstone
and ca >60% muddy sandstone (Fig. 5C).
Within the decimetre-scale inclined sandstone—
mudstone alternations, a few shallow truncation
surfaces have been observed, laterally extending
up to 200 m (Figs 4 and 6A). These contacts
mark a slight <2° change in dip directions from
underlying to overlying bedding. Up to metre-
scale coal rafts and petrified tree trunks (Fig. 5F)
occur within the bodies of Facies B1.

Facies B2 consists of up to 6 m thick mud-
dominated units that are composed of decimetre-
scale horizontal alternations between poorly
structured, massive sandy claystone and millime-
tre to centimetre-scale, vaguely ripple laminated,
muddy-sandstone layers (Fig. 5E). Centimetre to
decimetre-scale pieces of petrified wood are gen-
erally aligned with the sandstone and mudstone
bed surfaces of Facies B2 (Fig. 7B, C and D).

Facies B3 is characterized by up to 3 m thick
white to light-grey weathered (bleached) heterolithic

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 3. (A) View to the north-west from the RP-M section showing the Lebo Shale Member in between the RP-N
and RP-E sections, respectively, ca 1 km left and ca 500 m right outside the photograph (section locations in
Fig. 1D). White line marks area interpreted in (B). (B) Sedimentary facies belonging to the three Facies Associa-
tions A, B and C identified for the Lebo Shale Member in north-eastern Montana (Table 1).

(clastic to coal) marker zones as these can be traced
in the field over distances of several kilometres
(Fig. 5H). When siliciclastic-prone, the horizons
occur in the top parts of Facies Association A. When
coaly, the horizons occur in the top of Facies Associ-
ation C. Sandstone-prone horizons show white
weathering, mudstone-prone horizons show light-
grey weathering, and coal-prone horizons show
bright-black weathering. Randomly oriented root
traces, sometimes coalified, are common in the sand-
stones and mudstones. Many slickensides can be
found in the mudstones. The sand-prone and mud-
prone marker zones contain one or multiple gold
(2.5Y 7/8) and/or dark purplish grey (5P 4/1) mottled

(up to 50%) zones and internally centimetre to
decimetre-scale concretions may be present (Fig. 5I).
Locally, just below the undulating top of Facies B3,
an up to 20 cm thick, dark (10YR 1.7/1) sandy or
muddy horizon occurs with centimetre-scale coaly
patches, burrows and/or ash lenses (Figs 6E and
7A).

Heterolithic sandstone/mudstone bodies of
Facies B1 are found with a sharp contact on top
of other facies and along truncated sides of
sand-dominated intervals. Such contacts are
concave-up in case the truncated sediments
belong to Facies B3 or to Facies Association A
and C. The concave-up nature of the contact

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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may abruptly end and become bedding-parallel
when it reaches the top of a coal seam (Fig. 5A).
Only a few sites show evidence for coal seams
being truncated by a concave-up boundary
(Fig. 5B). The upper inclined sand-mudstone
alternations of Facies B1 pass laterally into the
horizontally layered muddy sand-sandy clay-
stone alternations of Facies B2 (Fig. 6A and B).
Facies B2 becomes more dominated by massive
sandy claystones some hundreds of metres away
from the concave-up truncation of Facies B1,
while it may gradually pass into coal seams ca 1
to 5 km from the truncation (Facies C1). The
bleached zones of Facies B3 laterally thin
towards the valley-fill of Facies B1. Stratigraphic
boundaries between Facies B3 overlying Facies
B2 and Facies Association C, are undulating
(Figs 6E, 6H, 61 and 7A).

Interpretation. The sharp up to 15 m high con-
cave-up boundaries of Facies B1, abruptly stop-
ping on top of coal seams, argues for river
channel incision creating fluvial valleys, while
further incision was impeded or halted at under-
lying cohesive peat layers (Smith & Pérez-Arlu-
cea, 2004; Van Asselen etal, 2009). The
decimetre-scale cross-stratified sand-dominated
lower part of Facies B1 is indicative of lower-
flow regime dune bedform aggradation (e.g.
Miall, 1985), when post-incisional waning of
flow velocities in the channel prevented bypass-
ing of coarser sands. Likely, such waning flow
velocities also caused relatively large trans-
ported organic components, such as peat slabs
(later compacted to coal rafts) and tree trunks, to
be contained and preserved within the sand
dunes. The peat slabs probably were cut from
underlying peat by the downward force of inci-
sion. During incision, the petrified tree trunks
were uprooted from levées at times of bank-full
discharge or they tumbled into the channel at
times of over-saturated and/or critically steep-
ened valley sides.

The up to 3 m thick bleached marker zones of
Facies B3 laterally thinning towards the valley-fill
of Facies B1 argues for intense soil leaching on
inter-valley areas both during and after incision,
when post-incisional sedimentation was restricted
to the adjacent lower-lying valleys (e.g. Kraus,
1999; McCarthy & Plint, 1999, 2003). The mainly
white to light-grey soil profiles, developed in the
top parts of the yellowish-grey sandstones and
mudstones of Facies Association A, point towards
soil eluviation (E horizon). The centimetre to
decimetre-scale gold and/or dark-purplish-grey

mottled and locally concreted horizons may rep-
resent the illuviation in B horizons. Just below
the undulating top of Facies B3, the dark
organic-rich patchy horizons are likely indicative
of the local preservation of humic topsoils (i.e. A
and O horizons). The bright-black horizons with
undulating tops that developed over coal seams
which laterally pass into the valley-fills of Facies
B1, are interpreted to be the result of inter-valley
soil-leaching over peat parent material, although
distinct soil horizons were not recognized in this
lithology.

The horizontally stratified mud-dominated
units of Facies B2 that overlie the undulating
tops of Facies B3 and laterally pass into the
shallow inclined sandstone and mudstone alter-
nations of Facies B1 are interpreted in terms of
a low-energy unconfined meandering bayou
depositional system (e.g. Guccione et al., 1999).
The shallow truncation surfaces found within
the muddy low-angle inclined upper deposits of
Facies B1 may be formed by intra-pointbar ero-
sion and rotation (Durkin et al., 2015). The
pieces of petrified wood horizontally aligned in
the sandstone and mudstone bed surfaces of
Facies B2 may reflect driftwood that drifted in
the bayou flood-basin during overbank flooding.
Any lack of tidal indicators (for example, ichno-
facies and tidal-bundling) suggest that the
inclined and horizontally heterolithic sand-
stone/mudstone deposits of, respectively, Facies
B1 and B2 were mainly fluvial-influenced
(Eberth, 1996). The sediments deposited on top
of the valley fill (upper part Facies B1) and the
laterally adjacent sediments deposited on top of
the inter-valley soils (Facies B2) were named
expansion surfaces by Martinsen et al. (1999).
These authors explained these surfaces by
abrupt increases in the accommodation space/
sediment supply ratio.

Facies Association C — Peat Mire
Description. Facies Association C (Fig. 6) is
composed of Facies C1 (ca 10%), C2 (ca 80%)
and C3 (ca 10%). Facies C1 include up to 50 m
wide, ca 0.5 m thick, dark-greyish-brown, lentic-
ular, coaly shale layers (Figs 7A and B) and
massive, dark-grey carbonaceous (muddy) shale
(top hill, Fig. 6A). The coaly shales are millime-
tre-scale laminated and contain millimetre to
centimetre-scale vertical root traces, slicken-
sides and millimetre-scale plant fragments.
Facies C2 consists of up to 2 m thick, brown-
ish-black (10YR 1.7/1) to black coal seams
(Fig. 7E to G). The coals consist of centimetre to

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 4. Field photographs of Facies Association A — Channel-splay. A: Facies A3. Greyish-yellow crevasse-splay
sandstones and mudstones resting on top of a coal seam in the upper part of the RT-M section. Indurated elon-
gated sandstone ribbons in the middle representing crevasse-splay channel fills. Laterally discontinuous whitish
layer at top reflects weak soil leaching in between splays. Persons for scale are ca 1.8 m tall. (B) Facies A2. Low-
angle diagonal stacking of concentric small-sized channel sandstone fills. Average width-depth ratios ca 4.8.
West-side of Highway 24, ca 500 m south of the RT-M section. (C) Facies A1l. Yellow, indurated channel sand-
stone belonging in the lower part of the RP-SW section. The sandstone is ca 7 m thick on the right and thins to
the left and passes laterally into splay deposits of Facies A3. (D) Facies A1l. Trough-cross-stratified channel sand-
stone in the top of the RP-SW section. Arrow indicates palaeo-flow to (E). (E) Facies A3. Ripple cross-laminations
marked by black organic matter in sandy mudstone splays. Lens cap for scale is 5.7 cm in diameter.

decimetre-scale alternations of bright (vitrain)
bands with a conchoidal fracture (ca 75%) and

spaced individual ash layers may be clustered
in zones up to 60 cm thick.

dull-black dusty coal (ca 25%). Semi-spherical
millimetre to centimetre-size pieces of amber are
present in the coals.

Facies C3 is made up of up to 5 cm thick,
pinkish beige (2.5YR 7/3) to pinkish light-grey
(5YR 8/1), very fine to coarse ash layers or whit-
ish ash-dispersal in a coaly matrix (Fig. 6G).
The ash contains white-transparent, euhedral,
very fine to coarse-grained crystals. Closely

Lenticular coaly shales of Facies C1 are inter-
calated in Facies B2 and C2 (Fig. 6A). Coaly and
carbonaceous shales of Facies C1 gradually over-
lie Facies B2, and gradually underlie and overlie
Facies C2 and A3. Ash layers of Facies C3 are
intercalated in Facies C1 and C2. Coaly and car-
bonaceous shales (C1) and coal seams (C2) shar-
ply overlie Facies B3 and may gradually pass
into Facies B2.

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 5. Field photographs of Facies Association B — Valley-related. (A) Facies B1. Grey to light-grey fluvial valley
fill units resting on top of a coal seam (C2) ca 500 m west of the RP-E section (panel E). Lower arrow shows
point-bar accretion to the east in decimetre-scale cross-stratified sandstone-dominated part. Upper arrow shows
point-bar migration to the west in low-angle inclined mudstone and sandstone decimetre-scale alternations. More
detailed information on sedimentary facies of the same outcrop is provided in Fig. 3. (B) Facies B1. Grey to light-
grey fluvial valley fill units in the lower part of the RT-NE section (dashed line). White arrow indicates truncation
surface downward from the top of the #8-W coal (Noorbergen et al., 2018), interpreted as the channel margin cre-
ated during incision of the underlying peat layer. (C) Facies B1 (upper part). Low-angle inclined decimetre-scale
mudstone and sandstone alternations interpreted as the muddy point-bar migrations of meandering bayous. Loca-
tion photograph indicated by the white box in (B). (D) Facies B1. Channel cut bank ca 500 m north-west of the
HCR-N section. (E) Facies B2. Grey to dark-grey decimetre-scale horizontal alternations between sandy claystone
(dark-grey) and muddy sandstone (grey) at the RP-E section, representing bayou flood-basin sediments. (F) Facies
B1 (upper part). Petrified trunk in mudstone possibly reflecting burial of driftwood after uprooting of partly-inun-
dated trees during a bayou flood. Hammer for scale (length = 28 cm). (G) Facies B1 (lower part). Ripple cross-lami-
nated sandstone reflecting waning energy of channel flow conditions. Black camera lens cover for scale
(diameter = 5.7 cm). Location photograph indicated by white box in (B). (H) Facies B3. Regionally extensive
bleached sandstone interpreted as the leached horizon of a soil that developed over Facies Association A on
inter-valley areas during channel incision and valley filling. Undulating top surface represents the valley-related
hiatus (blue lines Fig. 7). Location ca 1 km south-east of the RT-SE section. (I) Facies A3. Trench of bleached
sandstone at the RT-SE section showing predominantly leaching-related white colours and mottling-related gold
colours.

peat-forming conditions in raised mires (Triple-
horn et al., 1991).

Interpretation. The coaly shale lenses of Facies
C1 within the coal seams of Facies C2 may
reflect the influx of clay from very distal splays
in a shallow water peat mire environment. Coaly
shale lenses of Facies C1 within the massive
mudstones of Facies B2 may be interpreted as
shallow water vegetated islands within a deeper
water bayou flood-basin environment (e.g. Guc-
cione et al., 1999).

Coals of Facies C2 and carbonaceous shales of
Facies C1 laterally passing into the massive
mudstones of Facies B2 point to a backswamp
environment adjacent to the bayou. Coal seams
of Facies C2, that are laterally continuous, not

Fence panel

Chronostratigraphic markers

Three major chronostratigraphic markers have
been used for correlation of the sections. The
stratigraphically lowest marker is a pinkish
light-grey (2.5YR 7/2), up to 3 cm thick, medium
to coarse-grained ashfall layer containing euhe-
dral-shaped and transparent sanidine crystals. It
is consistently found in the top part of a ca 1 m
thick coal seam in the upper part of the C29n
magnetochron and can be traced over tens of

being interrupted by interfingering channels of
Facies Association A, and that do not pass into
the massive mudstones of Facies B2, were likely
formed in regionally extensive peat mires in
which drainage was mainly diffusion-dominated
in the absence of well-defined channels
(Whitfield et al., 2009). The centimetre to
decimetre-scale alternations between dull-black
and bright-black coal may reflect wet-dry cycles,
respectively (Potter et al., 2008; Holdgate et al.,
2016; Korasidis et al., 2016).

Within Facies C1 and Facies C2, the intercala-
tion of discrete ash layers and zones composed
of euhedral, very fine to coarse-grained crystals
indicates a volcanic ashfall (tephra) origin of
Facies C3 (Bohor & Triplehorn, 1993). The dis-
crete ash layers may reflect tephra preservation
in low-relief, possibly drowned peat mires while
the ash dispersal intervals may point to rapid

kilometres. Sieving of grain-size fractions in the
laboratory shows that this tephra mainly has a
grain-size range of 250 to 550 um, whereas grain
sizes of other tephras in the study area range
between 62.5 ym and 200 ym. The coarse tephra
layer is unique in its grain size and represents a
key layer for stratigraphic correlation. The trans-
parent light-grey crystals and the grain size
resemble crystals of granulated sugar. Therefore,
this tephra was named ‘Sugar Ash’.

The second marker is the C29n/C28r geomag-
netic polarity reversal. This polarity reversal
occurs ca 6 m above the Sugar Ash at Coal Mine
Divide West (CMD-W), Coal Mine Divide Main
(CMD-M) and Radiotower Northeast (RT-NE). At
CMD-W and CMD-M, the C29n/C28r reversal
occurs within a 1 to 2m thick coal seam
(Figs 3A and 8), labelled the U-coal by Collier &
Knechtel (1939) (Fig. 1D). In the southernmost
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Fig. 6. Field photographs of Facies Association G — Peat Mire. (A) Facies C1. Several lenticular dark-greyish-
brown coaly shale layers intercalated in Facies B2 ca 500 m east of the CMD-W section. Layers may have been
locally formed on shallow-water vegetated islands during decreasing bayou water depths. (B), (C) and (D) Facies
C1. Pieces of wood parallel to bedding of Facies B2 reflecting the settling of driftwood that was introduced in the
flood-basin after high discharge events. Hammer (ca 28 cm), pencil (ca 18 cm) and fingertip (ca 3 cm) for scale.
(E) Facies C2. Two coal seams of the U-coal zone exposed along Highway 24 at the RT-M section. Strong lateral
continuity reflects a palaeo-environment dominated by peat formation in the absence of major clastic sediment
supply. Green traffic sign for scale (height ca 2 m). (F) Facies C2. Trench in a 2 m thick coal seam in the upper
part of the V-coal zone at the CMD-W section; previously labelled the U-coal bed by Collier & Knechtel (1939).
Shovel for scale (length ca 125 cm) (G) Facies C3. Coal seam of the V-coal zone at the RP-SW section with several
light-coloured ash layers containing euhedral crystals interpreted as volcanic ashfall. Yellow bars on Jacob Staff
are spaced 0.2 m. At 0.2 m below the top of the coal, aligned with a yellow bar on the Jacob Staff, is the character-

istic ‘Sugar Ash’.

part of the transect, at Horse Creek Road Main
(HCR-M), the C29n/C28r reversal occurs in the
lower part of a clastic interval directly above a
whitish mature, 0.75 m thick palaeosol, ca 1.5 m
above the Sugar Ash (Figs 3E and 8). The Horse
Creek Road sections are located in the type area
of the U-coal of Collier & Knechtel (1939) (Fig. 1).
The U-coal at HCR-M occurs at 17 m above the
C29n/C28r reversal, at the stratigraphic position
of the C28r/C28n reversal (Fig. 7).

The stratigraphically highest marker is the
C28r/C28n geomagnetic polarity reversal. It
occurs in a carbonaceous shale and mudstone
interval, ca 20 m above the U-coal of Collier &
Knechtel (1939) at Coal Mine Divide Main
(CMD-M), Rough Prong East (RP-E) and Rough
Prong Main (RP-M) (Fig. 7). At Radiotower Main
(RT-M), Radiotower Southeast (RT-SE) and
Horse Creek Road Main (HCR-M), the C28r/C28n
reversal occurs within a 1 to 2 m thick coal
seam that was mapped as the U-coal by Collier
& Knechtel (1939) (Fig. 7).

Coal nomenclature: The U-coal revisited

Correlation of the polarity reversals shows that
the U-coal of Collier & Knechtel (1939) in the
north and the U-coal of Collier & Knechtel
(1939) in the south cannot be the same (Figs 1D
and 8). They are different coals stratigraphically
separated from one another over a time interval
that encompasses the entire Chron C28r, ca
224 kyr (Dinares-Turell et al., 2014). Thus, the
mapping of the U-coal bed in the study area by
Collier & Knechtel (1939), is inconsistent with
respect to current chronostratigraphic results
and needs to be revised. In updating the U-coal
labelling across the study area, the underlying
V-coal and overlying T-coal also have to be re-
assigned. On the premise of keeping the original
U-coal label in its type area (Collier & Knechtel,

1939), the U-coal in the south of the fence panel
discussed here, at the stratigraphic position of
C28r/C28n, keeps that labelling. It is now, how-
ever, defined as a zone consisting of multiple
closely spaced coals (Fig. 7). As a result, the U-
coal as mapped by Collier & Knechtel (1939) in
the north of the fence panel, at the stratigraphic
position of C29n/C28r, is now untenable. In that
region, this original U-coal is included in the V-
coal zone consisting of a cluster of three coal
seams with the Sugar Ash in the middle seam
(Fig. 7). The V-coal zone overlying the upper
part of the W-coal zone (i.e. #8-W coal) is con-
sistent with Noorbergen et al. (2018). The T-coal
zone is re-assigned to the coal zone above the
bleached palaeosol at RT-SE. The V-coal and T-
coal were not mapped in the study area by Col-
lier & Knechtel (1939).

Coal correlation

Chronostratigraphic correlation of the three
markers (Fig. 7) shows that some coal seams can
be correlated along the whole transect of the
fence panel while others cannot. The basal coal
in the upper W-zone shows lateral continuity,
except just south of RT-NE where it is truncated
by a sandstone complex over a distance of ca
500 m (white arrow, Fig. 5B). Overlying the W-
zone, in the V-zone, two coal seams also show
lateral continuity: the coal seam of the Sugar
Ash and the coal seam below that. Correlation
of the C29n/C28r reversal shows that the revised
U-coal of Collier & Knechtel (1939), now in the
upper V-zone, is laterally discontinuous. This
coal is ca 2 m thick in the north. To the centre
of the fence panel, it becomes thinner, with a
thickness of 0.5 m. It is absent in the south of
the fence panel at the contact of a whitish
palaeosol (Facies B3) disconformably overlain
by clastic fluvial deposits (Facies B2).
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Correlation of the C28r/C28n reversal shows
that the stratotype U-coal of Collier & Knechtel
(1939) is also laterally discontinuous. This coal
is ca 2 m thick in the south. To the centre of the
fence panel, it becomes thinner with a thickness
of 1 m. It is absent in the north of the fence
panel where, instead, massive mudstones of
Facies B2 occur. Laterally continuous coal
seams are shown above the C28r/C28n reversal
(upper part, Fig. 7). Above the C28r/C28n rever-
sal, additional chronostratigraphic correlations
are lacking. Coal correlations in this interval are
mainly based on lithostratigraphic interpreta-
tions that are locally supported by field tracing
of coals and bleached zones.

Successions and sequences

The new chronostratigraphic correlations allow
for further interpretation of the stratigraphic
architecture of the sediment successions and
sequences (Table 1) at metre-scale resolution
(Fig. 7). Two scales of alternations are identi-
fied. The first are ca 5 m thick coal-clastic
aggradational successions (CCS) consisting of a
peat mire facies association (C) overlain by a
channel-splay or valley-related facies association
(A or B). A total of ten CCS are identified in the
fence panel.

Superimposed on the ca 5 m thick CCS are ca
15 m thick aggradation-incision sequences
(AIS). At the base these sequences start with the
aggradation of Facies B1 and B2 deposits on top
of ca 20 m thick valley-base and inter-valley
undulation surfaces. Overlying Facies B1 and
B2, are the aggradations of ca three to four CCS.
The top of the AIS are in the last CCS where the
aggradation stops at the undulating top surface
of a bleached zone (Facies B3) laterally passing
into the valley-base of Facies B1 representing
the incision. A total of three AIS are identified
in the fence panel (Fig. 7). The lowermost AIS
(AIS-1) only shows its uppermost part. The
overlying AIS-2 has the most complete architec-
ture with 5 to 15 m aggradation. AIS-2 is later-
ally truncated in its top part by two valleys
filled by Facies B1 and related to soil zones of
Facies B3 occurring in between the valley-fills
on elevated platforms. On top of AIS-2, AIS-3 is
composed of 15 to 20 m aggradation in the
south where it is covered by a bleached zone in
the top (Facies B3). To the north, the soil forma-
tion zone exceeds the upper fence panel margin
because the full thickness of AIS-3 is not
exposed in that area. Chron C28r comprises the
uppermost aggradation phase of AIS-2, the

Orbital-forced fluvial stratigraphy 2549

incision phase of AIS-2, and the lowermost
aggradation phase of AIS-3 (Fig. 7).

A first-order quantification of minimal incision
depth is calculated by the difference between the
thickness of the full valley fill (Facies B1 and B2)
at the place of deepest incision and the thickness
of Facies B2 above the inter-valley soil (Facies
B3). The latter locality has seen significantly less
erosion during the incision phase. The authors
cannot account for differences resulting from
sand/mud compaction and depositional thickness
due to palaeo-topographic effects at the time of
deposition. The minimal incision depth of AIS-1
is 8.3 m and AIS-2 is 5.1 m.

Compensational stacking patterns

Both at the scale of CCS and AIS compensa-
tional stacking patterns are observed (Fig. 7).
Facies become thicker at places where underly-
ing facies were thinner and vice versa. For the
successive CCS, these patterns are shown by the
Facies Association A sediments. Examples are
in the V-coal zone of RP-SW and in the U-coal
zone of RP-M, RP-SW, RT-M and RT-SE (Fig. 7).
The compensational stacking pattern for AIS is
observed between RP-SW and RT-NE. Here
Facies Association B deposits of AIS-3 thin from
the north and from the south on top of thick
Facies Association B deposits of AIS-2 that are
situated in the central part of the panel. These
lateral thickness variations of facies likely reflect
the effect of palaeo-topography on sedimenta-
tion. The lateral extent of compensational stack-
ing for CCS is at ca 10 km and for AIS at ca
15 km (Fig. 7), indicating that sedimentation
evened out over these distances.

With the compensational stacking of the CCS,
coals (Facies C2) do not gradually pass into lat-
eral clastics of Facies Association A. This sug-
gests the absence of syndepositional channel-
belts of Facies A1 coeval with peat formation.
The coals in the lower U-zone do gradually pass
into the massive mudstones of Facies B2
(Fig. 7), suggesting that these facies co-existed.

Time control and duration

The two geomagnetic polarity reversals spanning
chron C28r and the Sugar Ash provide constraints
on durations of coal-clastic successions (CCS)
and aggradation-incision sequences (AIS). The
duration of chron C28r is 291 kyr in the Geologi-
cal Time Scale 2012 based on astronomical tuning
(Vandenberghe et al., 2012). More recent esti-
mates on the duration of C28r arrive at 224 kyr
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Fig. 8. Five-stage conceptual stratigraphic model illustrating the role of long-eccentricity-scale climate change in
building aggradation—incision sequences (AIS) in the Lebo Shale Member in north-eastern Montana (left panel)
and in building down-gradient lower Fort Union stratigraphy in the Williston Basin (middle panel). Phase rela-

tions with long (purple) and short (green) eccentricity and

precession, including time-uncertainty, are shown on

the right. A detailed description of each stage is provided in the text.

by combining several astronomically tuned
chronologies in Spain, the Atlantic, and the Paci-
fic (Dinares-Turell et al., 2014), at ca 358 kyr
based on ?°°Pb/***U radioisotope ages of tephras
in the Kiowa Core of the Denver Basin (Colorado,
USA) in combination with a revised magneto-
stratigraphy (Clyde et al., 2016), and at 252 kyr
using *°Ar/*°Ar data of two ash-layers below
(= the Sugar Ash) and above C28r in the Fort
Union Formation, Garfield County, Montana
(Sprain et al., 2015). Although these estimates
range from 224 to 358 kyr, it is important to note

that chron C28r corresponds to a 405 kyr eccen-
tricity minimum as evident from the integrated
stratigraphic framework of Dinares-Turell et al.
(2014). A closer look at the short-eccentricity scale
further reveals that C28r apparently starts in a
100 kyr eccentricity maximum or on the transi-
tion from a 100 kyr maximum to minimum, and
that C28r contains two 100 kyr minima (Fig. S2A-
G; green arrows) and the maximum in between.
The above implies that the valley-related Facies
Association B sediments of AIS-3 are deposited
somewhere during the 400 kyr minimum. To
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develop a conceptual model of long-eccentricity
forced fluvial stratigraphy, it is relevant to locate
the moment of incision followed by aggradation in
relation to this 405 kyr long cycle. Based on
Fig. S2 it seems that the incision of AIS-2 occurs
either during the transition of a long-eccentricity
maximum to a minimum or in the minimum itself.

Uncertainties in the exact position of C28r
chron boundaries (i.e. grey intervals) in the Lebo
Shale do not allow to decipher the exact phase-
relation of the sedimentary succession with the
100 kyr short-eccentricity cycle, as known from
the marine realm (Dinares-Turell et al.,, 2014).
Besides, it is important to note that the 100 kyr
eccentricity cycle in contrast to the 405 kyr
cycle is not reliably represented in the astro-
nomical solution, due to chaotic behaviour of
the Solar System (Laskar et al., 2004). Therefore,
the timing of incision and the subsequent onset
of valley infill with respect to the short-eccentri-
city-cycle remains elusive.

DISCUSSION

Controls on the aggradation-incision
sequences (AIS)

Tectonics

At 400 kyr timescales flexural foreland-basin
tectonism may exert a control on building recip-
rocal fluvial stratigraphy (Miall, 2014). Foreland-
basin flexural tectonism is the flexural behaviour
of the foreland lithosphere in response to suc-
cessive stages of orogenic loading and unloading
(Beaumont, 1981; Catuneanu et al., 1997). As a
result, creation and disappearance of accommo-
dation space and associated sequence patterns
will be out of phase between the proximal and
distal regions of the foreland basin where sepa-
ration is marked by a foreland system hinge line.
Based on bentonite and ammonite-zone correla-
tions in Campanian to Palaeocene strata in the
Western Interior Foreland Basin (particularly in
the Canada area), Catuneanu et al. (2000) made
a reconstruction of the hinge line position dur-
ing seven consecutive time intervals from the
Campanian to Palaeocene, providing an indica-
tion of ca 3 Myr stages of foredeep migration.
Sediments of the Lebo Shale Member were
deposited in the study area when the hinge line
was located ca 150 km westward (Catuneanu
et al., 2000). The associated westward retreat of
the foredeep towards the Cordilleran orogeny
during the early Palaesocene may reflect an
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episode of orogenic quiescence (Catuneanu
et al., 2000). This quiescence is in agreement
with eastward advancing Laramide thrust-sheets
later in time, representing the middle Palaeo-
cene Bighorn Uplift and the early Eocene Black
Hills uplift (Belt, 1993; Belt et al., 2004).

Tectonic control on foreland accommodation,
with its associated positive or negative space for
sedimentation, may overwhelm time-overlap-
ping orbital controls (i.e. long to very long
eccentricity cycles) or it may remove stratigra-
phy that was formed by shorter-term controls
(for example, short-eccentricity cycles or auto-
genic processes) due to upwarping. Acting on 1
to 10 Myr timescales (Catuneanu et al., 2000), it
seems less likely that flexural tectonism in the
Western Interior Foreland Basin has exerted a
dominant control on fluvial aggradation or inci-
sion at 400 kyr timescales: the observed maxi-
mal duration and amplitude of incision of ca
200 kyr to create a ca 8 m deep valley corre-
sponds to an erosion rate of 0.04 m kyr .
According to Catuneanu et al. (2000), the fore-
deep migrated at ca 10 m kyr~' corresponding
to 2 km migration in 200 kyr. This rate of fore-
deep migration is not likely to have caused the
observed incisions.

Autogenic avulsion and allogenic climate
control

Autogenic avulsions or channel migrations
played an important role in the stratigraphic
stacking within the clastic parts of the CCS, i.e.
within the channel-splay dominated systems
(Facies Association A, Table 1). Peat formation
might have been autogenically controlled as
well for specific intervals. For example, the
lower U-coals do gradually pass into the lateral,
muddy sediments of Facies B2. Here, peat com-
paction or channel infilling may have caused
super-elevation, triggering muddy channel avul-
sions. On the larger scale (ca 10 km), the com-
paction of peat to coal in between the clastic
units of the CCS is likely responsible for main-
taining and accentuating a compensational
stacking pattern. However, the observed lateral
variability does not provide evidence that com-
pensational stacking controlled the regional
extent as well as the duration of peat formation
(Facies C2), even though compensational stacking
is an autogenic mechanism in itself (e.g. Hajek &
Straub, 2017). the absence of syndepositional
channel-belts of Facies A1 coeval with peat for-
mation (Facies C2) suggests that alternations
between these facies (CCS) are not formed by
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autogenic avulsion. More specifically, an auto-
genic avulsion control on peat formation in flu-
vial systems would start with a syndepositional
channel-belt system adjacent to backswamp peat
formation; with time clastic-peat interfingering
would be observed (e.g. McCabe, 1984). If the
channel-belt becomes super-elevated with respect
to the (compacting) peat, avulsion may be initi-
ated (e.g. Fielding, 1984; Van Asselen et al.,
2009). The peat formation of Facies C2 which is
decoupled from autogenic channel avulsions,
possibly reflects regionally extensive peat mires.
In absence of high sediment load, channels were
poorly developed; possibly drainage was even
diffusion-dominated (Whitfield et al., 2009). The
100 kyr timescale involved with the recurrence of
Facies C2 argues for a cyclic allogenic control.
Similar to the underlying Tullock Member, the
major peat-forming phases may originate from
changes in the amount of sediment supply
allogenically driven by short-eccentricity-paced
climate changes (Noorbergen et al., 2018).

Downstream base-level

The stratigraphic architecture of the three AIS
(Fig. 7) resembles the sequence stratigraphic
model of Wright & Marriott (1993). This model
shows the maturity of soil development in rela-
tion to a geomorphic base-level control on flu-
vial aggradation and incision. Applied to the
Lebo Shale Member, the aggradational part of
the AIS, consisting of the successive CCS, would
correspond to the high base-level/relative sea-
level stages of Wright & Marriott (1993).
Enhanced floodplain clastic sedimentation and
weak soil development (conforming to Facies
Association A) would be favoured if accommo-
dation rates increased during base-level rise. In
the subsequent highstand, reduced accommoda-
tion rates caused decreased clastic floodplain
sedimentation, favouring increased soil develop-
ment (conforming to Facies Association C). The
incision part of the AIS representing the valley
formation (lower part of Facies B1) and inter-
valley soil-leaching (Facies B2) would then cor-
respond to the low base-level stages of Wright &
Marriott (1993). Namely, increased erosion creat-
ing fluvial valleys and coeval strong soil devel-
opment on the terraces would be favoured if
accommodation rates were low, during a low-
stand. In the subsequent early-stage of base-level
rise, slightly increased accommodation caused
channel amalgamation and hydromorphic soil
formation (upper part of Facies B1 and Facies
B2).

The fluvial sequence stratigraphic model of
Wright & Marriott (1993), however, is not uni-
versal, and several issues associated with this
model have to be take into account. Firstly,
base-level fall causing incision applies to set-
tings where coastal plain gradients are signifi-
cantly smaller than shelf gradients. If vice versa,
base-level fall may lead to aggradation (e.g.
Miall, 1991; Schumm, 1993; Holbrook, 1996;
Blum & Tornqgvist, 2000). Secondly, rivers can
reorganize themselves in response to base-level
changes by adapting their channel sinuosity and
by modifying their channel geometries, espe-
cially in settings with small differences between
coastal plain and shelf gradients (Lane, 1955;
Schumm, 1993; Wescott, 1993; Holbrook, 1996;
Wellner & Bartek, 2003; Swenson & Muto,
2007). Thirdly, the landward limit of base-level
control on fluvial aggradation and incision var-
ies with coastal plain gradients, ranging from ca
350 km for low-gradient, large river systems to
ca 40 km for steep-gradient, small rivers (Blum
& Torngvist, 2000; Blum et al., 2013).

Estimates of the longitudinal profile length
and shape, and of the landward limit of sea-
level effects are needed to tell whether base-
level change could have been a driver of aggra-
dation or incision in the Lebo Shale fluvial sys-
tem. A reconstruction of the palaeo-
environment would provide an estimation of
the longitudinal profile gradient. A basin-scale
examination of fossil flora preserved within the
Palaeocene sediments of the Fort Union Forma-
tion indicates that this area was covered with
lowland swamp vegetation extending for over
ca 300 km, from the Cannonball Sea in the east
to the foothills of the Rocky Mountains in the
west (Brown, 1962). A basin-scale quantitative
analysis of the megafloral record shows that
vegetation was dominated by dicotyledonous
angiosperm species, i.e. one major group of
flowering plants, for 79% (Peppe, 2010). The
brackish water tongues of the Cannonball Mem-
ber, exposed along the Little Missouri River
(Fig. 1B), are composed of dark black-brown
mudstones that were likely deposited in
lagoons during terrigenous inflow of clay and
silt, derived from rivers draining a low-gradient
coastal plain (Van Alstine, 1974). The overall fine
grain sizes, brackish faunal associations (i.e.
bivalves, crabs, ostracods and benthic foramini-
fera) and sedimentary facies associations (i.e. salt
marsh, tidal flat, tidal channels, lagoon, mainland
beaches, shoreface barriers and shelf) within the
Slope and Cannonball Members have been linked
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to the comparable coastal setting of the northern
Netherlands (Cvancara, 1972, 1976; Fenner, 1974;
Van Alstine, 1974). Nevertheless, Lindholm
(1984) further specified that “the Cannonball body
of water” in North-Dakota may have been one big
lagoon, instead of a sea, and that different direc-
tions of sediment supply over the lagoon resulted
in varying depositional environments and faunal
compositions. Low continental shelf-gradients
likely continued for several hundreds of kilome-
tres, following a shallow inland continental sea-
way until open sea/ocean waters were reached in
the south and/or in the north (Cvancara, 1986).
There, at the Caribbean and/or Arctic shelf break,
the gradient ultimately steepened along a conti-
nental slope.

A very low gradient profile is in agreement
with channel slopes in the Lebo Shale Member
ranging between 0.000026 and 0.000057 (Diemer
& Belt, 1991). Given the up to ca 10 m thick
sandstone bodies of Facies Association A
(Table 1) and the minimal incision depths of 5.1
to 8.3 m for the fluvial valleys in the study area,
the trunk channels crossing the study area can
be assumed to have been less than 10 m deep.
The lowest slope of 0.000026 (tangent) and the
deepest trunk channel of 10 m (opposite)
account for a maximum (adjacent) backwater
length of 384.6 km, i.e. the inland distance at
which sea-level change likely has an influence
on the fluvial system (Blum et al., 2013). Since
the maximum transgressed shoreline of the Can-
nonball Sea was situated at ca 100 km distance
from the study area (Fig. 1A), most — if not all —
of the deposition of the Lebo Shale Member in
the study area was in the backwater length. Nev-
ertheless, without a significant difference
between the low-angle coastal plain and the
low-angle shelf gradients, it is not very likely
that base-level change led to aggradation or inci-
sion to accommodate for longitudinal profile
changes. Moreover, with a falling base-level
causing headward incision, deep fluvial valleys
and mature inter-valley soils would be expected
to be present proximal to the coast, but such fea-
tures have not been documented within the
time-equivalent fluvial and deltaic strata of the
Slope Member in downslope western Dakota
(Belt et al., 1984; Hartman, 1993; Warwick et al.,
2004; Peppe et al., 2009). The rivers were proba-
bly able to reorganize themselves in response to
base-level changes by adapting their channel
sinuosity and/or by modifying their channel
geometries (e.g. Lane, 1955; Miall, 1991;
Schumm, 1993; Wescott, 1993; Holbrook, 1996;
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Blum & Tornqvist, 2000; Wellner & Bartek, 2003;
Swenson & Muto, 2007).

Global sea-level changes during long-
eccentricity cycles

Looking specifically at eccentricity driven cli-
mate scenarios, 405 kyr cycles may have
affected global (eustatic) sea-level changes in
greenhouse worlds (Wendler et al., 2014).
Recent hydrological mass-balance calculations
indicate that ca 30 m global sea-level changes in
the mid-Cretaceous greenhouse world, with neg-
ligible glacio-eustasy, may result from orbital-
paced changes in global groundwater storage,
i.e. aquifer-eustasy (Wendler et al.,, 2016).
Eustatic sea-level fall would be in response to
net storage of water in continental aquifers dur-
ing an intensified hydrological cycle and
enhanced fluvial run-off, while a relaxed hydro-
logical cycle causes aquifer discharge exceeding
aquifer charge inducing eustatic sea-level rise
(Sames et al., 2016; Wendler & Wendler, 2016).
This scenario envisages eustatic sea-level low-
stands during 405 kyr long-eccentricity maxima
as a consequence of an intensified hydrological
cycle during eccentricity modulated high-ampli-
tude precession forcing and eustatic sea-level
highstands during 405 kyr long-eccentricity
minima as a consequence of a relaxed hydrologi-
cal cycle during low-amplitude precession-for-
cing. The aquifer-eustatic sea-level would be
falling during transitions from long-eccentricity
minima to maxima and rising vice versa.

Upstream climate

A plausible alternative for downstream base-
level rise is that regional climate changes
occurred upstream and were paced by long-
eccentricity control on the AIS formation in the
Lebo Shale Member. Upstream regional climate,
predominantly through the effect of precipita-
tion and temperature changes, exerts a signifi-
cant influence on fluvial environments by its
control on vegetation, weathering, erosion, dis-
charge and sediment supply (e.g. Knox, 1972;
Summerfield, 1991; Vandenberghe, 2003). Sev-
eral studies have shown how river channels
adjusted their patterns and styles in response to
different changes in hydrological regimes related
to Quaternary climate change (e.g. Schumm,
1968a; Baker, 1977; Baker & Penteado-Orellana,
1977; Bogaart & Van Balen, 2000; Bridgland,
2000; Goodbred, 2003; Tandon et al., 2006; Roy
et al.,, 2012; Blum et al., 2013; Vandenberghe,
2015). Baker & Penteado-Orellana (1977) studied
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the response of the Colorado River in central
Texas (USA) to late Quaternary climate change
and suggested that incision is triggered by
enhanced occurrence of rare high-magnitude
flooding events in an arid glacial climate. Never-
theless, such a fluvial response to arid climate
contradicts with the Palaeocene-Eocene Thermal
Maximum (PETM) of the Bighorn Basin (USA),
where an arid climate regime is responsible for
fluvial sheet-sandstone aggradation instead of
incision (Foreman, 2014). The observation that
the valley-related facies of AIS-2 occur towards
or during a stable climate without major
extremes, i.e. long eccentricity minima (Fig. S2),
a process other than high-magnitude peak dis-
charges in an arid climate might have caused
the incision. Given the three to four 100 kyr
CCS prevailing between the valley-fills of the
three AIS, the AIS-1 and AIS-3 incisions do
likely share the same phase relation with long-
eccentricity as the AIS-2 incision.

Unfortunately, it remains elusive at this stage
whether the fluvial incisions started towards or
within long-eccentricity minima due to resolu-
tion constraints in the age model. Nonetheless,
the prolonged reduction of the precession-ampli-
tude associated with long-eccentricity minima
could have resulted in a relaxation of the hydro-
logical cycle over approximately 200 kyr long
intervals. The presence of higher frequency pre-
cession-induced climate variations that occur
superimposed on this stable background climate
may have determined the onset of incision. Flu-
vial incision could only have been triggered if
discharge significantly exceeded sediment supply
(e.g. Blum & Tornqgvist, 2000), although both
absolute amounts of discharge and sediment sup-
ply are expected to diminish in a climate with
less extremes at times of the long-eccentricity
minima (i.e. low amplitude precession cycles). A
constant supply of moisture from the Pacific in
the west and/or from the Cannonball Sea in the
east to the source areas of the drainage network
might have promoted the development of a dense
vegetation cover upstream. This upstream vegeta-
tion reduces erosion and thus sediment supply to
the drainage system (e.g. Schumm, 1968b). On
the other hand, discharge might have remained
stable, especially if it would not be significantly
reduced by high evapotranspiration (Bogaart &
Van Balen, 2000). Enhanced moisture supply in
particular might have caused peak discharge
events that cannot be buffered by evapotranspira-
tion. Thus, towards and/or within the long-eccen-
tricity minima, the AIS incisions in the Lebo

Shale Member might have been triggered during
short intensifications of the hydrological cycle
within the longer-term stable climate interval.

The impact of vegetation on fluvial incision
during global sea-level rise agrees well with the
fluvial terraces in north-western Europe that
were created by river incision during Late Gla-
cial global sea-level rise (Bridgland, 2000; Van-
denberghe, 2015) and has been confirmed by
numerical modelling (Bogaart & Van Balen,
2000). In this case fluvial incision is indirectly
linked to the upstream development of vegeta-
tion, with relatively low evapotranspiration,
causing a strong reduction in sediment supply
with respect to discharge.

The sediments eroded by the AIS incisions in
the Lebo Shale Member would have been depos-
ited downstream, especially when entering the
low-energy flow regime of the Cannonball lagoon
(Lindholm, 1984). This downstream sediment
deposition may have resulted in local delta
progradation overruling the aquifer-eustatic sea-
level rise component (Wendler & Wendler, 2016).
It might thus be that long-eccentricity upstream
climate control on fluvial incision causes local-
scale progradation and, hence, locally an oppo-
site sea-level motion, i.e. lowering fall rather than
a rise predicted by aquifer-eustasy.

The termination of fluvial incision could have
taken place when at a certain valley-floor depth
the equilibrium fluvial graded profile was
reached at which discharge and sediment sup-
ply were in balance. As an alternative for or in
addition to the lowering valley floor, the contin-
uing aquifer-eustatic sea-level rise during the
long-eccentricity minima could also have caused
the termination of incision and likely enabled
the switch to aggradation. Namely, the backwa-
ter-induced rising floodwater level of the river
enables inundation of the valleys which causes
a marked reduction of the stream power in the
river channel. As a consequence, enhanced sedi-
ment supply over discharge stopped incision
and enabled the constitution of the fine sedi-
ment load bayou system responsible for the
mud-prone valley-infill aggradation.

Conceptual stratigraphic model

Figure 8 shows stratigraphic architectural mod-
els, depicting an AIS formed over one 405 kyr
long-eccentricity cycle. Concerning the forma-
tion of a CCS, the current model adopts the
short-eccentricity-scale model of Noorbergen
et al. (2018, option 2).
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In consideration of long-eccentricity climate
control, it should be noted that the influence of
eccentricity alone on climate is very small. Nev-
ertheless long-eccentricity climate control is sig-
nificant because eccentricity modulates the
amplitude of the precession cycle and hence the
seasonal contrast (e.g. Hilgen et al., 2015). The
highest seasonal contrasts in the Northern Hemi-
sphere occur in high amplitude precession min-
ima during eccentricity maxima (highest
ellipsoidal orbit). Northern Hemisphere’s lowest
seasonal contrast takes place in high amplitude
precession maxima during eccentricity maxima.
Constantly low seasonal contrasts do occur dur-
ing low amplitude precession cycles during
eccentricity minima. Because of the important
role of precession on climate, precession is
included in the model (Fig. 8).

Stage I — Peat aggradation

Relatively low amplitude precession cycles in
the early stages of the transition from a long-
eccentricity minimum to maximum are provid-
ing conditions for a relatively stable climate
without major seasonal extremes. During the
relaxed hydrological cycle, a constant moisture
supply to the drainage network causes low ero-
sion and high evapotranspiration. As a conse-
quence, both sediment supply and discharge are
low. A high aquifer-eustatic sea-level provides
suitable wetland conditions for widespread peat
formation across densely vegetated mires.

Stage II — Clastic aggradation

High amplitude precession cycles during a long-
eccentricity maximum result in an unstable cli-
mate with major seasonal extremes during the
precession minima. These stages cause an inten-
sified hydrological cycle. Enhanced seasonal
precipitation and droughts during the precession
minima cause distinct hinterland erosion. The
resultant sediment supply along the graded pro-
file significantly exceeds discharge which leads
to clastic aggradation. During wet season(s) sedi-
ments are distributed by splays and laterally
migrating channels while during dry season(s)
lowered groundwater-levels induce sediment
oxidation on the overbanks. Peat accumulation
is prevented as overbank vegetation is frequently
overwhelmed by the sediment floods. Besides
fluvial aggradation the high sediment supply
causes deltaic progradation. In combination with
an aquifer-eustatic sea-level lowstand sea-level
further regresses resulting in a base-level drop.
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Stage III — Incision and inter-valley soil
formation

Lowered amplitude precession cycles towards or
within a long-eccentricity minimum causes cli-
mate to stabilize because of a reduction in sea-
sonal contrasts. This causes relaxation of the
global hydrological cycle. Aquifer-eustatic sea-
level rise results in base-level rise. Long-term
constant moisture supply to the hinterland
source areas cause an expanding vegetation
cover upstream with increasing, but still rela-
tively low, evapotranspiration. Sediment supply
reduces due to upstream reduction of erosion by
the vegetation cover and is now in deficit with
respect to discharge. The channel incises and
creates a valley. Repeated incisions during high
discharge events, particularly during the higher
seasonality precession minima, confine the
stream flow along the valleys. Groundwater
levels lower towards the valley bottom and lea-
ched soil profiles develop on the inter-valley
platforms. The eroded sediments are deposited
coastward as a consequence of reduced energy
conditions downstream. As a result, this sedi-
ment supply may locally overrule aquifer-
eustatic sea-level rise causing progradation at
those locations.

Stage IV — Channel stabilization and incipient
peat formation

Low amplitude precession cycles during a long-
eccentricity minimum constitute for a stable cli-
mate without major seasonal extremes. This
causes a relaxed global hydrological cycle. The
vegetation cover upstream is at its maximum
extent causing very low sediment supply down-
stream. Discharge exceeds sediment supply at
times of reduced evapotranspiration, mostly dur-
ing slightly enhanced seasonality in the low-
amplitude precession minima. At the same time,
base-level rises to its maximum point during an
aquifer-eustatic sea-level highstand. The backwa-
ter effects of the marine transgression cause high
river floodwater levels upstream. The valleys
inundate and the stream power of the river chan-
nel reduces, promoting aggradation when particu-
larly muddy sediments are sporadically supplied.
When the indurated inter-valley soils are inun-
dated there is energy dispersal over the extensive
platforms which give rise to the development of a
low-energy muddy bayou system. The stable wet
climate conditions cause high organic production
and the accumulation of these organics produces
peat bodies (Stage V, equivalent to Stage I).
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CONCLUSIONS

Age control and time-stratigraphic correlations
in a ca 15 km long stratigraphic fence panel of
the fluvial Lebo Shale Member in north-eastern
Montana reveal the presence of ten 100 kyr scale
coal—clastic successions (CCS) and three 400 kyr
scale aggradation-incision sequences (AIS).
Magnetostratigraphic correlation shows that
polarity chron C28r, with a duration of 224 kyr
(Dinares-Turell et al., 2014), spans the upper
part of AIS-2 and lower part of AIS-3 (Fig. 7).
This implies that the second fluvial incision
phase, i.e. the incision of AIS-2, corresponds to
the transition from long-eccentricity maximum
to minimum or to the minimum itself (Fig. S2).
Separated by three to four short-eccentricity-
scale CCS (Noorbergen et al., 2018), the AIS-1
and AIS-3 incisions seem to occur during the
same long-eccentricity configurations.

The origin of the AIS follows from a critical
evaluation of possible tectonic, base-level and
upstream climate control on their formation. Fore-
land basin flexural tectonism, and associated cyc-
lic creation of positive or negative space for
sedimentation, acted on ca 5 Myr timescales in
the Western Interior Basin between the Campa-
nian and Palaeocene. An estimate made on the
rate of foredeep migration appeared not likely to
have caused the observed incisions. At times of
deposition, coastal plain gradients were likely
higher than shelf gradients making it unlikely that
base-level fall triggered headward fluvial incision.
It is also not very likely that base-level change led
to aggradation or incision to accommodate for lon-
gitudinal profile changes along the low-angle
coastal plain and shelf gradients. Rivers were
probably able to reorganize themselves in
response to base-level induced profile changes by
adapting their channel sinuosity and/or by modi-
fying their channel geometries. Furthermore, no
valley and inter-valley soils are documented in
time-equivalent deltaic deposits in North-Dakota
which would have been expected if base-level fall
had caused headward fluvial incision. Fluvial
aggradation and incision were likely in response
to long-eccentricity-forced upstream changes in
sediment supply and discharge. In the stable cli-
mate background of long-eccentricity minima, flu-
vial incision could have been repeatedly triggered
when discharge was enhanced relative to sedi-
ment supply when the latter was being reduced
by an expanding vegetation cover upstream. The
incision may have sustained until a fluvial equi-
librium was autogenically established and/or the

stream power was reduced because the valley
floor inundated enabled by backwater-induced
floodwater level rise of the river. Continued base-
level rise and reduced stream power possibly
caused aggradation of mostly fine-grained sedi-
ments. The deposition of the fine-grained sedi-
ment load in a meandering bayou would then
have produced the low-angle inclined mud-rich
palaeovalley-fills of the Lebo Shale Member. The
model of Fig. 8 provides a reference for recogniz-
ing fluvial aggradation—incision sequences regu-
lated by long-eccentricity forcing.
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