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Elongated sandstone concretions record river system evolution 
across the Cretaceous-Paleogene boundary, Montana, USA

Caroline E.J. Hasler1,2,† and Paul R. Renne1,2

1�Department of Earth and Planetary Science, University of California Berkeley, Berkeley, California 94720, USA
2�Berkeley Geochronology Center, 2455 Ridge Rd, Berkeley, California 94709, USA

ABSTRACT

The Cretaceous–Paleogene (K-Pg) ex-
tinction caused significant environmental 
upheaval, including the disappearance of 
non-avian dinosaurs and widespread disrup-
tion of ecosystems. The Hell Creek and Fort 
Union formations in the upper Great Plains 
of North America preserve a record of envi-
ronmental change across the K-Pg boundary 
(KPB). Sedimentological studies suggest that 
the Hell Creek Formation represents a well-
drained floodplain, with increased standing 
water leading to the formation of ponds and 
peat bogs close to the KPB. This shift has 
been attributed to the disruption of river sys-
tems by short-term extinction-driven flood-
ing in the Western Interior. To test this, we 
analyze ∼2900 paleocurrent measurements
from elongate concretions mapped over 
∼5000 km2 in the Hell Creek area of east-
ern Montana, USA. These measurements,
combined with previously published chro-
nostratigraphic constraints, allow us to trace
river system evolution over time. Paleocur-
rents shift from a uniform NW-SE direction
to a chaotic and later bimodal pattern ∼400
k.y. after the KPB, but no major shifts occur
at the KPB itself. Additionally, we develop a
method to identify meandering rivers based
on paleocurrent distributions and use it to as-
sess river planform changes. Environmental
crises have been suggested to cause transi-
tions from meandering to braided rivers, but
we find no evidence of such a change. This
suggests that the K-Pg extinction did not sig-
nificantly disrupt regional drainage or river
systems in the Hell Creek area. The results
demonstrate the potential of remote sensing
for reconstructing paleoriver dynamics and
suggest that some river systems may be sta-
ble across mass extinction events.

INTRODUCTION

The Cretaceous–Paleogene (K-Pg) mass 
extinction (ca. 66 Ma) caused the disappear-
ance of non-avian dinosaurs and many lineages 
of plants and insects. It is considerably less 
well-studied on land than in the oceans due to 
the scarcity of continuous, fossiliferous sedi-
mentary records in terrestrial settings. The Hell 
Creek and Fort Union formations, exposed in 
the upper Great Plains of North America, span 
the extinction interval and have been crucial 
for reconstructing terrestrial environmental 
changes across the extinction boundary. They 
preserve abundant flora, fauna, and trace fos-
sils as well as geochemical markers. Moreover, 
the Hell Creek and Fort Union formations have 
comparatively high stratigraphic resolution for 
terrestrial records (Wilf et al., 2003; Tobin et al., 
2014; Fastovsky and Bercovici, 2016; Fendley 
et al., 2019; Sprain et al., 2015), making them 
especially valuable for studying environmental 
changes near the boundary.

The mostly Late Cretaceous Hell Creek For-
mation was deposited on a fluvial plain, with riv-
ers draining sources from the Laramide Orogen 
to the west into the Western Interior Seaway to 
the east. Sedimentological studies suggest that 
the Hell Creek deposits represent a well-drained 
floodplain with occasional marine or tidal influ-
ence (Belt et  al., 1985; Fastovsky and Dott, 
1986; Fastovsky, 1987; Retallack, 1994; Mur-
phy et al., 1995, 2002; Johnson et al., 2002). At 
the Cretaceous-Paleogene boundary (KPB), the 
amount of standing water increased drastically, 
leading to the formation of ponds and peat bogs. 
The transition to a poorly-drained depositional 
environment is evidenced by the widespread 
occurrence of coals, lignites, siltstones, and 
shales in the Tullock Member of the conform-
ably overlying Fort Union Formation (e.g., Ben-
dixen, 2021). The lowermost Fort Union coal 
(IrZ coal) contains a volcanic ash layer and a thin 
clay bed preserving the iridium anomaly, spher-
ules, and shocked quartz from the bolide impact 
that defines the KPB (Alvarez, 1983). The con-

tact between the Hell Creek and Fort Union 
formations is almost isochronous across a large 
area, implying that the transition from a well-
drained floodplain to a wet, marshy landscape 
was geologically rapid (Johnson et al., 2002).

Because the shift in depositional environ-
ment occurred close to the KPB, it has been 
suggested that the mass extinction triggered 
widespread, short-term flooding in the Western 
Interior (e.g., Sheehan et al., 2004; Fastovsky 
et  al., 2008), possibly by means of a tsunami 
(Kruge et al., 1994; Smit et al., 1996; Schulte 
et al., 2010; Range et al., 2022). One hypothesis 
is that the bolide impact ignited forest fires that 
burned across North America (Wolbach et al., 
1985, 1988, 1990; Melosh et al., 1990; Kruge 
et  al., 1994; Sheehan et  al., 2004; Robertson 
et al., 2004, 2013; Santa Catharina et al., 2022). 
Additionally, soot and other impact debris in the 
atmosphere could have caused an “impact win-
ter” that devastated vegetation worldwide (Bar-
deen et al., 2017; Tabor et al., 2020).

Without plants reinforcing slopes and river 
channels, runoff and erosion would have 
increased, clogging rivers with sediment and 
causing floods. These effects might be observ-
able in the geological record. In the Piceance 
Creek basin of western Colorado (USA), the 
Paleocene–Eocene thermal maximum (PETM) 
coincided with a shift to multistoried sand-
stone beds with upper-flow-regime sedimen-
tary structures, which record increasing sedi-
ment supply and discharge. The deposits also 
contain abundant crevasse splays, suggesting 
that flooding was common during and after the 
PETM (Foreman et al., 2012). These changes 
may be partially due to the sudden loss of veg-
etation at the PETM. A similar effect has been 
documented at the Permian-Triassic boundary 
in South Africa, where a sudden increase in 
braided river deposits was attributed to the loss 
of vegetation that had previously stabilized riv-
erbanks and favored meandering rivers (Ward 
et al., 2000). If the K-Pg extinction was equally 
severe in North America, the ensuing loss of 
vegetation could have triggered flooding and 
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river planform changes in the Hell Creek area. 
Alternatively, the environmental shift may have 
been driven by regional tectonics (Catuneanu 
et  al., 2000), fluctuations in the relative sea 
level of the Western Interior Seaway (Johnson 
et al., 2002), or both.

Detailed records of fluvial changes and their 
timing relative to the KPB can be used to test 
proposed causes of environmental change. 
Stratigraphic studies (e.g., Fowler, 2020; Ben-
dixen, 2021) have provided insights into shifts 
in depositional settings, with some studies sup-
plying paleocurrent data from specific sites (e.g., 
Bendixen, 2021). However, paleocurrent and 
river planform changes across the KPB have not 
been analyzed at large spatial scales.

Here, we present a dataset of 2941 paleocur-
rent measurements recorded by elongate concre-
tions. Because the long axes of elongate concre-
tions align with paleocurrents recorded in trough 
cross-bedding, the concretions’ elongation 
directions can be used as paleocurrent proxies. 
The concretions were mapped on satellite imag-
ery across an ∼5000 km2 area south of the Fort 
Peck reservoir in eastern Montana, USA. We 
analyze this dataset to trace river system changes 
across the KPB. Moreover, we develop a method 
to identify meandering rivers from paleocurrent 
distributions and use it to determine whether 
river planform styles changed at the KPB. The 
results shed light on how depositional environ-
ments and river drainage evolved in the Hell 
Creek area during the Late Cretaceous and early 
Paleocene.

GEOLOGICAL BACKGROUND

The fluvial sediments of the Hell Creek and 
Fort Union formations in eastern Montana, 
North Dakota (USA), and South Dakota (USA) 
preserve large elongate concretions, which are 
thought to have formed within buried river chan-
nels. Some are prolate ellipsoids or spheroids 
with tapered ends, while others are tabular in 

shape. They are 2–100 m in length and 0.5–3 m 
in width, large enough to be easily identifiable 
on satellite imagery (Fig. 1). Multiple studies 
of locations within the USA have documented 
similar features in eastern Montana (Brown, 
1907; Archibald, 1982; Murphy, 1986; Rigby 
and Rigby, 1990; Weaver et  al., 2022), North 
Dakota and South Dakota (Todd, 1903; Steven-
son, 1954; Frye, 1967; Royse, 1970; Groenwold, 
1971; Cherven, 1973; Jacob, 1973; Parsons, 
1980; Biek, 1994), and Nebraska (Darton, 1903; 
Schultz, 1941).

The elongate concretions typically occur in 
parallel sets, many of which can be traced lat-
erally for several kilometers and vary system-
atically in orientation. They typically protrude 
from the surrounding sandstone matrix, which 
is poorly consolidated, less well-sorted, and 
finer-grained in comparison. Brown (1907) and 
Jacob (1973) observed that the concretions are 
cemented by calcite, which Archibald (1982) 
interpreted as a post-depositional feature.

Trough cross-bedding is characteristic of the 
elongate concretions. The cross-bedding extends 
continuously from the concretions into the less 
well-cemented matrix, indicating a shared depo-
sitional history. Concretions protrude from the 
sandstone matrix due to their higher degree of 
cementation, which renders them more resis-
tant to weathering and erosion. The average dip 
direction of trough cross-bedding within the 
elongate concretions aligns with their long axes, 
as has been previously observed in North Dakota 
and South Dakota (Stevenson, 1954; Frye, 1967; 
Groenwold, 1971; Jacob, 1973; Parsons, 1980). 
Parsons (1980) measured paleocurrent direc-
tions in channel deposits surrounding elongate 
concretions in the Paleogene Bullion Creek and 
Slope formations (North Dakota). He confirmed 
a strong correlation between the measured 
paleocurrent directions and the long axes of the 
concretions.

Building on Frye (1967) and Groenwold 
(1971), Parsons (1980) proposed a model for 

the formation of elongate concretions. He sug-
gested that buried paleochannels have higher 
porosity and permeability than the surrounding 
sediments due to their coarser grain size, a result 
of deposition in running water. Groundwater 
preferentially flows along these porous channels, 
following the original river’s course. Calcite 
precipitating from the groundwater also prefer-
entially follows the paleochannel. This process 
ultimately leads to the formation of elongated 
concretions that trace paleochannels, with their 
elongation direction corresponding to the paleo-
current direction. Thus, the concretions are not 
strictly primary depositional features, but they 
reveal such features conspicuously.

Based on this model, Groenwold (1971) and 
Jacob (1973) suggested that elongate concre-
tions could be used to infer paleocurrent direc-
tions and map paleochannels. Previous studies 
on fluvial dynamics in the Hell Creek area have 
relied on field campaigns to collect paleocurrent 
data (Groenwold, 1971; Jacob, 1973; Parsons, 
1980). However, because the concretions are 
visible on satellite images, they can be mapped 
and their elongation directions measured using 
remote sensing. Paleocurrent data from concre-
tions can capture both regionally uniform fluvial 
changes, likely driven by large-scale factors like 
tectonics, eustatic fluctuations, or mass extinc-
tions; and localized changes, which likely have 
smaller, locally variable drivers.

METHODS

Remote Sensing of Concretions

Concretions in the Hell Creek region of north-
eastern Montana (UTM Zone 13) were mapped 
using Google Earth. A total of 2941 concretion 
clusters were identified across an area of ∼5000 
km2. For each cluster, we recorded the mean 
Universal Transverse Mercator (UTM) coor-
dinates, elevations, and orientations. Clusters 
comprised 2–20 concretions and were aligned 

Figure 1. (A) Elongated, cal-
cite-cemented sandstone con-
cretions in the Hell Creek area 
in Montana, USA. The aver-
age dip direction of internal 
trough cross-bedding parallels 
the elongation direction of the 
concretions. (B) Satellite view 
of a cluster of parallel concre-
tions, located at 106.409°W, 
47.712°N. Image from Google 
Earth.
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within 10°. Each cluster was defined so that the 
elevations of all included concretions were con-
sistent within 3 m. Data were collected at image 
magnifications corresponding to eye altitudes 
of 2–3 km. Each cluster was represented by a 
single data point, with the measured coordinates 
recording the approximate center of the cluster. 
Because cross-bedding dip directions could only 
be measured in the field for a small fraction of 
elongate concretions, the orientations measured 
on satellite imagery are generally bipolar; i.e., 
each measurement represents two potential 
paleoflow directions, which are opposite to 
each other.

Within the study area, a subtle regional dip 
to the southeast exposes older strata in the 
north and younger strata in the southeast. Tobin 
et al. (2014) calculated this dip to be 0.2° with 
a strike trending 49° and presented an equation 
for a plane defining the contact between the Hell 
Creek and Fort Union formations. This plane 
approximates the KPB in the Hell Creek region. 
We adjusted our measurements for this regional 
dip by calculating the stratigraphic height of each 
data point relative to the KPB. Several horizons 
within concretion-bearing stratigraphic sections 
have been 40Ar/39Ar-dated (Sprain et al., 2015, 
2018), so ages can be assigned to concretions 
based on their stratigraphic positions.

Data Reduction

To understand how river patterns in the Hell 
Creek area changed over time, we group the data 
into temporal and spatial bins. We define seven 
time bins based on their stratigraphic position 
relative to the KPB: −100 m to −36 m, −36 m 
to 0 m, 0–25 m, 25–50 m, 50–75 m, 75–100 m, 
and 100–125 m. The stratigraphic positions are 
converted to ages using published 40Ar/39Ar 
ages of sanidine in interbedded tephra (Sprain 
et al., 2015, 2018). These ages include system-
atic uncertainties that can be neglected when 
comparing them to other 40Ar/39Ar ages, e.g., in 
calculating intervals between ages or sediment 
accumulation rates.

The assigned ages are subject to uncertainties 
on the 40Ar/39Ar ages, the regional dip correc-
tion, and the elevations measured on satellite 
imagery. The 40Ar/39Ar ages have typical uncer-
tainties of ∼0.05 m.y. The elevation uncertainty 
was assessed by comparing satellite-derived ele-
vation measurements at eight road intersections 
with surveyed elevations shown on topographic 
maps. The results agreed within 1 m, implying 
that satellite-derived elevations are generally 
accurate within that range. For the regional dip 
correction, Tobin et al. (2014) reported that ele-
vations calculated from their best-fit plane dif-
fered from elevations measured in the field by 

a root mean square error of 3.8 m, with a maxi-
mum error of 8 m. Thus, ages assigned to the 
stratigraphic bins may have uncertainties any-
where between 0.05 m.y. (assuming the regional 
dip correction and satellite-derived elevations 
are accurate) and 0.25 m.y. (assuming 0.05 m.y. 
uncertainty on 40Ar/39Ar ages and maximum 
uncertainties of 1 m and 8 m on the satellite-
derived elevations and regional dip correction, 
respectively). Considering the associated uncer-
tainties, we suggest that the ages assigned to 
the temporal bins are not more accurate than 
±0.15 m.y.

For spatial analysis, we divide the study area 
into 5 × 5 km boxes. Analyzing fluvial changes 
within individual 5 × 5 km boxes is challenging 
because few boxes contain data for all time bins. 
We therefore use clustering algorithms to iden-
tify regions with similar temporal patterns. Clus-
tering algorithms typically perform best on low-
dimensional data, but our dataset is inherently 
high-dimensional. The study area is divided into 
197 5 × 5 km spatial boxes, each containing 
up to seven time bins and 18 paleocurrent val-
ues representing 10° bins across a 180° range. 
Because the elongation direction of concre-
tions in satellite images cannot determine flow 
polarity (e.g., NW-SE is indistinguishable from 
SE-NW), we record all paleocurrents as angles 
between 0° and 180°. Although flow polarity 
could be uniquely inferred by directly measur-
ing cross-bedding dip directions, obtaining such 
measurements for all mapped concretions would 
be intractable considering the large study area 
and would require access permission for many 
private properties. Instead, we use symmetrical 
180° paleocurrent distributions and mirror them 
along the N-S axis to create complete paleocur-
rent rose diagrams. This results in a dataset with 
21,276 dimensions.

We use the Uniform Manifold Approxima-
tion and Projection (UMAP) algorithm to reduce 
this high-dimensional dataset (McInnes et al., 
2018). UMAP projects the data into a 2-D space 
while preserving its topological structure. We 
then apply Density-Based Spatial Clustering of 
Applications with Noise (DBSCAN) algorithms 
to identify clusters. DBSCAN detects cluster 
centers in high-density regions of the data and 
expands outward, with an adjustable parameter 
ε controlling the search radius. DBSCAN was 
chosen because it handles noise and outliers 
well and does not require a predefined number 
of clusters.

Distinguishing Meandering and Braided 
Rivers

The regular patterns of meandering rivers sug-
gest that their flow direction distributions should 

also display a degree of regularity. In many 
cases, sampling flow directions from either side 
of a meander bend produces a bimodal distribu-
tion (Figure S1 in the Supplemental Material1). 
Conversely, braided rivers do not follow regular 
patterns and are unlikely to produce bimodal 
flow direction distributions. The distinction 
between bimodal and non-bimodal distributions 
may offer a means of distinguishing meander-
ing and braided rivers in the geological past, 
provided that paleocurrent data are available. 
We test whether flow direction distributions can 
be used to distinguish braided from meander-
ing rivers, beginning with theoretical models of 
meandering rivers and subsequently applying 
our analysis to real rivers.

A theoretical meandering river can be repre-
sented by a sine-generated curve, formulated by 
Langbein and Leopold (1970) to describe the 
path that minimizes the total work required to 
cause an overall change in direction (Figure S2). 
Angle distributions in real streams agree well 
with the predictions of sine-generated curves 
(Thakur and Scheidegger, 1968). We therefore 
use sine-generated curves to model meander-
ing rivers.

A sine-generated meandering river should 
produce a symmetric distribution of flow 
directions, which may be bimodal. To test this 
hypothesis, we model sine-generated rivers with 
a range of sinuosities and spatial scales (1–10 
meanders) and randomly sample points to pro-
duce synthetic flow direction distributions. We 
conduct the same analysis on skewed sine-gener-
ated rivers, which include a distortion parameter 
that skews meander bends up- or downstream 
(Guo et al., 2019), and on 20 real meandering 
rivers observed on satellite imagery. We also 
analyze 20 braided rivers, which are used as 
statistical controls to assess the significance of 
bimodality tests for the meandering rivers. A 
detailed description of the method is provided 
in the Supplemental Material.

We find that bimodality detection depends on 
sinuosity. For meandering rivers with low sinu-
osity, bimodal distributions are easily detectable. 
At intermediate sinuosity, bimodality is difficult 
to detect due to the broadening of river bends, 
which causes the underlying flow direction dis-
tributions to become chaotic or quadrimodal. 
At high sinuosity, bimodal flow distributions 
are again detectable. Bimodality detection also 

1Supplemental Material. Description of custom 
algorithms to model sine-generated meandering 
rivers, approximate flow direction distributions 
of mapped rivers, and evaluate bimodality of flow 
distributions. Please visit https://doi​.org​/10​.1130​
/GSAB​.S​.30421945 to access the supplemental 
material; contact editing@geosociety​.org with any 
questions.
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depends on sample density and the spatial scale 
of the analysis, represented here by the number 
of meanders. In general, increasing either sam-
ple density or meander number improves detec-
tion. Analyzing at least five meanders increases 
the probability of success.

Fourteen of 20 real meandering rivers pro-
duce statistically significant (p < 0.05) bimo-
dality results at sample densities ≤10 samples/
meander, and 12 show statistically significant 
results at densities <5 samples/meander. Thus, 
bimodality detection is feasible in real mean-
dering rivers using only sparse, point-like flow 
direction data. However, bimodality detection is 
only successful for real meandering rivers whose 
overall (thalweg) direction and sinuosity do not 
vary strongly in the studied section. If the over-
all direction or sinuosity vary significantly, the 
underlying flow direction distributions become 
non-bimodal, making detection unlikely even 
at high sample densities. We find that real 
meandering rivers generally lack the regularity 
required for bimodality detection on scales >5 
meanders. At larger scales, topographic or other 
environmental changes frequently alter a river’s 
flow direction or sinuosity, resulting in non-
bimodal distributions. To maximize the likeli-
hood of detecting bimodality in real rivers, we 
therefore recommended analyzing spatial scales 
corresponding to ∼5 meanders. This scale bal-
ances the need for sufficient data with the occur-
rence of regular meanders.

In the Hell Creek area, clusters of concretions 
that apparently trace curves, possibly mean-
der bends, can be fitted to circles with radii of 
∼500 m (e.g., Figure S123). Measured radii in 
the study area range from 110 m to 970 m, with 
an average of 502 ± 238 m (one standard devia-
tion [1σ], N = 27). The large radius of curvature 
indicates that the elongate concretions represent 
big rivers. Leopold and Wolman (1960) reported 
that a river’s curvature radius R and width w are 
empirically related by

	
w=

.
.

R
2 3 	

(1)

Equation 1 implies an average width of 
218 m ± 104 m (1σ) for Late Cretaceous and 
early Paleocene rivers in the Hell Creek area. 
On average, pre-KPB rivers are slightly wider 
than post-KPB rivers (315 ± 105 m [1σ], 
N = 5, and 196 ± 87 m [1σ], N = 22, respec-
tively), but the difference is not statistically 
significant.

We use the information about river size to 
select a suitable spatial scale for analyzing the 
elongate concretion data. A curvature radius of 
500 m implies a minimum meander wavelength 
of 1 km. To maximize the likelihood of detect-

ing bimodality, we divide the study area into 
5 × 5 km boxes so that each box can be expected 
to contain approximately five meanders.

Finally, we implement a statistical test for 
bimodality. To be identified as bimodal, a distri-
bution must (1) have two main modes of simi-
lar height, and (2) the two main modes must be 
significantly higher than any other modes in 
the distribution. The thresholds for these crite-
ria are calibrated to produce agreement with a 
reference set of visually classified distributions. 
More information is available in the Supplemen-
tal Material.

RESULTS

Mapped Concretions

The mapped elongate concretions are shown 
in Figure 2.

Paleocurrent Changes Across the 
Cretaceous-Paleogene Boundary

Figure 3 shows the time series of paleocur-
rent directions across the study area. Before 
the KPB, paleocurrents show a near-uniform 
distribution dominated by a NW-SE axis, 
which likely reflects southeastward drainage 
from the Laramide Orogen into the West-
ern Interior Seaway. Beginning at ∼0.3 m.y. 
before the KPB, the distribution becomes less 
uniform, with emerging modes oriented SSE-
NNW and SW-NE. This pattern persists until 
∼0.4 m.y. post-KPB. After that, the paleocur-
rent distribution changes drastically, with a 
broad SW-NE mode emerging as dominant. By 
∼0.8 m.y. post-KPB, the distribution resolves 
into a bimodal pattern with distinct SW-NE and 
NW-SE modes. A roughly SW-NE component 
dominates from ∼1.1 m.y. to 1.4 m.y. post-
KPB. After that, the NW-SE mode returns as 
the dominant flow direction, but the distribution 
is not unimodal and many elongated concre-
tions continue to record SW-NE paleocurrents. 
Importantly, there is no sign of a catastrophic 
change in river patterns at or directly after the 
KPB. This conclusion holds even when the con-
cretion data are grouped using smaller strati-
graphic bins (Figure S124).

Local Changes

The DBSCAN clustering results are shown in 
Figure 4. The paleocurrent distributions for each 
cluster are shown in Figure 5. Some clusters dis-
play drastically different paleocurrent patterns 
over the studied interval. Prior to ∼0.3 m.y. 
pre-KPB, all clusters containing data (1, 4, and 
5) have dominant NW-SE or WNW-ESE flow 

directions. From ∼0.3 m.y. pre-KPB until the 
KPB, flow patterns become more diverse. The 
northernmost region (cluster 5) retains the domi-
nant WNW-ESE flow direction, but also shows 
minor modes oriented NNW-SSE and W-E. In 
addition to their previous NW-SE modes, clus-
ter 1 develops a NNW-SSE mode and cluster 
4 develops two new modes oriented roughly 
SW-NE. This implies that river patterns became 
more chaotic in the end-Cretaceous.

From the KPB to ∼0.4 m.y. post-KPB, clus-
ters 1 and 5 exhibit a dominant NW-SE flow 
direction. The paleocurrents of cluster 2 show 
a pronounced N-S orientation, while cluster 4 
shows a chaotic, non-uniform distribution.

From ∼0.4 m.y. to 0.8 m.y. post-KPB, cluster 
1 shows a broad SW-NE mode accompanied by 
a NW-SE mode. The distribution of cluster 2 is 
non-uniform, with most orientations trending 
roughly NW-SE. In clusters 3 and 5, the main 
modes are approximately S by W to N by E and 
SSW-NNE, respectively. However, the results of 
cluster 3 may be unreliable due to a small num-
ber of samples. Cluster 4 has a bimodal flow 
distribution with modes oriented WNW-ESE 
and SW-NE.

From ∼0.8 m.y. to 1.1 m.y. post-KPB, cluster 
1 becomes multimodal, while the distribution of 
cluster 2 is bimodal with modes oriented WNW-
ESE and SW-NE. Clusters 3 and 4 show similar 
patterns to the previous time interval.

From ∼1.1 m.y. to 1.4 m.y. post-KPB, cluster 
1 has a bimodal distribution with modes oriented 
NW-SE and SW-NE. In cluster 2, the distribu-
tion is non-uniform, but most paleocurrents are 
oriented approximately SW-NE. Cluster 3 shows 
a multimodal distribution with most paleocur-
rents oriented NW-SE and SW-NE. The results 
of cluster 4 may be unreliable due to insuffi-
cient samples.

Finally, after ∼1.4 m.y. post-KPB, cluster 1 
has a non-uniform paleocurrent distribution with 
a dominant SW-NE orientation. Few samples are 
available from cluster 2. Cluster 3 is bimodal, 
with modes oriented approximately WNW-ESE 
and W by S to E by N. Notably, the geometry 
of spatial boxes assigned to this cluster sug-
gests they may trace the course of a single river 
(Fig. 3), whose bimodal paleocurrent distribu-
tion may indicate a meandering river.

The paleocurrent distributions of individual 
5 × 5 km spatial boxes were calculated for each 
time interval and evaluated for bimodality. On 
average, ∼23% of paleocurrent distributions 
were identified as bimodal. These values were 
largely similar in successive time intervals, with 
the exception of a drop from 27% to 17% across 
the KPB (see Fig. S125). However, this drop 
was not observed when limiting the evaluation 
to 5 × 5 km boxes containing at least 10 data 
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points, which corresponds to an approximate 
sample density of two samples/meander for an 
assumed meander wavelength of 1 km (Figure 

S126). Because sample densities ≥2 samples/
meander are recommended for bimodality test-
ing, the drop in bimodality across the KPB is 

not considered significant. Thus, no detectable 
shift from meandering to braided rivers occurred 
at the KPB.

Figure 2. Mapped elongate concretions in the Hell Creek area in Montana, USA. Inset map shows the location of the study area. Coordi-
nates according to World Geodetic System 84 (WGS 84). Geological map from McCafferty et al. (2023).

Figure 3. Paleocurrent distri-
butions in the end-Cretaceous 
and early Paleogene, inferred 
from elongate concretions in 
the Hell Creek area in Mon-
tana, USA. Ages are based 
on published 40Ar/39Ar data 
(Sprain et  al., 2015, 2018) and 
given relative to the Creta-
ceous-Paleogene boundary 
(KPB). Fm.—Formation.
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DISCUSSION

Paleocurrent Analysis

Our paleocurrent analysis is valuable for iden-
tifying meandering rivers, a task often difficult in 
the field due to the similar appearance of mean-
dering and braided river deposits. For instance, 
amalgamated sheet sandstones are often inter-
preted as braided river deposits where other 
indicators are lacking (Moody-Stuart, 1966; 
Van de Graaff, 1972; Campbell, 1976; Chan 

and Pfaff, 1991), but may also be deposited by 
high-sinuosity channel belts (Miall, 1980; Hart-
ley et al., 2015, 2018). This applies especially to 
unvegetated settings, where meandering rivers 
are less likely to develop high sinuosity (Has-
son et al., 2024). Similarly, lateral accretion fea-
tures, commonly associated with meandering 
rivers (Moody-Stuart, 1966; Miall, 1980), also 
occur in braided systems (Bluck, 1979; Allen, 
1983; Bridge, 1985; Bristow, 1987; Miall, 1994). 
This highlights the difficulty of distinguishing 
between braided and meandering rivers based 

solely on sedimentary features and emphasizes 
the potential of using statistical methods to ana-
lyze paleocurrent data.

Previous studies have suggested using sinu-
osity and paleocurrent direction variance to 
distinguish meandering rivers (Ferguson, 1977; 
Bridge, 1985; Semeraro, 2019). Our method 
offers another way to identify meandering riv-
ers. It may be better at identifying meandering 
rivers with low sinuosity, which would not be 
recognized by analyzing dispersion of paleocur-
rent values. A limitation of this method is that 

Figure 4. Clustered 5 × 5 km boxes in the Hell Creek area in Montana, USA. Clustering was performed on the elongate concretion data 
using the Uniform Manifold Approximation and Projection (UMAP) and Density-Based Spatial Clustering of Applications with Noise 
(DBSCAN) algorithms to identify regions in which paleocurrent patterns changed similarly over time. Clusters are grouped by color, with 
black boxes identified as noise that is not assigned to any cluster. Coordinates according to World Geodetic System 84 (WGS 84). Geologi-
cal map from McCafferty et al. (2023).
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it can confirm the presence of bimodality, but 
cannot confirm its absence—a river cannot be 
definitively classified as braided if bimodality 
is not detected. However, our approach has suc-
cessfully identified bimodality in certain cases, 
demonstrating that it is potentially useful for dis-
tinguishing river types when sedimentary data 
are inconclusive.

Studying transitions between braided and 
meandering rivers can provide insights into 
paleoenvironmental change. These transitions 
are relevant both to short-term environmental 
disturbances and long-term evolutionary trends 
in river systems. It is thought that sheet-braided 
rivers dominated the continents before the rise of 
land plants (Schumm, 1968; Went and McMa-
hon, 2018). The development of roots and trees 
is believed to have stabilized riverbanks (Smith, 
1976), promoting meandering and anastomosing 
river systems (Davies and Gibling, 2010, 2011). 
Conversely, the removal of vegetation could 
lead to less cohesive riverbanks (Prosser and 
Slade, 1994), promoting formation of braided 
rivers (Schumm, 1985; Murray and Paola, 1994, 
1997; Ielpi et al., 2022). By providing another 
way to distinguish braided and meandering 
river deposits, the method presented here could 

inform whether the rise of land plants triggered 
a widespread change in river planform styles. On 
short time scales, the possibility of catastrophic 
environmental change at extinction boundaries 
could be assessed by comparing paleocurrent 
distributions before and after an extinction.

In addition, this study demonstrates that 
remote sensing can complement traditional 
field studies by enabling researchers to identify 
and analyze geological features at broad spatial 
scales, generating large datasets that can reveal 
regional patterns. In arid regions with sparse 
vegetation, such as the Hell Creek area, exposed 
river systems and paleocurrent markers are par-
ticularly well-suited for satellite-based mapping. 
Notably, collecting paleocurrent data across an 
area of this size—nearly 5000 km2, much of 
it inaccessible by road, characterized by steep 
terrain, or situated on private land—would be 
practically impossible using only ground-based 
fieldwork.

Our workflow provides a framework for 
applying remote sensing to exposed paleoriver 
systems, expanding the scope of paleoflu-
vial and paleoenvironmental research. Where 
abundant data are available, this workflow can 
identify regions where paleocurrents display 

similar changes over time. These regions may 
correspond to individual catchments influenced 
by shared environmental or geological factors. 
Areas where elongated concretions are present 
and where this method could be applied include 
upper Devonian sediments in New York, USA 
(Colton, 1967); Early Triassic sandstones in 
the South African Karoo Sequence (Johnson, 
1989); Late Triassic–Early Jurassic sediments 
in England (Raiswell and White, 1978); Upper 
Cretaceous deposits in Antarctica (Pirrie, 1987); 
Miocene sediments in Spain (Pomar et al., 2004) 
and Nebraska (Schultz, 1941); and Pleistocene 
deposits in Italy (McBride et  al., 1994), Nor-
way (Theakstone, 1981), and New Mexico, 
USA (Mozley and Davis, 1996). The Karoo 
sandstones may be especially well-suited to 
this approach because their concretion elonga-
tion directions match independent paleocurrent 
indicators (Johnson, 1989). Using concretions 
as paleoflow proxies could help assess the pro-
posed transition from meandering to braided 
rivers following the end-Permian mass extinc-
tion (Ward et al., 2000). Although elongate con-
cretions have not been reported directly below 
the Permian-Triassic boundary in South Africa, 
they have been observed in the underlying Ecca 

Figure 5. Paleocurrent distri-
butions for each Density-Based 
Spatial Clustering of Applica-
tions with Noise (DBSCAN) 
cluster and time interval. Not 
all clusters contain data in each 
time interval due to the vary-
ing exposure of geological units 
across the study area in the Hell 
Creek area in Montana, USA. 
Ages are based on published 
40Ar/39Ar data (Sprain et  al., 
2015, 2018) and given relative 
to the Cretaceous-Paleogene 
boundary (KPB).
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Group (ca. 303–290 Ma; Nonhlanhla, 2014; Bai-
yegunhi and Liu, 2021) and may also occur in 
younger strata.

Fluvial Changes Across the Cretaceous-
Paleogene Boundary

Our analysis provides a detailed view of river 
dynamics in the Hell Creek area across the KPB. 
Bendixen (2021) found no change in paleocur-
rents across the KPB, noting a consistent east-
southeastward trend in the Hell Creek and Fort 
Union formations near Glendive, Montana, 
∼200 km southeast of Fort Peck Reservoir. In 
contrast, our study identifies both spatial and 
temporal shifts in paleocurrent direction. This 
underscores the benefit of using large datasets 
from remote sensing to capture paleofluvial 
changes in detail.

In the Late Cretaceous Hell Creek Formation, 
elongate concretions record a dominant NW-SE 
paleocurrent direction, which is consistent with 
southeastward drainage from the Laramide 
Orogen into the Western Interior Seaway. In 
the lower Fort Union Formation, paleocurrent 
directions develop a prominent SW-NE mode in 
addition to the earlier NW-SE direction. Inter-
estingly, the transition from a uniform NW-SE 
paleocurrent distribution to a bimodal distri-
bution only initiates ∼400 k.y. after the KPB, 
apparently indicating that the Cretaceous–Paleo-
gene mass extinction did not significantly affect 
river systems on a large scale.

We also observe small-scale variations in river 
patterns, with changes occurring both spatially 
and temporally. For instance, when the paleocur-
rent data are clustered statistically, the change 
from a uniform NW-SE distribution to a chaotic 
or bimodal distribution does not occur simulta-
neously across all clusters. Some clusters begin 
to deviate from a uniform NW-SE flow ∼300 
k.y. before the KPB, although the widespread 
shift to a SW-NE flow direction only occurs 
∼400 k.y. after the boundary.

We do not observe a sudden change in flow 
direction at the KPB or a transition from mean-
dering to braided flow styles, as reported by Ward 
et al. (2000) at the Permian-Triassic boundary in 
South Africa. Thus, our data record no evidence 
that the K-Pg extinction caused catastrophic 
flooding that significantly affected river systems 
in the Hell Creek area.

This is supported by previous studies on K-Pg 
environments in the Western Interior. Although 
the transition from a well-drained to poorly 
drained setting at the KPB indicates an overall 
hydrological shift, river channel deposits are 
generally similar across the boundary. Murphy 
et al. (1995), working in North Dakota, noted 
that it is difficult to distinguish Hell Creek and 

Fort Union river sandstones because both consist 
of fine- to medium-grained sand and are other-
wise similar in appearance. Bendixen (2021) 
also reported consistent grain sizes in channel 
sandstones from eastern Montana, with fine- 
to medium-grained sand dominating both the 
upper Hell Creek and lower Fort Union forma-
tions. The thickness of channel bodies is also 
consistent across the KPB. Channel sandstones 
from both the Hell Creek and Fort Union for-
mations often form stacked deposits up to 30 m 
thick (Bendixen, 2021) and show fining-upward 
sequences within a single channel. Finally, Fas-
tovsky (1987) assigned both Hell Creek and 
lower Fort Union deposits to a suspended and 
dissolved-load regime based on grain size distri-
butions. These similarities suggest that river dis-
charge and sediment supply did not change sig-
nificantly at the KPB. In particular, an increase 
in clastic sedimentation, which would be 
expected if the K-Pg extinction caused denuda-
tion and accelerated erosion of the landscape, is 
not recorded in river deposits at the KPB. Thus, 
observed trends in river dynamics must be driven 
by other environmental or geophysical factors.

Because the sediments are lithologically 
similar throughout the studied section, we rule 
out varying substrate erodibility as an influ-
ence on river dynamics. Crystalline basement 
rocks, which are less susceptible to erosion than 
sediments and could confine channels, are not 
exposed anywhere in the study area. Varying for-
mation or preservation of elongate concretions 
is also unlikely to produce the observed changes 
because concretions occur across the KPB with 
similar lithological compositions and cementa-
tion (Frye, 1967).

The overall transition from a uniform to 
bimodal paleocurrent distribution may result 
from the same process that led to wetter, flood-
prone environments after the KPB. One hypoth-
esis suggests that Laramide tectonics altered the 
shoreline and increased accommodation space in 
the foreland basin (Bendixen, 2021). Laramide 
uplift and the associated foredeep migrated north 
in the latest Cretaceous and early Paleogene 
(Catuneanu et al., 2000; Copeland et al., 2017). 
If tectonics drove fluvial variations at that time, 
paleocurrents should change gradually, with 
rivers being diverted northward as the foredeep 
moved. While the paleocurrent data presented 
here record an increasing SW-NE component 
from 0.4 m.y. post-KPB, they also record abrupt, 
short-term fluctuations (Figure S123), which are 
unlikely to result from tectonic processes. We 
conclude that Hell Creek paleocurrent data do 
not support tectonic loading to the west as the 
only driver of fluvial change.

Sequence stratigraphic analyses support this 
interpretation. Fowler (2020) and Bendixen 

(2021) identified 3–4 depositional cycles from 
low- to high-accommodation settings in Late 
Cretaceous units. Fowler (2020) estimated the 
cycles lasted 0.25–0.5 m.y. based on radioiso-
topic ages (Sprain et al., 2015, 2018). This is too 
short for typical tectonic uplift and subsidence 
cycles, implying that other processes influenced 
river dynamics on geologically short time scales.

The change to a poorly drained floodplain has 
also been linked to rising sea level in the Western 
Interior Seaway, which led to transgression of 
the Cannonball Sea (Fastovsky and McSwee-
ney, 1987; Johnson et al., 2002). The Cannon-
ball transgression likely caused flooding, favored 
development of wetlands, and influenced river 
systems near the shore. Several transgressive-
regressive sequences are recorded in the latest 
Cretaceous and early Paleocene, including the 
Fox Hills Formation and the Breien and Can-
tapeta members (Hoganson and Murphy, 2002; 
Murphy et al., 2002; Johnson et al., 2002). Such 
recurring, short-lived base level fluctuations 
could have rapidly altered river patterns and 
depositional styles.

Alternatively, climate change may have 
influenced river systems in the Late Cretaceous 
and early Paleocene. Temperature fluctua-
tions in the Hell Creek area (Tobin et al., 2014; 
O’Connor et al., 2024) were likely accompanied 
by changes in precipitation. Numerical models 
indicate that the rise of mountain ranges during 
the Sevier and Laramide orogenies, combined 
with the presence of an inland sea to the east 
and a warm global climate, may have driven a 
summer monsoon on the eastern margin of the 
Sevier highlands (Weaver et  al., 2024; Fricke 
et al., 2010; Sewall and Fricke, 2013). Oxygen 
isotope data from Montana and Alberta, Canada, 
support a monsoonal influence on Late Creta-
ceous precipitation, with foreland rivers fed by 
both high-elevation monsoon rains and local 
lowland rainfall (Fricke et al., 2008, 2010). As 
the Western Interior Seaway transgressed and 
regressed in the Late Cretaceous, the moisture 
source supporting monsoon rainfall also varied, 
which may have altered river discharge, direc-
tion, and planform style.

West et al. (2021) invoked a monsoon influ-
ence on environmental transitions near the KPB. 
They documented a perennially warm and wet 
early Paleocene climate in southwestern Sas-
katchewan, Canada, contrasting with seasonal 
drought in the same region during the Late Cre-
taceous (McIver, 2002; Bamforth et al., 2014). 
West et  al. (2021) attributed this to varying 
monsoon intensity as the Western Interior Sea-
way advanced and retreated. The climatic shift in 
Saskatchewan mirrors the transition from well-
drained to wet, poorly drained environments in 
the Hell Creek area, which could similarly be 
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attributed to monsoon dynamics. However, it is 
currently difficult to evaluate a climatic influence 
on Hell Creek river systems because hydrologi-
cal data are limited. Further research into Late 
Cretaceous precipitation and hydroclimate could 
clarify the climate’s role in shaping regional 
hydrology.

SYNTHESIS AND CONCLUSIONS

Cretaceous-Paleogene boundary (KPB) sedi-
ments in the Western Interior of North America 
record a transition from well-drained settings 
to poorly drained floodplains featuring ponds 
and peat bogs. This transition is reflected in 
the increasing abundance of coal, lignite, and 
fine-grained sediments across the boundary, 
indicating a rising abundance of standing water. 
Because the depositional shift coincides with 
the Cretaceous–Paleogene mass extinction, it 
has been suggested that widespread vegetation 
loss—potentially from wildfires ignited by the 
bolide impact—led to increased runoff, desta-
bilized riverbanks, and large-scale flooding that 
could explain the observed changes. However, 
alternative explanations such as tectonic and sea-
level changes have also been proposed.

If the extinction event disrupted river systems 
and triggered catastrophic flooding, evidence of 
these changes may be preserved in geological 
records of river flow across the boundary. We 
present and analyze a large dataset of 2941 
paleocurrent indicators from remotely mapped 
elongate concretions in the Hell Creek area 
of eastern Montana. The data show that river 
systems did not undergo major reorganization 
at the KPB. Instead, paleocurrents maintained 
a dominant NW-SE flow direction through 
the Cretaceous–Paleogene extinction bound-
ary, with a transition to a bimodal NW-SE 
and SW-NE pattern occurring ∼400 k.y. after 
the boundary. This suggests that although the 
extinction event coincided with a rising water 
table, it did not directly trigger large-scale river 
system changes.

We also introduce a method to distinguish 
meandering from braided river deposits using 
paleocurrent distributions, which helps to detect 
shifts in river planform style. Our analysis 
reveals no significant change in planform style 
across the KPB, implying that the extinction 
did not have significant and lasting effects on 
river systems in the Western Interior. Instead, 
the observed paleocurrent patterns may reflect 
a combination of tectonic influences and short-
term hydrological changes. Laramide tectonics 
may have contributed to long-term drainage 
evolution, but abrupt, small-scale fluctuations in 
paleocurrent direction suggest additional short-
term controls, such as climate variability.

This work highlights the potential of remote 
sensing in reconstructing paleoriver evolu-
tion with high spatial and temporal resolution, 
offering new insights into how fluvial systems 
respond to environmental change.

ACKNOWLEDGMENTS

This material is based upon work supported by the 
U.S. National Science Foundation (NSF) Graduate 
Research Fellowship Program under grant no. DGE 
2146752 to C.E.J. Hasler and grant EAR-2321342 to 
P.R. Renne. Any opinions, findings, and conclusions 
or recommendations expressed in this material are 
those of the author(s) and do not necessarily reflect 
the views of the NSF. Thanks to Andrew Tholt, An-
thony Fuentes, Jack Carter, Tom Tobin, Luke Weaver, 
and Greg Wilson Mantilla for discussions that in-
formed this work. Sincere thanks to Ray Rogers and 
Kirk Johnson for constructive reviews that greatly im-
proved the quality of the manuscript.

REFERENCES CITED

Allen, J.R.L., 1983, Studies in fluviatile sedimentation: Bars, 
bar-complexes and sandstone sheets (low-sinuosity 
braided streams) in the Brownstones (Lower Devonian), 
Welsh borders: Sedimentary Geology, v. 33, p. 237–
293, https://doi​.org​/10​.1016​/0037-0738(83)90076-3.

Alvarez, L.W., 1983, Experimental evidence that an asteroid 
impact led to the extinction of many species 65 mil-
lion years ago: Proceedings of the National Academy 
of Sciences of the United States of America, v. 80, no. 
2, p. 627–642, https://doi​.org​/10​.1073​/pnas​.80​.2​.627.

Archibald, J.D., 1982, A study of Mammalia and Geology 
across the Cretaceous-Tertiary boundary in Garfield 
County, Montana: Berkeley, California, University of 
California Press, 393 p.

Baiyegunhi, C., and Liu, K., 2021, Sedimentary facies, stra-
tigraphy, and depositional environments of the Ecca 
Group, Karoo Supergroup in the Eastern Cape Prov-
ince of South Africa: Open Geosciences, v. 13, no. 1, 
p. 748–781, https://doi​.org​/10​.1515​/geo-2020-0256.

Bamforth, E.L., Button, C.L., and Larsson, H.C.E., 2014, Pa-
leoclimate estimates and fire ecology immediately prior 
to the end-Cretaceous mass extinction in the Frenchman 
Formation (66 Ma), Saskatchewan, Canada: Palaeo-
geography, Palaeoclimatology, Palaeoecology, v.  401, 
p. 96–110, https://doi​.org​/10​.1016​/j​.palaeo​.2014​.02​.020.

Bardeen, C.G., Garcia, R.R., Toon, O.B., and Conley, A.J., 
2017, On transient climate change at the Cretaceous–
Paleogene boundary due to atmospheric soot injections: 
Proceedings of the National Academy of Sciences of 
the United States of America, v. 114, no. 36, p. E7415–
E7424, https://doi​.org​/10​.1073​/pnas​.1708980114.

Belt, E.S., Flores, R.M., Warwick, P.D., Conway, K.M., 
Johnson, K.R., and Waskowitz, R.S., 1985, Relation-
ship of fluviodeltaic facies to coal deposition in the 
lower Fort Union Formation (Palaeocene), southwest-
ern North Dakota, in Rahmani, R.A., and Flores, R.M., 
eds., Sedimentology of Coal and Coal-Bearing Se-
quences: International Association of Sedimentologists 
Special Publication, v. 7, p. 177–195, https://doi​.org​/10​
.1002​/9781444303797​.ch10.

Bendixen, Q., 2021, Fluvial and sequence stratigraphy anal-
ysis of the Hell Creek and Fort Union formations to 
test models for sedimentation across the Cretaceous-
Paleogene boundary in Makoshika State Park, Glen-
dive, Montana [M.S. thesis]: Milwaukee, Wisconsin, 
University of Wisconsin Milwaukee, 195 p., https://dc​
.uwm​.edu​/etd​/2761.

Biek, B., 1994, Concretions and nodules in North Dakota: 
Cannonballs, logs, and other oddities: North Dakota 
Geological Survey Newsletter, v. 21, no. 2.

Bluck, B.J., 1979, Structure of coarse grained braided stream 
alluvium: Earth and Environmental Science Transac-
tions of the Royal Society of Edinburgh, v. 70, p. 181–
221, https://doi​.org​/10​.1017​/S0080456800012795.

Bridge, J.S., 1985, Paleochannel patterns inferred from allu-
vial deposits; a critical evaluation: Journal of Sedimen-
tary Research, v. 55, no. 4, p. 579–589, https://doi​.org​
/10​.1306​/212F8738-2B24-11D7-8648000102C1865D.

Bristow, C.S., 1987, Brahmaputra River: Channel migration 
and deposition, in Ethridge, F.G., Flores, R.M., and 
Harvey, M.D., eds., Recent Developments in Fluvial 
Sedimentology: SEPM Society for Sedimentary Geol-
ogy Special Publication, v. 39, p. 63–74, https://doi​.org​
/10​.2110​/pec​.87​.39​.0063.

Brown, B., 1907, The Hell Creek beds of the Upper Cre-
taceous of Montana: Their relation to contiguous de-
posits, with faunal and floral lists, and a discussion of 
their correlation: Bulletin of the American Museum of 
Natural History, v. 23, 33, p. 823–845, http://hdl​.handle​
.net​/2246​/1936.

Campbell, C.V., 1976, Reservoir geometry of a fluvial sheet 
sandstone: AAPG Bulletin, v. 60, no. 7, p. 1009–1020, 
https://doi​.org​/10​.1306​/C1EA3609-16C9-11D7​
-8645000102C1865D.

Catuneanu, O., Sweet, A.R., and Miall, A.D., 2000, Recip-
rocal stratigraphy of the Campanian–Paleocene West-
ern Interior of North America: Sedimentary Geology, 
v.  134, no. 3-4, p.  235–255, https://doi​.org​/10​.1016​
/S0037-0738(00)00045-2.

Chan, M.A., and Pfaff, B.J., 1991, Fluvial sedimentology 
of the Upper Cretaceous Castlegate Sandstone, Book 
Cliffs, Utah, in Geology of East-Central Utah: Utah 
Geological Association Field Trip Guidebook, p. 95–
110.

Cherven, V.B., 1973, High- and low-sinuosity stream depos-
its of the Sentinel Butte Formation (Paleocene), McK-
enzie County, North Dakota [M.S. thesis]: Grand Forks, 
North Dakota, University of North Dakota, 139 p.

Colton, G.W., 1967, Orientation of carbonate concretions 
in the Upper Devonian of New York: U.S. Geological 
Survey Professional Paper 575-B, p. 57–59.

Copeland, P., Currie, C.A., Lawton, T.F., and Murphy, M.A., 
2017, Location, location, location: The variable lifes-
pan of the Laramide orogeny: Geology, v. 45, p. 223–
226, https://doi​.org​/10​.1130​/G38810​.1.

Darton, N.H., 1903, Preliminary report on the geology and 
water resources of Nebraska west of the one hundred 
and third meridian: U.S. Geological Survey Profes-
sional Paper 17, 69 p., https://doi​.org​/10​.3133​/pp17.

Davies, N.S., and Gibling, M.R., 2010, Cambrian to Devo-
nian evolution of alluvial systems: The sedimentologi-
cal impact of the earliest land plants: Earth-Science 
Reviews, v. 98, p. 171–200, https://doi​.org​/10​.1016​/j​
.earscirev​.2009​.11​.002.

Davies, N.S., and Gibling, M.R., 2011, Evolution of fixed-
channel alluvial plains in response to Carboniferous 
vegetation: Nature Geoscience, v. 4, no. 9, p. 629–633, 
https://doi​.org​/10​.1038​/ngeo1237.

Fastovsky, D.E., 1987, Paleoenvironments of vertebrate-
bearing strata during the Cretaceous-Paleogene tran-
sition, eastern Montana and western North Dakota: 
Palaios, v. 2, no. 3, p. 282–295, https://doi​.org​/10​.2307​
/3514678.

Fastovsky, D.E., and Bercovici, A., 2016, The Hell Creek 
Formation and its contribution to the Cretaceous–Paleo-
gene extinction: A short primer: Cretaceous Research, 
v. 57, p. 368–390, https://doi​.org​/10​.1016​/j​.cretres​.2015​
.07​.007.

Fastovsky, D.E., and Dott, R.H., Jr., 1986, Sedimentol-
ogy, stratigraphy, and extinctions during the Creta-
ceous-Paleogene transition at Bug Creek, Montana: 
Geology, v.  14, p.  279–282, https://doi​.org​/10​.1130​
/0091-7613(1986)14<279:SSAEDT>2​.0​.CO;2.

Fastovsky, D.E., and McSweeney, K., 1987, Paleosols span-
ning the Cretaceous-Paleogene transition, eastern Mon-
tana and western North Dakota: Geological Society of 
America Bulletin, v.  99, p.  66–77, https://doi​.org​/10​
.1130​/0016-7606(1987)99<66:PSTCTE>2​.0​.CO;2.

Fastovsky, D.E., Sheehan, P.M., Isbell, J.L., and Grandpre, 
R., 2008, Anomalous, temporary terrestrial sedimentary 
environments following Cretaceous-Tertiary ecosystem 
disruptions: North America, Asia, and Europe: Geologi-
cal Society of America Abstracts with Programs, v. 40, 
no. 6, p. 322.

Fendley, I.M., Mittal, T., Sprain, C.J., Marvin-DiPasquale, 
M., Tobin, T.S., and Renne, P.R., 2019, Constraints on 

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38532.1/7469321/b38532.pdf by GSA RBAC, Paul R. Renne  on 17 November 2025

https://doi.org/10.1016/0037-0738(83)90076-3
https://doi.org/10.1073/pnas.80.2.627
https://doi.org/10.1515/geo-2020-0256
https://doi.org/10.1016/j.palaeo.2014.02.020
https://doi.org/10.1073/pnas.1708980114
https://doi.org/10.1002/9781444303797.ch10
https://doi.org/10.1002/9781444303797.ch10
https://dc.uwm.edu/etd/2761
https://dc.uwm.edu/etd/2761
https://doi.org/10.1017/S0080456800012795
https://doi.org/10.1306/212F8738-2B24-11D7-8648000102C1865D
https://doi.org/10.1306/212F8738-2B24-11D7-8648000102C1865D
https://doi.org/10.2110/pec.87.39.0063
https://doi.org/10.2110/pec.87.39.0063
http://hdl.handle.net/2246/1936
http://hdl.handle.net/2246/1936
https://doi.org/10.1306/C1EA3609-16C9-11D7-8645000102C1865D
https://doi.org/10.1306/C1EA3609-16C9-11D7-8645000102C1865D
https://doi.org/10.1016/S0037-0738(00)00045-2
https://doi.org/10.1016/S0037-0738(00)00045-2
https://doi.org/10.1130/G38810.1
https://doi.org/10.3133/pp17
https://doi.org/10.1016/j.earscirev.2009.11.002
https://doi.org/10.1016/j.earscirev.2009.11.002
https://doi.org/10.1038/ngeo1237
https://doi.org/10.2307/3514678
https://doi.org/10.2307/3514678
https://doi.org/10.1016/j.cretres.2015.07.007
https://doi.org/10.1016/j.cretres.2015.07.007
https://doi.org/10.1130/0091-7613(1986)14<279:SSAEDT>2.0.CO;2
https://doi.org/10.1130/0091-7613(1986)14<279:SSAEDT>2.0.CO;2
https://doi.org/10.1130/0016-7606(1987)99<66:PSTCTE>2.0.CO;2
https://doi.org/10.1130/0016-7606(1987)99<66:PSTCTE>2.0.CO;2


Hasler and Renne

10	 Geological Society of America Bulletin, v. 136, no. XX/XX

the volume and rate of Deccan Traps flood basalt erup-
tions using a combination of high-resolution terrestrial 
mercury records and geochemical box models: Earth 
and Planetary Science Letters, v. 524, https://doi​.org​/10​
.1016​/j​.epsl​.2019​.115721.

Ferguson, R.I., 1977, Meander sinuosity and direc-
tion variance: Geological Society of America Bul-
letin, v.  88, p.  212–214, https://doi​.org​/10​.1130​
/0016-7606(1977)88<212:MSADV>2​.0​.CO;2.

Foreman, B.Z., Heller, P.L., and Clementz, M.T., 2012, 
Fluvial response to abrupt global warming at the Pa-
laeocene/Eocene boundary: Nature, v. 491, no. 7422, 
p. 92–95, https://doi​.org​/10​.1038​/nature11513.

Fowler, D., 2020, The Hell Creek Formation, Montana: A 
stratigraphic review and revision based on a sequence 
stratigraphic approach: Geosciences, v.  10, no. 11, 
https://doi​.org​/10​.3390​/geosciences10110435.

Fricke, H.C., Rogers, R.R., Backlund, R., Dwyer, C.N., 
and Echt, S., 2008, Preservation of primary stable 
isotope signals in dinosaur remains, and environmental 
gradients of the Late Cretaceous of Montana and 
Alberta: Palaeogeography, Palaeoclimatology, 
Palaeoecology, v.  266, no. 1-2, p.  13–27, https://doi​
.org​/10​.1016​/j​.palaeo​.2008​.03​.030.

Fricke, H.C., Foreman, B.Z., and Sewall, J.O., 2010, Integrat-
ed climate model-oxygen isotope evidence for a North 
American monsoon during the Late Cretaceous: Earth 
and Planetary Science Letters, v. 289, no. 1-2, p. 11–21, 
https://doi​.org​/10​.1016​/j​.epsl​.2009​.10​.018.

Frye, C., 1967, The Hell Creek Formation in North Dakota 
[Ph.D. thesis]: Grand Forks, North Dakota, University 
of North Dakota, 155 p., https://commons​.und​.edu​
/theses​/101.

Groenwold, G., 1971, Concretions and nodules in the Hell 
Creek Formation, southwestern North Dakota [M.S. 
thesis]: Grand Forks, North Dakota, University of North 
Dakota, 120 p., https://commons​.und​.edu​/theses​/112.

Guo, X., Chen, D., and Parker, G., 2019, Flow directionality 
of pristine meandering rivers is embedded in the skew-
ing of high-amplitude bends and neck cutoffs: Proceed-
ings of the National Academy of Sciences of the United 
States of America, v. 116, no. 47, p. 23,448–23,454, 
https://doi​.org​/10​.1073​/pnas​.1910874116.

Hartley, A.J., Owen, A., Swan, A., Weissmann, G.S., Hol-
zweber, B.I., Howell, J., Nichols, G., and Scuderi, L., 
2015, Recognition and importance of amalgamated 
sandy meander belts in the continental rock record: 
Geology, v.  43, p.  679–682, https://doi​.org​/10​.1130​
/G36743​.1.

Hartley, A.J., Owen, A., Weissmann, G.S., and Scuderi, L., 
2018, Modern and ancient amalgamated sandy mean-
der-belt deposits: Recognition and controls on devel-
opment, in Ventra, D., and Clarke, L.E., eds., Fluvial 
Meanders and Their Sedimentary Products in the Rock 
Record: Hoboken, New Jersey, John Wiley & Sons, 
p.  349–383, https://doi​.org​/10​.1002​/9781119424437​
.ch14.

Hasson, M., Lapotre, M.G.A., Ielpi, A., and Finotello, A., 
2024, Vegetation alters the migration trajectory of 
river meander bends: Abstract EP41E-1245 presented 
at 2024 Fall Meeting, American Geophysical Union, 
Washington, D.C., 9–13 December.

Hoganson, J.W., and Murphy, E.C., 2002, Marine Breien 
Member (Maastrichtian) of the Hell Creek Forma-
tion in North Dakota: Stratigraphy, vertebrate fossil 
record, and age, in Hartman, J.H., Johnson, K.R., and 
Nichols, D.J., eds., The Hell Creek Formation and the 
Cretaceous-Tertiary boundary in the northern Great 
Plains: Geological Society of America Special Paper 
361, p. 247–269, https://doi​.org​/10​.1130​/0-8137-2361​
-2​.247.

Ielpi, A., Lapôtre, M.G.A., Gibling, M.R., and Boyce, C.K., 
2022, The impact of vegetation on meandering riv-
ers: Nature Reviews Earth & Environment, v.  3, no. 
3, p.  165–178, https://doi​.org​/10​.1038​/s43017-021​
-00249-6.

Jacob, A.F., 1973, Elongate concretions as paleochan-
nel indicators, Tongue River Formation (Paleocene), 
North Dakota: Geological Society of America Bul-
letin, v.  84, p.  2127–2132, https://doi​.org​/10​.1130​
/0016-7606(1973)84<2127:ECAPIT>2​.0​.CO;2.

Johnson, K.R., Nichols, D.J., and Hartman, J.H., 2002, Hell 
Creek Formation: A 2001 synthesis, in Hartman, J.H., 
Johnson, K.R., and Nichols, D.J., eds., The Hell Creek 
Formation and the Cretaceous-Tertiary Boundary in the 
Northern Great Plains: Geological Society of America 
Special Paper 361, p. 503–510, https://doi​.org​/10​.1130​
/0-8137-2361-2​.503.

Johnson, M.R., 1989, Paleogeographic significance of ori-
ented calcareous concretions in the Triassic Katberg 
Formation, South Africa: Journal of Sedimentary Re-
search, v. 59, no. 6, p. 1008–1010, https://doi​.org​/10​
.1306​/212F90D9-2B24-11D7-8648000102C1865D.

Kruge, M.A., Stankiewicz, B.A., Crelling, J.C., Mon-
tanari, A., and Bensley, D.F., 1994, Fossil charcoal 
in Cretaceous-Tertiary boundary strata: Evidence for 
catastrophic firestorm and megawave: Geochimica 
et Cosmochimica Acta, v.  58, no. 4, p.  1393–1397, 
https://doi​.org​/10​.1016​/0016-7037(94)90394-8.

Langbein, W.B., and Leopold, L.B., 1970, River meanders 
and the theory of minimum variance, in Dury, G.H., 
ed., Rivers and River Terraces: London, Palgrave 
Macmillan, p.  238–263, https://doi​.org​/10​.1007​/978​
-1-349-15382-4_9.

Leopold, L.B., and Wolman, M.G., 1960, River me-
anders: Geological Society of America Bulle-
tin, v.  71, p.  769–793, https://doi​.org​/10​.1130​
/0016-7606(1960)71[769:RM]2​.0​.CO;2.

McBride, E.F., Picard, M.D., and Folk, R.L., 1994, Oriented 
concretions, Ionian Coast, Italy: Evidence of ground-
water flow direction: Journal of Sedimentary Research, 
v.  64, no. 3a, p.  535–540, https://doi​.org​/10​.1306​
/D4267DFC-2B26-11D7-8648000102C1865D.

McCafferty, A.E., San Juan, C.A., Lawley, C.J.M., Graham, 
G.E., Gadd, M.G., Huston, D.L., Kelley, K.D., Paradis, 
S., Peter, J.M., and Czarnota, K., 2023, National-scale 
geophysical, geologic, and mineral resource data and 
grids for the United States, Canada, and Australia: Data 
in support of the Tri-National Critical Minerals Map-
ping Initiative (version 1.1, March 2025): U.S. Geo-
logical Survey Data Release, https://doi​.org​/10​.5066​
/P970GDD5.

McInnes, L., Healy, J., Saul, N., and Großberger, L., 2018, 
UMAP: Uniform Manifold Approximation and Projec-
tion: Journal of Open Source Software, v. 3, no. 29, 
https://doi​.org​/10​.21105​/joss​.00861.

McIver, E.E., 2002, The paleoenvironment of Tyrannosaurus 
rex from southwestern Saskatchewan, Canada: Cana-
dian Journal of Earth Sciences, v. 39, no. 2, p. 207–221, 
https://doi​.org​/10​.1139​/e01-073.

Melosh, H.J., Schneider, N.M., Zahnle, K.J., and Latham, D., 
1990, Ignition of global wildfires at the Cretaceous/Ter-
tiary boundary: Nature, v. 343, no. 6255, p. 251–254, 
https://doi​.org​/10​.1038​/343251a0.

Miall, A.D., 1980, Cyclicity and the facies model concept in 
fluvial deposits: Bulletin of Canadian Petroleum Geol-
ogy, v. 28, no. 1, p. 59–79.

Miall, A.D., 1994, Reconstructing fluvial macroform archi-
tecture from two-dimensional outcrops; examples from 
the Castlegate Sandstone, Book Cliffs, Utah: Journal 
of Sedimentary Research, v. 64, no. 2b, p. 146–158, 
https://doi​.org​/10​.1306​/D4267F78-2B26-11D7​
-8648000102C1865D.

Moody-Stuart, M., 1966, High- and low-sinuosity stream 
deposits, with examples from the Devonian of Spits-
bergen: Journal of Sedimentary Research, v.  36, no. 
4, p.  1102–1117, https://doi​.org​/10​.1306​/74D71609​
-2B21-11D7-8648000102C1865D.

Mozley, P.S., and Davis, J.M., 1996, Relationship between 
oriented calcite concretions and permeability correla-
tion structure in an alluvial aquifer, Sierra Ladrones 
Formation, New Mexico: Journal of Sedimentary Re-
search, v. 66, no. 1, p. 11–16, https://doi​.org​/10​.1306​
/D4268293-2B26-11D7-8648000102C1865D.

Murphy, D.A., 1986, Sedimentation of the upper Hell 
Creek Formation (Upper Cretaceous), Carter 
County, southeast Montana [Ph.D. dissertation]: 
San Diego, California, San Diego State Univer-
sity, 186 p., https://digitalcollections​.sdsu​.edu​/do​
/61016946-6ee1-4e50-af68-6da5149cfda2.

Murphy, E.C., Nichols, D.J., Hoganson, J.W., and Forsman, 
N.F., 1995, The Cretaceous/Tertiary boundary in south-

central North Dakota: North Dakota Geological Survey 
Report, 38 p.

Murphy, E.C., Hoganson, J.W., and Johnson, K.R., 2002, 
Lithostratigraphy of the Hell Creek Formation in 
North Dakota, in Hartman, J.H., Johnson, K.R., and 
Nichols, D.J., eds., The Hell Creek Formation and the 
Cretaceous-Tertiary Boundary in the Northern Great 
Plains: Geological Society of America Special Paper 
361, p. 9–34, https://doi​.org​/10​.1130​/0-8137-2361-2​.9.

Murray, A.B., and Paola, C., 1994, A cellular model of braid-
ed rivers: Nature, v. 371, no. 6492, p. 54–57, https://doi​
.org​/10​.1038​/371054a0.

Murray, A.B., and Paola, C., 1997, Properties of a cellular 
braided-stream model: Earth Surface Processes and 
Landforms, v. 22, no. 11, p. 1001–1025, https://doi​
.org​/10​.1002​/(SICI)1096-9837(199711)22:11<1001:​
:AID-ESP798>3​.0​.CO;2-O.

Nonhlanhla, N., 2014, Stratigraphy, sedimentary facies 
and diagenesis of the Ecca Group, Karoo Supergroup 
in the Eastern Cape, South Africa [M.S. thesis]: Al-
ice, South Africa, University of Fort Hare, 137 p., 
https://libdspace​.ufh​.ac​.za​/items​/9b67d146-fbfb-4861​
-bfcd-974be054ccd6.

O’Connor, L.K., Jerrett, R.M., Price, G.D., Lyson, T.R., 
Lengger, S.K., Peterse, F., and van Dongen, B.E., 2024, 
Terrestrial evidence for volcanogenic sulfate-driven 
cooling event ∼30 kyr before the Cretaceous–Paleo-
gene mass extinction: Science Advances, v. 10, no. 51, 
https://doi​.org​/10​.1126​/sciadv​.ado5478.

Parsons, M., 1980, Distribution and origin of elongate sand-
stone concretions, Bullion Creek and Slope formations 
(Paleocene), Adams County, North Dakota [M.S. the-
sis]: Grand Forks, North Dakota, University of North 
Dakota, 118 p., https://commons​.und​.edu​/theses​/220.

Pirrie, D., 1987, Oriented calcareous concretions from James 
Ross Island, Antarctica: British Antarctic Survey Bul-
letin, v. 75, p. 41–50.

Pomar, L., Westphal, H., and Obrador, A., 2004, Oriented 
calcite concretions in upper Miocene carbonate rocks 
of Menorca, Spain: Evidence for fluid flow through a 
heterogenous porous system: Geologica Acta, v. 2, no. 
4, p. 271–284.

Prosser, I.P., and Slade, C.J., 1994, Gully formation and the 
role of valley-floor vegetation, southeastern Australia: 
Geology, v. 22, p. 1127–1130, https://doi​.org​/10​.1130​
/0091-7613(1994)022<1127:GFATRO>2​.3​.CO;2.

Raiswell, R., and White, N.J.M., 1978, Spatial aspects of 
concretionary growth in the Upper Lias of Northeast 
England: Sedimentary Geology, v.  20, p.  291–300, 
https://doi​.org​/10​.1016​/0037-0738(78)90059-3.

Range, M.M., Arbic, B.K., Johnson, B.C., Moore, T.C., 
Titov, V., Adcroft, A.J., Ansong, J.K., Hollis, C.J., 
Ritsema, J., Scotese, C.R., and Wang, H., 2022, The 
Chicxulub impact produced a powerful global tsuna-
mi: AGU Advances, v. 3, no. 5, https://doi​.org​/10​.1029​
/2021AV000627.

Retallack, G.J., 1994, A pedotype approach to latest 
Cretaceous and earliest Tertiary paleosols in east-
ern Montana: Geological Society of America Bul-
letin, v.  106, p.  1377–1397, https://doi​.org​/10​.1130​
/0016-7606(1994)106<1377:APATLC>2​.3​.CO;2.

Rigby, J.K., and Rigby, J.K., Jr., 1990, Geology of the Sand 
Arroyo and Bug Creek quadrangles, McCone County, 
Montana: Geology Studies, v. 36, p. 69–134.

Robertson, D.S., McKenna, M.C., Toon, O.B., Hope, S., and 
Lillegraven, J.A., 2004, Survival in the first hours of 
the Cenozoic: Geological Society of America Bulletin, 
v. 116, p. 760–768, https://doi​.org​/10​.1130​/B25402​.1.

Robertson, D.S., Lewis, W.M., Sheehan, P.M., and Toon, 
O.B., 2013, K-Pg extinction: Reevaluation of the heat-
fire hypothesis: Journal of Geophysical Research: Bio-
geosciences, v. 118, no. 1, p. 329–336, https://doi​.org​
/10​.1002​/jgrg​.20018.

Royse, C.F., 1970, A sedimentologic analysis of the Tongue 
River–Sentinel Butte interval (Paleocene) of the Wil-
liston Basin, western North Dakota: Sedimentary 
Geology, v. 4, p. 19–80, https://doi​.org​/10​.1016​/0037​
-0738(70)90003-5.

Santa Catharina, A., Kneller, B.C., Marques, J.C., McArthur, 
A.D., Cevallos-Ferriz, S.R.S., Theurer, T., Kane, I.A., 
and Muirhead, D., 2022, Timing and causes of forest 

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38532.1/7469321/b38532.pdf by GSA RBAC, Paul R. Renne  on 17 November 2025

https://doi.org/10.1016/j.epsl.2019.115721
https://doi.org/10.1016/j.epsl.2019.115721
https://doi.org/10.1130/0016-7606(1977)88<212:MSADV>2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88<212:MSADV>2.0.CO;2
https://doi.org/10.1038/nature11513
https://doi.org/10.3390/geosciences10110435
https://doi.org/10.1016/j.palaeo.2008.03.030
https://doi.org/10.1016/j.palaeo.2008.03.030
https://doi.org/10.1016/j.epsl.2009.10.018
https://commons.und.edu/theses/101
https://commons.und.edu/theses/101
https://commons.und.edu/theses/112
https://doi.org/10.1073/pnas.1910874116
https://doi.org/10.1130/G36743.1
https://doi.org/10.1130/G36743.1
https://doi.org/10.1002/9781119424437.ch14
https://doi.org/10.1002/9781119424437.ch14
https://doi.org/10.1130/0-8137-2361-2.247
https://doi.org/10.1130/0-8137-2361-2.247
https://doi.org/10.1038/s43017-021-00249-6
https://doi.org/10.1038/s43017-021-00249-6
https://doi.org/10.1130/0016-7606(1973)84<2127:ECAPIT>2.0.CO;2
https://doi.org/10.1130/0016-7606(1973)84<2127:ECAPIT>2.0.CO;2
https://doi.org/10.1130/0-8137-2361-2.503
https://doi.org/10.1130/0-8137-2361-2.503
https://doi.org/10.1306/212F90D9-2B24-11D7-8648000102C1865D
https://doi.org/10.1306/212F90D9-2B24-11D7-8648000102C1865D
https://doi.org/10.1016/0016-7037(94)90394-8
https://doi.org/10.1007/978-1-349-15382-4_9
https://doi.org/10.1007/978-1-349-15382-4_9
https://doi.org/10.1130/0016-7606(1960)71[769:RM]2.0.CO;2
https://doi.org/10.1130/0016-7606(1960)71[769:RM]2.0.CO;2
https://doi.org/10.1306/D4267DFC-2B26-11D7-8648000102C1865D
https://doi.org/10.1306/D4267DFC-2B26-11D7-8648000102C1865D
https://doi.org/10.5066/P970GDD5
https://doi.org/10.5066/P970GDD5
https://doi.org/10.21105/joss.00861
https://doi.org/10.1139/e01-073
https://doi.org/10.1038/343251a0
https://doi.org/10.1306/D4267F78-2B26-11D7-8648000102C1865D
https://doi.org/10.1306/D4267F78-2B26-11D7-8648000102C1865D
https://doi.org/10.1306/74D71609-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D71609-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/D4268293-2B26-11D7-8648000102C1865D
https://doi.org/10.1306/D4268293-2B26-11D7-8648000102C1865D
https://digitalcollections.sdsu.edu/do/61016946-6ee1-4e50-af68-6da5149cfda2
https://digitalcollections.sdsu.edu/do/61016946-6ee1-4e50-af68-6da5149cfda2
https://doi.org/10.1130/0-8137-2361-2.9
https://doi.org/10.1038/371054a0
https://doi.org/10.1038/371054a0
https://doi.org/10.1002/(SICI)1096-9837(199711)22:11<1001::AID-ESP798>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1096-9837(199711)22:11<1001::AID-ESP798>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1096-9837(199711)22:11<1001::AID-ESP798>3.0.CO;2-O
https://libdspace.ufh.ac.za/items/9b67d146-fbfb-4861-bfcd-974be054ccd6
https://libdspace.ufh.ac.za/items/9b67d146-fbfb-4861-bfcd-974be054ccd6
https://doi.org/10.1126/sciadv.ado5478
https://commons.und.edu/theses/220
https://doi.org/10.1130/0091-7613(1994)022<1127:GFATRO>2.3.CO;2
https://doi.org/10.1130/0091-7613(1994)022<1127:GFATRO>2.3.CO;2
https://doi.org/10.1016/0037-0738(78)90059-3
https://doi.org/10.1029/2021AV000627
https://doi.org/10.1029/2021AV000627
https://doi.org/10.1130/0016-7606(1994)106<1377:APATLC>2.3.CO;2
https://doi.org/10.1130/0016-7606(1994)106<1377:APATLC>2.3.CO;2
https://doi.org/10.1130/B25402.1
https://doi.org/10.1002/jgrg.20018
https://doi.org/10.1002/jgrg.20018
https://doi.org/10.1016/0037-0738(70)90003-5
https://doi.org/10.1016/0037-0738(70)90003-5


Concretions record river system evolution across the KPB

	 Geological Society of America Bulletin, v. 136, no. XX/XX	 11

fire at the K–Pg boundary: Scientific Reports, v. 12, 
https://doi​.org​/10​.1038​/s41598-022-17292-y.

Schulte, P., et al., 2010, The Chicxulub asteroid impact and 
mass extinction at the Cretaceous–Paleogene boundary: 
Science, v. 327, p. 1214–1218, https://doi​.org​/10​.1126​
/science​.1177265.

Schultz, C., 1941, The Pipy concretions of the Arikaree: 
Bulletin of the University of Nebraska State Museum, 
v.  2, no. 3, p.  1–31, https://digitalcommons​.unl​.edu​
/museumbulletin​/23.

Schumm, S.A., 1968, Speculations concerning paleohydrolog-
ic controls of terrestrial sedimentation: Geological Soci-
ety of America Bulletin, v. 79, p. 1573–1588, https://doi​
.org​/10​.1130​/0016-7606(1968)79[1573:SCPCOT]2​.0​
.CO;2.

Schumm, S.A., 1985, Patterns of alluvial rivers: Annual Re-
view of Earth and Planetary Sciences, v. 13, p. 5–27, 
https://doi​.org​/10​.1146​/annurev​.ea​.13​.050185​.000253.

Semeraro, A., 2019, Paleocurrent variability in meander-
ing and braided river systems: Modern calibration 
and stratigraphic case studies spanning the Paleocene-
Eocene thermal maximum: Keck Geology Consortium 
Proceedings, v.  32, https://doi​.org​/10​.18277​/AKRSG​
.2019​.32​.30.

Sewall, J.O., and Fricke, H.C., 2013, Andean-scale high-
lands in the Late Cretaceous Cordillera of the North 
American western margin: Earth and Planetary Science 
Letters, v. 362, p. 88–98, https://doi​.org​/10​.1016​/j​.epsl​
.2012​.12​.002.

Sheehan, P.M., Isbell, J.L., Barreto, C., and Fastovsky, D.E., 
2004, The aftermath of the K/T extinction: Eastern 
Montana and western North Dakota: Geological 
Society of America Abstracts with Programs, v.  36, 
no. 5, p.  204, https://gsa​.confex​.com​/gsa​/2004AM​
/webprogram​/Paper79667​.html.

Smit, J., Roep, T.B., Alvarez, W., Montanari, A., Claeys, 
P., Grajales-Nishimura, J.M., and Bermudez, J., 1996, 
Coarse-grained, clastic sandstone complex at the K/T 
boundary around the Gulf of Mexico: Deposition by 
tsunami waves induced by the Chicxulub impact? in 
Ryder, G., Fastovsky, D.E., and Gartner, S., eds., The 
Cretaceous-Tertiary Event and Other Catastrophes in 
Earth History: Geological Society of America Special 
Paper 307, p. 151–182, https://doi​.org​/10​.1130​/0-8137​
-2307-8​.151.

Smith, D.G., 1976, Effect of vegetation on lateral mi-
gration of anastomosed channels of a glacier 
meltwater river: Geological Society of America 
Bulletin, v.  87, p.  857–860, https://doi​.org​/10​.1130​
/0016-7606(1976)87<857:EOVOLM>2​.0​.CO;2.

Sprain, C.J., Renne, P.R., Wilson, G.P., and Clemens, W.A., 
2015, High-resolution chronostratigraphy of the ter-
restrial Cretaceous-Paleogene transition and recovery 
interval in the Hell Creek region, Montana: Geologi-
cal Society of America Bulletin, v. 127, p. 393–409, 
https://doi​.org​/10​.1130​/B31076​.1.

Sprain, C.J., Renne, P.R., Clemens, W.A., and Wilson, G.P., 
2018, Calibration of chron C29r: New high-precision 
geochronologic and paleomagnetic constraints from 
the Hell Creek region, Montana: Geological Society of 
America Bulletin, v. 130, p. 1615–1644, https://doi​.org​
/10​.1130​/B31890​.1.

Stevenson, R.E., 1954, Cementations in northwestern South 
Dakota: Proceedings of the South Dakota Academy of 
Science, v. 33, p. 50–53.

Tabor, C.R., Bardeen, C.G., Otto-Bliesner, B.L., Garcia, 
R.R., and Toon, O.B., 2020, Causes and climatic con-
sequences of the impact winter at the Cretaceous-Pa-
leogene boundary: Geophysical Research Letters, v. 47, 
no. 3, https://doi​.org​/10​.1029​/2019GL085572.

Thakur, T.R., and Scheidegger, A.E., 1968, A test of the sta-
tistical theory of meander formation: Water Resources 
Research, v.  4, no. 2, p.  317–329, https://doi​.org​/10​
.1029​/WR004i002p00317.

Theakstone, W.H., 1981, Concretions in glacial sediments 
at Seglvatnet, Norway: Journal of Sedimentary Re-
search, v. 51, no. 1, p. 191–196, https://doi​.org​/10​.1306​
/212F7C43-2B24-11D7-8648000102C1865D.

Tobin, T.S., Wilson, G.P., Eiler, J.M., and Hartman, J.H., 
2014, Environmental change across a terrestrial Creta-
ceous-Paleogene boundary section in eastern Montana, 
USA, constrained by carbonate clumped isotope paleo-
thermometry: Geology, v. 42, p. 351–354, https://doi​
.org​/10​.1130​/G35262​.1.

Todd, J.E., 1903, Concretions and their geological effects: 
Geological Society of America Bulletin, v. 14, p. 353–
368, https://doi​.org​/10​.1130​/GSAB-14-353.

Van de Graaff, F.R., 1972, Fluvial-deltaic facies of the 
Castlegate Sandstone (Cretaceous), east-central Utah: 
Journal of Sedimentary Research, v. 42, no. 3, p. 558–
571, https://doi​.org​/10​.1306​/74D725B8-2B21-11D7​
-8648000102C1865D.

Ward, P.D., Montgomery, D.R., and Smith, R., 2000, Al-
tered river morphology in South Africa related to the 
Permian-Triassic extinction: Science, v. 289, no. 5485, 
p.  1740–1743, https://doi​.org​/10​.1126​/science​.289​
.5485​.1740.

Weaver, L.N., Tobin, T.S., Claytor, J.R., Deibel, P.K.W., 
Clemens, W.A., and Mantilla, G.P.W., 2022, Revised 
stratigraphic relationships within the Lower Fort Union 

Formation (Tullock Member, Garfield County, Montana, 
U.S.A.) provide a new framework for examining post 
K–Pg mammalian recovery dynamics: Palaios, v. 37, no. 
4, p. 104–127, https://doi​.org​/10​.2110​/palo​.2021​.011.

Weaver, L.N., Kelson, J.R., Holder, R.M., Niemi, N.A., and 
Badgley, C., 2024, On the role of tectonics in stimu-
lating the Cretaceous diversification of mammals: 
Earth-Science Reviews, v. 248, https://doi​.org​/10​.1016​
/j​.earscirev​.2023​.104630.

Went, D.J., and McMahon, W.J., 2018, Fluvial products and 
processes before the evolution of land plants: Evidence 
from the lower Cambrian Series Rouge, English Chan-
nel region: Sedimentology, v. 65, no. 7, p. 2559–2594, 
https://doi​.org​/10​.1111​/sed​.12478.

West, C.K., Reichgelt, T., and Basinger, J.F., 2021, The 
Ravenscrag Butte flora: Paleoclimate and paleoecol-
ogy of an early Paleocene (Danian) warm-temperate 
deciduous forest near the vanishing inland Cannonball 
Seaway: Palaeogeography, Palaeoclimatology, Palaeo-
ecology, v. 576, https://doi​.org​/10​.1016​/j​.palaeo​.2021​
.110488.

Wilf, P., Johnson, K.R., and Huber, B.T., 2003, Correlated 
terrestrial and marine evidence for global climate 
changes before mass extinction at the Cretaceous-
Paleogene boundary: Proceedings of the National 
Academy of Sciences of the United States of America, 
v. 100, no. 2, p. 599–604, https://doi​.org​/10​.1073​/pnas​
.0234701100.

Wolbach, W.S., Lewis, R.S., and Anders, E., 1985, Creta-
ceous extinctions: Evidence for wildfires and search for 
meteoritic material: Science, v. 230, no. 4722, p. 167–
170, https://doi​.org​/10​.1126​/science​.230​.4722​.167.

Wolbach, W.S., Gilmour, I., Anders, E., Orth, C.J., and 
Brooks, R.R., 1988, Global fire at the Cretaceous–Ter-
tiary boundary: Nature, v. 334, no. 6184, p. 665–669, 
https://doi​.org​/10​.1038​/334665a0.

Wolbach, W.S., Gilmour, I., and Anders, E., 1990, Major 
wildfires at the Cretaceous/Tertiary boundary, in Sharp-
ton, V.L., and Ward, P.D., eds., Global Catastrophes in 
Earth History; An Interdisciplinary Conference on Im-
pacts, Volcanism, and Mass Mortality: Geological So-
ciety of America Special Paper 247, p. 391–400, https://
doi​.org​/10​.1130​/SPE247-p391.

Science Editor: Wenjiao Xiao
Associate Editor: Feng Cheng

Manuscript Received 10 May 2025
Revised Manuscript Received 10 September 2025
Manuscript Accepted 1 October 2025

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38532.1/7469321/b38532.pdf by GSA RBAC, Paul R. Renne  on 17 November 2025

https://doi.org/10.1038/s41598-022-17292-y
https://doi.org/10.1126/science.1177265
https://doi.org/10.1126/science.1177265
https://digitalcommons.unl.edu/museumbulletin/23
https://digitalcommons.unl.edu/museumbulletin/23
https://doi.org/10.1130/0016-7606(1968)79[1573:SCPCOT]2.0.CO;2
https://doi.org/10.1130/0016-7606(1968)79[1573:SCPCOT]2.0.CO;2
https://doi.org/10.1130/0016-7606(1968)79[1573:SCPCOT]2.0.CO;2
https://doi.org/10.1146/annurev.ea.13.050185.000253
https://doi.org/10.18277/AKRSG.2019.32.30
https://doi.org/10.18277/AKRSG.2019.32.30
https://doi.org/10.1016/j.epsl.2012.12.002
https://doi.org/10.1016/j.epsl.2012.12.002
https://gsa.confex.com/gsa/2004AM/webprogram/Paper79667.html
https://gsa.confex.com/gsa/2004AM/webprogram/Paper79667.html
https://doi.org/10.1130/0-8137-2307-8.151
https://doi.org/10.1130/0-8137-2307-8.151
https://doi.org/10.1130/0016-7606(1976)87<857:EOVOLM>2.0.CO;2
https://doi.org/10.1130/0016-7606(1976)87<857:EOVOLM>2.0.CO;2
https://doi.org/10.1130/B31076.1
https://doi.org/10.1130/B31890.1
https://doi.org/10.1130/B31890.1
https://doi.org/10.1029/2019GL085572
https://doi.org/10.1029/WR004i002p00317
https://doi.org/10.1029/WR004i002p00317
https://doi.org/10.1306/212F7C43-2B24-11D7-8648000102C1865D
https://doi.org/10.1306/212F7C43-2B24-11D7-8648000102C1865D
https://doi.org/10.1130/G35262.1
https://doi.org/10.1130/G35262.1
https://doi.org/10.1130/GSAB-14-353
https://doi.org/10.1306/74D725B8-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D725B8-2B21-11D7-8648000102C1865D
https://doi.org/10.1126/science.289.5485.1740
https://doi.org/10.1126/science.289.5485.1740
https://doi.org/10.2110/palo.2021.011
https://doi.org/10.1016/j.earscirev.2023.104630
https://doi.org/10.1016/j.earscirev.2023.104630
https://doi.org/10.1111/sed.12478
https://doi.org/10.1016/j.palaeo.2021.110488
https://doi.org/10.1016/j.palaeo.2021.110488
https://doi.org/10.1073/pnas.0234701100
https://doi.org/10.1073/pnas.0234701100
https://doi.org/10.1126/science.230.4722.167
https://doi.org/10.1038/334665a0
https://doi.org/10.1130/SPE247-p391
https://doi.org/10.1130/SPE247-p391

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Elongated sandstone concretions record river system evolution across the Cretaceous-Paleogene boundary, Montana, USA﻿﻿﻿﻿

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿ABSTRACT﻿

	﻿﻿﻿﻿﻿﻿INTRODUCTION﻿

	﻿﻿﻿GEOLOGICAL BACKGROUND﻿

	﻿﻿﻿METHODS﻿

	﻿﻿Remote Sensing of Concretions﻿

	﻿﻿﻿Data Reduction﻿

	﻿﻿﻿Distinguishing Meandering and Braided Rivers﻿


	﻿﻿﻿﻿RESULTS﻿

	﻿﻿Mapped Concretions﻿

	﻿﻿﻿﻿Paleocurrent Changes Across the Cretaceous-Paleogene Boundary﻿

	﻿﻿﻿﻿Local Changes﻿


	﻿﻿﻿﻿DISCUSSION﻿

	﻿﻿Paleocurrent Analysis﻿

	﻿﻿﻿Fluvial Changes Across the Cretaceous-Paleogene Boundary﻿


	﻿﻿﻿﻿SYNTHESIS AND CONCLUSIONS﻿

	﻿REFERENCES CITED﻿

	Figure 1﻿
	Figure 2﻿
	Figure 3﻿
	Figure 4﻿
	Figure 5﻿




