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ABSTRACT

Sedimentation on river floodplains is a 
complex process that involves overbank 
flooding, crevasse splaying, and river avul-
sion. The resulting floodplain stratigraphy 
often exhibits floodplain aggradation cycles 
with alternating fine-grained overbank 
flooding deposits that underwent significant 
petrogenesis, and coarser-grained, avulsion-
belt deposits largely devoid of pedogenic 
impact. These cycles are linked to lateral 
migration and avulsion of channels driven 
by internal dynamics, external factors, or a 
combination of both. To better understand 
the spatial and vertical variability of such 
floodplain aggradation cycles, we map these 
in three dimensions using a photogram-
metric model of the lower Eocene Willwood 
Formation in the northern Bighorn Basin, 
Wyoming, USA. This allows identifying 44 
floodplain aggradation cycles in ∼300 m of 
strata with an average thickness of 6.8 m and 
a standard deviation of 2.0 m. All the cycles 
are traceable over the entire model, pointing 
to their spatial consistency over the 10 km2 
study area. At the same time, rapid lateral 
thickness changes of the floodplain aggrada-
tion cycles occur with changes up to 4 m over 
a lateral distance of 400 m. Variogram analy-
ses of both field and numerical-model results 
reveal stronger consistency of floodplain ag-
gradation cycle thicknesses along the paleo-
flow direction compared to perpendicular to 
paleoflow. Strong compensational stacking 
occurs at the vertical scale of 2–3 floodplain 

aggradation cycles (14–20 m), while full 
compensational stacking occurs at larger 
scales of more than six floodplain aggrada-
tion cycles (>41 m). The lateral and vertical 
thickness variability of the floodplain aggra-
dation cycles, as well as their compensational 
stacking behavior, are interpreted to be dom-
inantly driven by autogenic processes such 
as crevasse splaying and avulsing that pref-
erentially fill topographic lows. External cli-
mate forcing may have interacted with these 
autogenic processes, producing the laterally 
persistent and vertically repetitive floodplain 
aggradation cycles. The spatial variability of 
floodplain aggradation cycles demonstrated 
in this study highlights again the need for 
three-dimensional data collection in alluvial 
floodplain settings rather than depending on 
one-dimensional records.

INTRODUCTION

Alluvial stratigraphy is primarily shaped by 
channel migration and avulsion as well as local 
and regional accommodation (Allen, 1978, 
2008; Ashworth et al., 2004; Hajek and Wolin-
sky, 2012). Analysis of alluvial stratigraphy is 
commonly performed by examining the distri-
bution and configuration of channel sandstone 
bodies and accompanying floodplain sediments 
(Allen, 1978; Bridge and Leeder, 1979). River 
avulsion is an important process in channel-
ized depositional systems, occurring when a 
riverbed is sufficiently superelevated above the 
surrounding floodplain, and a triggering event 
(e.g., flood, log, or ice jam) permanently diverts 
flow out of the original channel (Jerolmack and 
Mohrig, 2007; Jones and Schumm, 1999; Kars-
senberg and Bridge, 2008; Mohrig et al., 2000; 
Slingerland and Smith, 2004). Avulsions can be 

distinguished as diverting channels at a local or 
regional scale (Slingerland and Smith, 2004). 
Both local and regional avulsions can be domi-
nated by autogenic processes, such as lateral 
channel migration and crevasse splaying, while 
they are also subject to the influence of external 
forcings including climate, tectonics, and base-
level changes (Kraus and Aslan, 1993; Sling-
erland and Smith, 2004; Atchley et  al., 2004; 
Cleveland et al., 2007; Simpson and Castelltort, 
2012; Abels et al., 2013; Burgess, 2016a, 2016b; 
Chadwick et al., 2022).

Well-documented floodplain successions 
from various basins typically demonstrate 
alternating units of fine-grained mature paleo-
sols and pedogenically undisturbed hetero-
lithic packages, including the Devonian of East 
Greenland (Olsen, 1994), the Carboniferous of 
the Upper Silesian Basin (Opluštil et al., 2022), 
the Middle Permian of the Karoo Basin in South 
Africa (Lanci et al., 2022), the Triassic of New 
Mexico, USA (Cleveland et al., 2007), the Cre-
taceous–Paleogene of West Texas, USA (Atch-
ley et al., 2004), the Eocene of northern Wyo-
ming, USA (Gingerich, 1969; Kraus and Aslan, 
1993; Clyde and Christensen, 2003; Abels et al., 
2013), among many others. These successions 
are interpreted to represent alternating overbank 
deposition that facilitate pedogenesis as well as 
crevasse-splaying and avulsion-belts resulting in 
heterolithic packages (Kraus, 1987; Kraus and 
Aslan, 1993; Atchley et  al., 2004; Cleveland 
et al., 2007; Abels et al., 2013).

Alternating floodplain sedimentary units 
of fine clastics on which mature paleosols 
developed and pedogenically undisturbed, 
coarser-grained heterolithic packages on the 
floodplains of the Paleocene Fort Union and 
lower Eocene Willwood formations in the 
Bighorn Basin of Wyoming (Fig. 1) have been 
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described in detail (Kraus and Aslan, 1993; 
Abels et  al., 2013). The floodplain aggrada-
tion cycles have been attributed to dominant 
autogenic processes, such as river migration 
and avulsion (Kraus and Aslan, 1993; Clyde 
and Christensen, 2003) as well as to allogenic 
factors that impact these autogenic processes, 
including climate, tectonics, and base level 
(Kraus and Aslan, 1993; Atchley et al., 2004; 
Cleveland et al., 2007). These alternating units 
show a consistent vertical repetition in vari-
ous successions with an estimated periodicity 
of 20 k.y., which led to relating them to cli-
matic variations driven by the orbital preces-
sion cycle (Kraus and Aslan, 1993; Abdul Aziz 
et al., 2008; Abels et al., 2013, 2016; van der 
Meulen et al., 2020). Based on detailed sedi-
mentological description and statistical analy-
sis, Abels et al. (2013) introduced a floodplain 
depositional model to interpret the observed 
patterns, which consists of two phases: an 
“overbank phase” characterized by the devel-
opment of mature paleosols during intervals 
of relative channel stability, followed by an 
“avulsion phase” where regional avulsion and 
crevasse splaying resulted in coarser-grained 
heterolithic deposits (Figs.  2A and 2B) and 
relative channel instability. In this study, we 
use the term “floodplain aggradation cycle” to 
denote these two alternating units formed dur-
ing the overbank and avulsion phases, respec-
tively (Figs. 2A and 2B). Wang et al. (2021) 
elaborated on this model through a numeri-
cal stratigraphic forward modeling study that 
replicated broadly similar depositional pat-

terns to those observed in the Bighorn Basin. 
Their study relates the phases of channel avul-
sion and rapid deposition to increased sedi-
ment load and the phases of channel stability 
and low deposition to reduced sediment load 
(Fig. 2C).

Previous studies have examined the charac-
teristics and age of these floodplain aggradation 
cycles in one-dimensional (1-D) stratigraphic 
sections (Abdul Aziz et al., 2008; Abels et al., 
2013), while more recent studies have included 
age control and correlation of coeval floodplain 
aggradation cycles across parallel sections at a 
kilometer scale (Abels et al., 2016; Westerhold 
et al., 2018; van der Meulen et al., 2020). How-
ever, these studies have not yet investigated the 
lateral and vertical variability of these flood-
plain aggradation cycles in continuous outcrops. 
While regional climate conditions are expected 
to exert consistent or comparable effects on 
regional stratigraphy, local processes such as 
channel migration, splaying, and avulsion could 
create strong stratigraphic signatures as well.

To address these knowledge gaps, we present 
a study tracing the floodplain aggradation cycles 
in the Willwood Formation of the McCullough 
Peaks area in the northern Bighorn Basin. Using 
an unmanned aerial vehicle (UAV)-based pho-
togrammetric model, we demonstrate the trace-
ability of floodplain aggradation cycles over a 
large area, quantify the lateral and vertical thick-
ness variability of these floodplain aggradation 
cycles, and analyze their compensational stack-
ing behavior, showcasing the mixed influences 
of autogenic processes and allogenic factors.

GEOLOGICAL SETTING

The Bighorn Basin during the Paleocene to 
early Eocene was bordered by the Beartooth 
Mountains to the west, the Washakie Range to 
the southwest, the Bighorn Mountains to the 
east, and the Pryor Mountains to the northeast 
(Fig.  1; Lillegraven and Ostresh, 1988). The 
paleo-fluvial system of the Willwood Formation 
drained toward the north and northeast, with 
provenances from mountainous areas expressed 
before or during the early Eocene (Neasham 
and Vondra, 1972; Kraus and Middleton, 1987; 
Owen et al., 2019; Wang et al., 2022).

Floral and faunal fossils have been exten-
sively studied in the basin to understand the 
paleoenvironments and paleoclimates, and 
these records are integrated with other strati-
graphic controls such as magnetostratigraphy, 
chemostratigraphy, and tephrastratigraphy 
(Clyde et  al., 1994; Gingerich, 2010). These 
controls suggest that basin subsidence during 
the Paleocene and Eocene was at a quasi-con-
stant rate of 329 m/m.y. (Foreman, 2014; Abels 
et al., 2013, 2016).

The study area in the McCullough Peaks, 
located in the northwest of the Bighorn Basin 
(Fig. 1), includes deposits formed during the 
Eocene Thermal Maximum 2 (ETM2) and sub-
sequent H2 events (Abels et al., 2016). Previous 
work by Abels et al. (2012, 2013, 2016) pro-
vides a foundation for this study, as they con-
ducted detailed field descriptions and analyses 
from several trenched sections down to fresher 
rocks. Particularly, our work is built upon 

Figure 1. The study area and 
stratigraphy. (A) Geographic 
location of the study area, Mc-
Cullough Peaks, and the prov-
enances of the Bighorn Basin, 
Wyoming, USA (after Owen 
et  al., 2017), with blue arrows 
indicating paleoflow directions. 
(B) The study succession with 
estimated position (dashed 
lines) in the stratigraphy based 
on δ13Ca bulk data adjusted from 
Zachos et al. (2010) to the Grad-
stein et  al. (2012) global time 
scale (Vandenberghe et al., 2012) 
by Birgenheier et al. (2020), with 
red-filled rectangles indicating 
hyperthermal events. ETM—
Eocene Thermal Maximum; 
Fm—Formation; Mtns—Moun-
tains; N—number of samples; 
PETM—Paleocene–Eocene 
Thermal Maximum.
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the depositional model in Abels et al. (2013) 
where an “overbank phase” is characterized by 
the development of mature paleosols during 
intervals of channel stability, followed by an 
“avulsion phase” where regional avulsion and 
crevasse splaying result in coarser-grained het-
erolithic deposits (Fig. 2). Deposits of these two 

phases form the subject of this study—flood-
plain aggradation cycles. Wang et  al. (2022) 
measured paleoflow directions from dune-scale 
cross-stratification, mainly planar and trough 
cross-stratification, in channelized sandstone 
bodies, which are used as the regional paleo-
flow direction in this study.

METHODOLOGY

UAV-Based Photogrammetry

Photographs were taken automatically 
every three seconds by a 20-megapixel camera 
mounted on a multirotor DJI Phantom 4 Pro 

A B

C

Figure 2. Definition and depositional models of floodplain aggradation cycles as well as their numerical analogs. (A) A field photograph 
accompanied by sedimentological descriptions displaying alternating units of mature paleosols (as indicated by the dark gray column ad-
jacent to the photo) and undisturbed heterolithic deposits (represented by the light gray column). These elements clarify the definition of 
floodplain aggradation cycles in our study. For detailed sedimentologic work, please refer to Abels et al. (2012, 2013, 2016) as it is not pre-
sented here in detail. (B) Depositional models for the regular alternation of mature paleosols and undisturbed heterolithic deposits observed 
in the Bighorn Basin, Wyoming, USA. These are interpreted to form during two distinct phases: the overbank phase, characterized by 
relatively stable channel positions and mature soils; and the avulsion phase, characterized by unstable channel positions and undeveloped 
heterolithic deposits. This subfigure is adapted from Abels et al. (2013). (C) Numerical modeling results that illustrate alternating phases of 
fast deposition (analogous to the avulsion phase) and low-to-non-deposition (resembling the overbank phase). This is adapted from figure 8 
in Wang et al. (2021). The model employs cyclic sediment supply and water discharge (panel c1), resulting in phases of channel stability (as 
shown by the horizontal part in panel c2, condensed timelines in panel c3, and high depositional rate in panel c4) and channel instability (as 
indicated by the climbing part in panel c1, separated timelines in panel c2, and overall non-deposition and in-channel deposition in panel 
c3). These phases are evident in a cross section from the middle part of the basin (for additional details, see Scenario A40 of figure 8 in Wang 
et al., 2021). The third cycle of this scenario, as denoted in panel c3, is further analyzed in Figure 11. VF—very fine.
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UAV. The UAV was manually flown parallel to 
the outcrop surface at a speed of 5–10 m/s to 
ensure a 60% horizontal overlap between suc-
cessive photos. A total of 21,144 photos were 
taken on 34 flights (Fig. 3), covering an area of 
∼10 km2. The studied stratigraphic succession, 
dipping at ∼2° toward the south, is roughly 
300 m thick. To ensure accuracy, 57 ground 
control points (GCPs) were placed (Fig. 3) and 
surveyed using an Emlid Reach global naviga-
tion satellite system (GNSS) receiver, which 
was calibrated using the post-processed kine-
matic positioning technique. Raw GNSS mea-
surements recorded by both the rover and base 
stations were processed using the open-source 
GNSS post-processing package RTKLIB, 
which allowed for the determination of the 
GCP positions with centimeter accuracy rela-
tive to the local base station.

To build the 3-D digital models, Agisoft 
PhotoScan (Version 1.4.3, July 2018; current 
Metashape) was utilized, which employed the 
structure-from-motion multi-view-stereo (SfM-
MVS) photogrammetric method. A triangulated 
digital surface mesh was created, and the photos 

were draped onto the surface as the texture. To 
manage the large image set, the photogrammet-
ric images were divided into 42 model sections, 
and a tiled model was generated for each section. 
The entire 3-D outcrop model was imported into 
LIME (version 2.2.2; Buckley et al., 2019) for 
visualization and interpretation.

Identification of Boundaries between 
Floodplain Aggradation Cycles

When tracing floodplain aggradation cycle 
boundaries, we found that the transition from fine 
siliciclastic with mature paleosols (usually red to 
purple in color) to sandier deposits with imma-
ture paleosols (usually pale brown, yellowish, or 
orange) is the most reliable indicator of bound-
ary placement throughout the photogrammetric 
model. This differs from the approach taken by 
Abels et al. (2013), who typically located bound-
aries at the top of the strongest soil development 
index (SDI) values, often corresponding to the 
reddest soil on freshly exposed rock surfaces. 
However, in our models, weathering has made 
it difficult to identify the strongest SDI values, 

so we opted for a more consistent and reproduc-
ible approach across all floodplain aggradation 
cycles and among multiple interpreters (includ-
ing three co-authors of this manuscript): tracing 
the red-to-yellow transitions that are most clear 
and leave less room for doubt. Our identified 
boundaries are always higher than, if not the 
same as, the boundaries of Abels et al. (2013) 
based on the SDI that is a function of horizon 
differentiation, soil thickness, and rubification. 
This approach helps to reduce interpretive bias 
and ensure greater applicability and consistency 
in our floodplain aggradation cycle boundary 
identification and interpretations.

Variogram Analysis

The variogram is a mathematical function that 
quantifies the dissimilarity between pairs of data 
points as a function of the separation distance 
or lag distance (h) (Pyrcz and Deutsch, 2003). 
Typically, the variogram values increase with 
lag distances, indicating increasing dissimilar-
ity between the data points. A variogram can be 
calculated as follows (Pyrcz and Deutsch, 2003):
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Figure 3. Bird’s-eye view from Google Earth illustrating the location of 42 individual photogrammetric 3-D models in the McCullough 
Peaks area (Wyoming, USA). The Deer Creek Amphitheater section (DCA) (Abels et al., 2013), Purple Butte section (PB), Upper Deer 
Creek section (UDC) (Abels et al., 2012), and Creek Star Hill section (CSH) (Abels et al., 2016) are abbreviated.
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where γ(h) is a measure of dissimilarity between 
two data points over lag distance h, and the dis-
similarity here refers to the difference of flood-
plain aggradation cycle thickness in this study; 
N(h) is the number of data point pairs; uα is a 
data point at location α in 2-D space; uα + h is 
a data point separated from uα by the distance 
h; z(uα) is the numerical value at the data point 
uα; and z(uα +h) is the numerical value at the 
location uα +h.

To investigate the depositional patterns of 
floodplain aggradation cycles, we measured 
their thicknesses on outcrop surfaces in the 
model every 20 m when possible (Fig. S1A1). 
The variogram, from a predictive standpoint, 
offers insights into the isotropic or anisotropic 
nature of these thickness patterns. An isotro-
pic pattern would be indicated by a variogram 
displaying monotonically increasing trends 
(Pyrcz and Deutsch, 2003). In contrast, aniso-
tropic thickness patterns would manifest as 
non-monotonically increasing trends in the 
variogram (Pyrcz and Deutsch, 2003). Given 
the significant influence of channel belts in flu-
vial landscapes and stratigraphy, we anticipate 
anisotropic thickness patterns for floodplain 
aggradation cycles. These channel belts are 
expected to play a considerable role in shaping 
the thickness of such cycles.

In order to detect the possibly present aniso-
tropic thickness patterns, we analyzed the mea-
sured floodplain aggradation cycle thicknesses 
using Python codes developed by Pyrcz (2020) 
to first derive the 2-D variogram map. Then, 
we calculated variograms in six directions with 
equal azimuth zones of 30°, 60°, 90°, 120°, 150°, 
and 180°, considering the observed statistical 
anisotropy. We set the lag distance to 100 m and 
the lag tolerance to 50 m. We used a search strat-
egy with a wide azimuth tolerance of 30° and a 
large bandwidth of 2 km to reduce the nugget 
effect near the origin (Zhang et al., 2005). Identi-
fying a range when the sill (γ(h) = 1) is reached 

in the directional variogram (Figs. S1B and S1C) 
indicates spatial continuity of floodplain aggra-
dation cycle thickness, where thickness at one 
locality is stochastically related to that at another 
locality.

To help understand the relationship between 
variogram features and sedimentary processes, 
we also analyzed a numerical model of stra-
tigraphy developed by Wang et al. (2021) for 
the third cycle in their Scenario A40 (Fig. 2C3). 
In this scenario, cyclic changes in water dis-
charge and sediment supply with a wavelength 
of 10 k.y. and an amplitude of 40% produced 
four cycles that broadly matched the floodplain 
aggradation cycles in the Bighorn Basin. Our 
objective here is not to directly compare the 
absolute values of variograms given the chal-
lenges in direct field and model comparisons. 
Rather, our anticipation is to discern similar 
influences of channel belt orientation on the 
thickness patterns of these floodplain aggrada-
tion cycles, further demonstrating the relation-
ship between these geological features and the 
corresponding processes.

Compensational Stacking Analysis

Compensational stacking refers to a phenom-
enon in depositional sediment transport systems, 
wherein preferential filling occurs in topographic 
lows (Straub et  al., 2009; Straub and Pyles, 
2012). To analyze compensational stacking, we 
use two metrics: the coefficient of variation (CV) 
and the compensational stacking index (σss). In 
the present study, we adopt a unique perspective 
by considering floodplain aggradation cycles as 
the fundamental stratigraphic units. This repre-
sents a departure from past studies (e.g., Wang 
et al., 2011; Trampush et al., 2017), which pri-
marily employed higher-resolution geological 
units. By designating floodplain aggradation 
cycles as the level of stratigraphic resolution, 
our objective is to determine the existence and 
scale of compensational stacking within alluvial 
stratigraphy. Furthermore, Wang et  al. (2021) 
proposed that the influence of allogenic forcing 
could potentially impact the traditional estima-
tion of the compensational time scale (Tc), which 
is conventionally approximated as the ratio of 
maximum relief to long-term sedimentation rate 
(Straub et al., 2020). Here we aim to juxtapose 
our findings with existing estimates to test the 
findings of Wang et al. (2021).

Coefficient of Variation
The coefficient of variation (CV) is defined 

as the ratio of the standard deviation over the 
mean of a data series (herein the measured 
series of floodplain aggradation cycle thick-
ness), and thus, a smaller CV indicates less 

variability. To test compensational stacking, 
successive depositional units (floodplain aggra-
dation cycles) are combined as assemblages, 
and the CV is calculated for each assemblage. 
For example, floodplain aggradation cycles 1 
and 2 can be combined as an assemblage, and 
the thickness of the assemblage is rescaled by 
dividing it by the regional mean thickness. This 
rescaling allows for the comparison of thick-
ness variation among different assemblages. An 
example of how CV is calculated for a strati-
graphic interval with three floodplain aggrada-
tion cycles is provided in Supplemental Text 
S1 and Figure S2. In this study, we define an 
assemblage as strongly compensated when the 
CV value sharply drops, while we define it as 
fully compensated when the CV value stops 
decreasing and stabilizes.

Compensational Stacking Index
The standard deviation of sedimentation/sub-

sidence (σss) (Wang et al., 2011) can be used to 
characterize the compensational time scale:

	

σss
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T
r T x

r x
dL( ) = ( )

( ) −























∫
0

2 1 2

1
;

/

,


	

(2)

where r(T; x) is the average deposition rate at a 
horizontal coordinate of x during a time interval 
of T, L is the cross-basin length, and r x( )  is the 
local long-term sedimentation rate.

Theoretically, σss is expected to decrease as T 
increases, following a power-law trend (Equa-
tion 3, Straub et al., 2009; Wang et al., 2011):

	 σ κ
ss a T= ′ − ,	 (3)

where a′ is a coefficient, and κ is termed the 
compensation index.

By reorganizing Equation 3, we can get:

	 log *log( )( ) log( ) .σ κss a T= −′ 	 (4)

Therefore, the slope is −κ, and the intersection 
is log (a′) for the relationship between log (T) 
and log (σss).

Straub and Wang (2013) provide an intuitive 
illustration of the Tc, which can be used to dif-
ferentiate between stratigraphy that is partially 
influenced by autogenic forcing and stratigraphy 
that is solely influenced by allogenic forcing (see 
fig. 2 in Straub and Wang, 2013). As shown in 
figure 3 in Wang et al. (2011), Tc is character-
ized by a value of κ = 1, indicating that the 
stratigraphic stacking is purely compensational 
beyond this time scale (Straub et al., 2009). A 
practical workflow to identify the Tc is presented 
in Supplemental Text S2.

1Supplemental Material. Supplemental Text 
S1: More detailed workflow about the coefficient 
of variation (CV) calculation. Supplemental Text 
S2: More detailed workflow about the calculation 
and application of compensational stacking index. 
Table S1: Geostatistical features of thicknesses of 
different floodplain aggradation cycles. Figure S1: 
Example data distribution and schematic illustration 
of variogram components. Figure S2: An example 
showing how CV is calculated. Please visit https://
doi​.org​/10​.1130​/GSAB​.S.24128637 to access 
the supplemental material, and contact editing@
geosociety​.org with any questions.
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RESULTS

Tracing of Floodplain Aggradation Cycles

Our study has identified a total of 44 floodplain 
aggradation cycles within a ∼300-m-thick suc-
cession (Fig. 4A). This succession begins seven 
floodplain aggradation cycles below the base of 
the Deer Creek Amphitheater section of Abels 
et al. (2013) and ends slightly above the top of 
the Upper Deer Creek section of Abels et  al. 
(2012) and the Creek Star Hill section of Abels 
et al. (2016). The lower 10 floodplain aggrada-
tion cycles and upper 11 floodplain aggradation 
cycles have limited lateral extents within the 
photogrammetric model, while most of the other 
floodplain aggradation cycles can be traced over 
distances up to 4 km in the NE-SW direction 
and ∼2.5 km in the SE-NW direction. A com-
posite section that includes all the 44 floodplain 

aggradation cycles is constructed by combin-
ing data from available trenched sections (Deer 
Creek Amphitheater, Creek Star Hill, and Upper 
Deer Creek sections; Abels et al., 2012, 2016). 
To maintain consistency, we have extended the 
labeling system of Abels et al. (2013) and Abels 
et al. (2012) rather than introducing a new one 
(Fig. 5). Our floodplain aggradation cycles P1 to 
P3 correspond to ETM2, while floodplain aggra-
dation cycles P5 to P8 correspond to H2 (Abels 
et al., 2012, 2016; Fig. 1).

Among the 44 floodplain aggradation cycles, 
seven successive floodplain aggradation cycles 
with the largest exposure area in our photogram-
metry models were traced continuously in the 
lateral extent through the whole model (Fig. 4B) 
by following regionally persistent boundar-
ies described in the Methodology section. The 
boundaries between the cycles in this study are 
on average 0.6 m higher than those defined by 

Abels et al. (2013) in their composite trenches 
(Fig. 6). Despite this difference, our boundar-
ies are still effective at separating the overbank 
phase of the lower floodplain aggradation cycle 
from the avulsion phase of the upper floodplain 
aggradation cycle.

Local factors can complicate the lateral trac-
ing of floodplain aggradation cycle boundaries. 
These factors include the presence of channel 
sandstone bodies, the splitting or merging of 
paleosol horizons, the occurrence of debris and 
vegetation covering outcrops, and areas of low 
resolution in the photogrammetric models. In 
some cases, we found that the most distinctive 
red/purple to yellow sediment color transitions 
occur at different stratigraphic levels laterally, 
with offsets of a few decimeters to 1–2 m. In 
these cases, we tried to maintain consistency by 
placing the overbank to avulsion phase transi-
tion at the stronger of the two transitions and 

Figure 4. Floodplain aggrada-
tion cycles are traced using 
both photogrammetric mod-
els and individual unmanned 
aerial vehicle and camera 
photos. (A) The interpreted 
3-D photogrammetric model 
in the McCullough Peaks area 
(Wyoming, USA) provides an 
overview, depicting traced 
boundaries for seven successive 
floodplain aggradation cycles. 
(B) Zoomed-in outcrop section 
in the 3-D model revealing how 
floodplain aggradation cycle 
boundaries (blue and yellow 
lines) are traced and how a 
digital section (S14) is selected 
from model data. CSH—Creek 
Star Hill; DCA—Deer Creek 
Amphitheater; PB—Purple 
Butte; UDC—Upper Deer 
Creek.

A

B
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tracing it laterally across the model. Neverthe-
less, this kind of uncertainty only occurs at a 
few locations where crevasse-splay deposits 
are dominant, and strong, exclusive traceabil-
ity returns after crossing these crevasse-splay 
deposits.

Lateral Thickness Variability of Individual 
Floodplain Aggradation Cycles

To analyze the thickness variability and spa-
tial correlation of individual cycles, seven exten-
sively exposed floodplain aggradation cycles 
in the middle of the studied stratigraphy were 
traced in detail over the whole photogrammet-
ric model. These floodplain aggradation cycles 
are labeled H to N. The regionally averaged 
thicknesses of individual floodplain aggradation 
cycles vary between 3.7 m (cycle K) and 9.7 m 
(cycle L) with a CV range of 17% to 28%. The 
average thickness of all seven floodplain aggra-
dation cycles is 7.3 m with a standard deviation 
of 2.6 m (Fig. 7).

A total of 22 digital sections, such as section 
14 (S14) shown in Figure 3B, were created in 
the photogrammetric model, with floodplain 
aggradation cycle N as horizontal reference level 
(Fig.  8). These sections reveal that the thick-
nesses of these floodplain aggradation cycles 
vary rapidly in the lateral direction, with a maxi-
mum of 4 m over a lateral distance of 400 m.

To investigate the spatial correlation of 
floodplain aggradation cycle thicknesses, var-
iograms were calculated for each of the seven 

floodplain aggradation cycles studied in detail. 
The correlatable distance is on average 1.3 km 
in the long-range direction and 0.6 km in the 
short-range direction (Fig. 9A; Table S1). The 
aspect ratio (i.e., long range/short range) of the 
variogram ellipse ranges from 1.4 to 5.3, with 
an average of 2.2 (Table S1). The long-range 
azimuth ranges between N 310° and N 080°, 
averaging N 001° (Fig. 9B; Table S1). This is 
consistent with the average paleoflow direction 
measured in the dune-scale cross-beddings in 
the field (N 004° ± 24°; Fig. 9C; after Wang 
et  al., 2022). Different from the classic 1-D 
variograms that exhibit monotonically increas-
ing patterns, we observe non-monotonic pat-
terns in variograms along certain azimuth 
directions (as annotated along azimuth 125°, 
e.g., in Fig. 10).

A similar analysis was employed on the 
numerical model data from Wang et al. (2021) 
to investigate the thickness variability and spatial 
correlation of the stratigraphic cycles (Fig. 11). 
The thickness map of the third cycle in the center 
of the basin was used to avoid the influence of 
boundary effects exerted by sediment supply at 
the basin inlet and base-level rise near the basin 
outlet (Fig. 11C). The variogram analysis of the 
modeled data reveals a long range of 22 km in 
the paleoflow direction and a short range of 6 km 
perpendicular to paleoflow direction (Fig. 11D). 
Similar to the field data, non-monotonic patterns 
are observed in variograms of numerical model 
data (e.g., azimuth N 030°, Fig. 11D), which may 
relate to the presence of major channel belts.

Vertical Thickness Variability of Floodplain 
Aggradation Cycles

The thickness of floodplain aggradation 
cycles varies locally and can display significant 
vertical variability. Thicker floodplain aggrada-
tion cycles are often resting on the top of thinner 
ones, and vice versa. For example, in S18 (see 
Fig. 8), a thick floodplain aggradation cycle (L) 
is overlain by a thinner one (M). Similarly, the 
1-D composite section consisting of 44 flood-
plain aggradation cycles (Fig. 5) displays signifi-
cant vertical variability in floodplain aggradation 
cycle thicknesses, with an average thickness of 
6.8 m and a standard deviation of 2.0 m.

Compensational stacking, during which suc-
cessive floodplain aggradation cycles offset the 
thickness variations of one another, can reduce 
the thickness variability of a stratigraphic assem-
blage containing several floodplain aggrada-
tion cycles. To investigate this compensational 
stacking, the CVs of seven floodplain aggrada-
tion cycles in the 22 digital sections (Fig. 8) are 
calculated (Fig. 12). Assemblages of two succes-
sive floodplain aggradation cycles have a much 
smaller CV (14%) than those with one floodplain 
aggradation cycle (23%). Assemblages contain-
ing six or more successive floodplain aggradation 
cycles have a stabilized CV of 6%, indicating 
full compensation. Calculation of the compensa-
tional stacking index shows the scale-dependent 
decay of σss (Fig. 12), indicating stronger com-
pensation over a longer time (Straub et al., 2009; 
Wang et al., 2011; Straub and Wang, 2013). The 

A B

Figure 5. Thicknesses of 44 floodplain aggradation cycles in the composite stratigraphy of the McCullough Peaks area (Wyoming, USA). (A) 
The bar diagram depicts the labeling system and the variability in floodplain aggradation cycle thickness. (B) The boxplot shows the mean 
(6.8 m), standard deviation (2.0 m), and coefficient of variation (standard deviation/mean; 29%) of these 44 floodplain aggradation cycles’ 
thicknesses. The box boundaries represent lower and upper quartiles, lines extending from boxes indicate the 1st to 2nd and 3rd to 4th 
quartile ranges, lines and squares within boxes indicate median and mean values, and points outside boxes represent outliers. The meaning 
and stratigraphic positions of ETM2 and H2 are illustrated in Figure 1B. n—number of samples; std—standard deviation.
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strength of compensation, as quantified by κ, has 
a lower magnitude of 0.53 within the determined 
Tc, which is ∼12 floodplain aggradation cycles, 
indicating random to compensational filling 
(κ = 0.5–0.75) that is mostly driven by auto-
genic forcing (Straub and Wang, 2013). When 
the stratigraphic assemblage contains more than 

12 floodplain aggradation cycles, κ approaches 
1, indicating full compensation.

DISCUSSION

Meter-scale floodplain aggradation cycles 
are dominant features in many alluvial records 

(e.g., Kraus and Aslan, 1993; Abels et al., 2013; 
Atchley et al., 2013). They have been related to 
(1) phases of river stability and overbank deposi-
tion on which mature paleosols developed and 
(2) phases of regional-scale river avulsion caus-
ing deposition of the heterolithic, sandy avulsion 
belts on which immature soils developed (Kraus 
and Aslan, 1993; Abels et al., 2013; Noorbergen 
et al., 2018, 2020; Opluštil et al., 2022). In this 
study, we investigate the spatial character of 
these floodplain aggradation cycles in a 10 km2 
area of the northern Bighorn Basin, Wyoming, 
to quantify their lateral and vertical variability, 
the results of which will be discussed in the fol-
lowing sections.

Lateral Thickness Variability of Floodplain 
Aggradation Cycles

The Willwood Formation floodplain aggrada-
tion cycles display significant lateral thickness 
variation, as observed in quasi-continuous out-
crops of the McCullough Peaks area. In some 
instances, the thickness of a single cycle can 
differ by up to four times between locations 
when comparing the maximum thickness with 
the minimum (Fig. 7). The tracing of floodplain 
aggradation cycles in photogrammetry mod-
els has an uncertainty of 1–2 m, but we do not 
regard this to significantly affect the overall map-
ping results.

Differential consolidation and compaction 
between different lithologies in the compacted 
stratigraphy may have played a significant role 
during and after deposition (Törnqvist et al., 
2008). Sand-rich deposits are more resis-
tant to consolidation and later compaction 
compared to clay-rich deposits. In our data, 
thicker-than-average floodplain aggradation 
cycles at local sections are often sand-rich. 
This could be due to high sedimentation rates 
of sand-rich depositional processes, but also 
due to lower compaction of these facies. How-
ever, it is difficult to determine the extent to 
which this variability is related to early con-
solidation or later compaction. We found that 
dynamic backstripping is needed, as simple 
linear backstripping resulted in unsatisfactory 
results. Dynamic backstripping (e.g., Célérier, 
1988) requires substantial resources that were 
considered beyond the scope of the current 
study. Therefore, all of our findings are based 
on compacted stratigraphy.

The thickness variability is interpreted to 
relate to variable aggradation rates within dif-
ferent morphological elements of the Willwood 
Formation fluvial systems (Wang et al., 2022). 
Aggradation rates decrease away from channel 
belts; beyond channel aggradation, levee and 
crevasse splays host the highest aggradation 

Figure 6. Comparison of floodplain aggradation cycle boundaries in this study (red line) and 
cycle boundaries by Abels et  al. (2013) (blue dashed line) for floodplain aggradation cycles 
H–N in the McCullough Peaks area (Wyoming, USA). The curve of the Soil Development In-
dex (SDI) is a function of paleosol B horizon thickness, horizon development intensity, and 
B-horizon rubification (Abels et al., 2013). mudst.—mudstone; v. fine sst.—very fine sandstone.
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rates, while purely fine-grained packages 
accumulate in distal floodplains (Mackey and 
Bridge, 1995; Kraus, 1999; Mohrig et  al., 
2000; Törnqvist and Bridge, 2002; Hajek and 

Straub, 2017). Rapid sedimentation in an area 
near the channel belt is accompanied by slow 
sedimentation on distal floodplains where only 
suspended load may arrive during peak floods. 

This variation in aggradation rates occurs 
within the same phase of the floodplain aggra-
dation cycles, causing lateral thickness variabil-
ity within the individual cycles.

Our observations indicate that the thicknesses 
of floodplain aggradation cycles are more consis-
tent in the paleoflow direction, as demonstrated in 
both field and numerical-model data (Figs. 8–10). 
This consistency is likely related to the morpho-
logical segmentation of the Willwood Formation 
floodplains by channel belts that are dominantly 
oriented downstream. Previous studies have sug-
gested that the Bighorn Basin was characterized 
by transverse river systems from the basin mar-
gins and axial river systems flowing north over the 
basin axis (Owen et al., 2019; Wang et al., 2022). 
The study area is located over the basin axis, and 
it seems unlikely that transverse and axial river 
systems interacted at this location. Although this 
scenario cannot be entirely excluded, the new data 
presented here indeed suggests a dominance of 
axial river systems draining toward the north and 
northeast in the study area.

The influence of paleoflow direction on 
floodplain sedimentation is seen in both numer-
ical-model and field data. For a single fluvial 

Figure 7. Box plots illustrat-
ing the thickness variability of 
floodplain aggradation cycles 
H–N in the McCullough Peaks 
area (Wyoming, USA). The 
very right box plot is based 
on 1150 measurements that 
are equally contributed by the 
seven floodplain aggradation 
cycles by randomly selecting 
150 measurements from each 
floodplain aggradation cycle. 
Please refer to Figure  5 for 
an explanation of the com-
ponents of the box plot. Note 
that the number combination 
of “a ± b (c)” above each box 
plot represents “regional av-
erage ± standard deviation 
(coefficient of variation)”. n—
number of samples.

Figure 8. Variation of flood-
plain aggradation cycle thick-
ness in the lateral extent in 
the McCullough Peaks area 
(Wyoming, USA). The lower 
panel displays the locations of 
22 digital sections, while the 
upper panel shows the thick-
ness variations of seven suc-
cessive floodplain aggradation 
cycles, with the top floodplain 
aggradation cycle flattened. 
Note that the coordinates in the 
lower panel are converted from 
global Universal Transverse 
Mercator coordinates to local 
ones, with an applied offset of 
X offset = 673,000 m and Y off-
set = 49,242,600 m.

B

A
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landscape, the properties of floodplain deposits 
may change significantly within 1–2 km in the 
direction perpendicular to paleoflow (Mohrig 
et al., 2000). However, the floodplain aggrada-
tion cycles studied here are the result of a long 
history of successive fluvial landscapes, each 
of which has its own local morphodynamic 
changes, including the movement of channel 
belts and local crevasse splays and avulsions. 
As a result, our field data relates to changing 
properties of complete floodplain aggradation 
cycles that have lasted ∼20 k.y. (Abels et al., 
2013, 2016; van der Meulen et  al., 2020). 
Therefore, it can be inferred that the observed 
downstream consistency of floodplain aggrada-

tion cycles at 1–2 km scales reasonably sug-
gests the consistency of fluvial landscapes over 
thousands of years, likely represented by the 
consistent paleoflow direction and channel belt 
orientation.

To conclude, the large lateral thickness vari-
ability of individual meter-scale floodplain 
aggradation cycles is mainly attributed to vary-
ing aggradation rates related to channel proxim-
ity, while the consistency of lateral thickness 
changes is related to the channel-belt orientation 
in paleoflow direction. Further refinement and 
quantification of the results should come from 
decompaction of the series through a dynamic 
backstripping exercise.

Vertical Thickness Variability of Floodplain 
Aggradation Cycles

Vertically, floodplain aggradation cycles 
with thicknesses below the average are often 
followed by cycles that are thicker than the 
average (Figs. 4 and 6). This tendency is further 
substantiated by a sequential reduction in the 
CV as a greater number of floodplain aggrada-
tion cycles are vertically stacked. Specifically, 
the CV decreases from 23% for single, individ-
ual cycles (i.e., those shown in Fig. 7) to 14% 
when considering the sum of two cycles, and 
it further diminishes to 10% for the cumula-
tive sum of three cycles (Fig. 12). This suggests 

A B C

Figure 9. Variogram features of floodplain aggradation cycle thicknesses and flow directions measured in the field in the McCullough Peaks 
area (Wyoming, USA). (A) Variation of ranges with azimuth, assuming the long-range azimuth to be N 000° and thus the short-range azi-
muth to be N 090°. (B) Oriented variogram ellipses with long and short ranges as long and short axes. (C) Field-measured paleoflow direc-
tions in the dune-scale cross-stratifications (after Wang et al., 2022). FAC—floodplain aggradation cycle.

Figure 10. One-dimensional 
directional variograms for 
floodplain aggradation cycle H 
with different azimuths in the 
McCullough Peaks area (Wyo-
ming, USA). Vertical dashed 
lines indicate the ranges along 
different azimuths. Red dashed 
line in the panel with azimuth 
125° shows an example of a 
non-monotonic variogram that 
is different from traditional, 
monotonic ones (e.g., azimuth 
5°). Information on how to read 
variograms is detailed in the 
Methodology section.
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that much of the vertical thickness variability 
is counterbalanced by variable deposition over 
two to three successive floodplain aggradation 
cycles. Full compensation of floodplain aggra-
dation cycle thicknesses requires the stacking 
of at least six floodplain aggradation cycles 
in this analysis of our data (Fig.  12), which 
equates to an approximate thickness of 41 m 
(based on the average thickness of floodplain 
aggradation cycles from Fig. 6), corresponding 
to a time span of ∼120 k.y. based on the long-
term sedimentation rate (0.33 m/k.y.; Abels 
et al., 2013, 2016).

Our calculated Tc value of ∼120 k.y. is lon-
ger than that estimated by Straub et al. (2020), 
which is 10–67 k.y. This discrepancy is expected 
because the method used by Straub et al. (2020) 
is based on the maximum channel-belt sandstone 
body thickness and long-term sedimentation 
rates in the Bighorn Basin, which is applicable 
when there is no external forcing. If these flood-
plain aggradation cycles are driven by allogenic 
forcing (as suggested by Abdul Aziz et al., 2008; 

Abels et al., 2013, 2016), Tc could extend by up 
to 2.5 times compared to an entirely autogenic 
scenario, as suggested by the modeling results of 
Wang et al. (2021). The underlying cause for this 
extension remains uncertain. It may be attributed 
to the pronounced lateral channel migration 
prompted by high-amplitude allogenic forcing, 
which consumes substantial, additional time 
alongside vertical channel aggradation (Barefoot 
et al., 2022; Wang et al., 2021).

Straub and Pyles (2012) proposed that units 
as small as individual channel beds are compen-
sating for the topographic differences created 
by older beds, whereas units of channel stories 
and higher hierarchy (i.e., channel element and 
channel complex) are also compensating for one 
another during their stacking. We extend this 
concept to floodplain aggradation cycles, which 
also exhibit features of compensational stacking. 
Furthermore, this finding aligns with the conclu-
sions reached by Trampush et al. (2017), who 
demonstrate that for data sets exceeding three 
times the thickness of a characteristic deposi-

tional element (such as a channel), compensa-
tion statistics can be reliably applied to constrain 
the maximum scale of autogenic sedimentation, 
even in the case of low-resolution data sets. In 
the present study, the stratigraphic resolution is 
delineated at the scale of floodplain aggradation 
cycles (averaging 6.8 m), a measurement consid-
ered low due to its proximity to the thickness of 
channel sandstone bodies (averaging 6.1 m for 
braided channel sandstone formations and 9.0 m 
for sinuous channel sandstone formations; Wang 
et  al., 2022). Nevertheless, the stratigraphic 
sequence, ∼300 m in length, significantly sur-
passes by three times the channel depth, thereby 
providing a reliably constrained compensa-
tional stacking index, denoted by κ = 1 (also 
see the extensive sensitivity tests in Trampush 
et al., 2017).

The average thickness of individual flood-
plain aggradation cycles varies between 3.7 
m and 9.7 m for the seven cycles studied in 
detail (Fig. 7). There could be several reasons 
for this. First, if these floodplain aggradation 

Figure 11. Geostatistical analy-
sis using the Scenario A40 data 
produced by Wang et al. (2021). 
(A) The elevation map of the 
base of cycle 3. (B) The eleva-
tion map of the top of cycle 3. 
(C) The thickness map of cycle 
3. (D) Directional variograms 
using the data constrained 
by dashed lines in panel C. 
Comparable, similar non-
monotonic variograms, as those 
in Figure 10, are also observed.
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cycles are driven by precession-scale climate 
change, as suggested in previous work (Abdul 
Aziz et  al., 2008; Abels et  al., 2013, 2016; 
van der Meulen et al., 2020), their deposition 
may represent different amounts of time since 
wavelengths of individual precession cycles 
dominantly range between 18.6 k.y. and 23 k.y. 
at present (Berger et al., 1992). Consequently, 
the impact of this discrepancy is anticipated to 
be ∼24% (i.e., 23 k.y./18.6 k.y. − 1 = 0.24), 
a value relatively minor when contrasted with 

the disparity between the thickest and thinnest 
floodplain aggradation cycles (i.e., 9.7 m/3.7 m 
− 1 = 1.62) (Fig. 7). Alternatively, the thick-
ness variations of the floodplain aggradation 
cycles may be governed by intricate interac-
tions between precession, obliquity, and eccen-
tricity, factors that collectively modulate insola-
tion at Earth’s atmospheric apex (Lourens et al., 
2001). However, delineating these interactions 
remains an unattainable objective within the 
confines of this study.

Second, the study area of 10 km2 may be 
insufficient to capture the basin-wide variability. 
River systems may have moved their courses 
over larger areas than the study area, resulting 
in an absence of coarse-grained material during 
the deposition of some floodplain aggradation 
cycles, thereby rendering them thinner. Con-
versely, a dominance of coarse-grained mate-
rial during other floodplain aggradation cycles 
makes them thicker. To further investigate this 
hypothesis, again, a larger data set is needed to 
trace floodplain aggradation cycles over a larger 
distance. Westerhold et al. (2018) suggested that 
floodplain aggradation cycles are continuous 
in the current study area and the Gilmore Hill 
area, ∼15 km away (Westerhold et al., 2018), 
a claim made without independent age con-
straints as correlations were made with the lower 
stratigraphic portions covering the Deer Creek 
Amphitheater section in the Deer Creek area in 
which no tie-points exist to correlate directly to 
the Gilmore Hill area. Enlarging the study area 
could be possible using the current methodology 
toward the east from the current location into the 
Whistle Creek area and ultimately the Gilmore 
Hill area. Such enlargement, coupled with the 
application of abovementioned dynamic back-
stripping to tackle the intricate nature of decom-
paction, constitutes our recommendations for 
future investigations in this field, as well as for 
analogous studies, contingent upon the availabil-
ity of requisite resources.

Implications for Alluvial Stratigraphic 
Analysis

In alluvial stratigraphic analysis that aims 
to extract allogenic signals, it is essential to 
disentangle these signals from the lateral and 
vertical variability produced by autogenic 
processes. We recommend using composite 
stratigraphy averaged across multiple 1-D sec-
tions to mitigate the impact of lateral thickness 
variability. An approach for this is presented 
by Zhang et al. (2022) and similar techniques 
have been applied to paleoclimate records from 
ocean drilling data (e.g., Lisiecki and Raymo, 
2005). The concomitant significant vertical 
thickness variability, which is partially inter-
preted to be influenced by autogenic processes, 
also poses a great challenge for allogenic sig-
nal extraction. It is imperative to approach the 
interpretation of meter-scale and kilo-year-
scale variability in high-resolution paleocli-
mate records of 1-D alluvial stratigraphic 
records with circumspection (also see Foreman 
and Straub, 2017). The absence of continuity 
in sedimentation at scales below the compen-
sational time scales and the equal spacing of 
sampling lead to highly unequal time series 

Figure 12. Two metrics for indicating the compensational time scale (Tc) based on flood-
plain aggradation cycle thicknesses in the McCullough Peaks area (Wyoming, USA). (1) The 
lower part shows the decay of the coefficient of variation (CV) with an increasing number of 
floodplain aggradation cycles in a stratigraphic assemblage. The predicted Tc corresponds to 
about six floodplain aggradation cycles since CV does not reduce any further and stabilizes 
at 6%. (2) The upper part shows the decay of σss with an increasing number of floodplain 
aggradation cycles in the composite section. Red dots indicate the mean σss at the correspond-
ing number of floodplain aggradation cycles, error bars represent the geometric standard 
deviation (std) from the mean, green dashed and solid trend lines represent the best linear-fit 
of dots on the two sides of the knickpoint, and the vertical green dashed line indicates the 
predicted Tc (see Straub et al. [2009] and the Methodology section for a more detailed expla-
nation of the principle) that corresponds to 12 floodplain aggradation cycles, over which the 
stratigraphic stacking transits from anti-compensational to compensational form.
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in the resultant record. The combination of 
multiple 1-D records into composite stratigra-
phy may enhance the ability to generate high-
resolution paleoenvironmental records from 
alluvial strata, thereby bolstering confidence 
in the findings.

CONCLUSIONS

Here, we utilize a 3-D photogrammetric 
model to examine the lateral and vertical thick-
ness variability of floodplain aggradation cycles 
in the McCullough Peaks area of the lower 
Eocene Willwood Formation in the Bighorn 
Basin, Wyoming.

Laterally, the thicknesses of individual flood-
plain aggradation cycles may vary rapidly. This 
thickness variability is less pronounced along the 
paleoflow direction than across it. Such a pattern 
is postulated to be associated with the organiza-
tion of fluvial landscapes over the depositional 
time, in congruence with paleoflow directions. 
The lateral thickness variability is attributed 
to the varied depositional rates away from the 
channel belts and the preferential filling of pale-
otopography by sedimentary processes during 
flooding events.

Vertically, there are significant thickness vari-
ations among successive cycles; thicker-than-
average floodplain aggradation cycles tend to be 
followed by thinner ones as observed in both 1-D 
and 3-D mapping.

Strong compensational stacking is evident 
at the vertical scale of two to three floodplain 
aggradation cycles, while full compensational 
stacking occurs at the scale of at least six flood-
plain aggradation cycles. This scale exceeds 
previous estimates that were predicted on the 
absence of allogenic forcing. This finding under-
scores the complex interplay between allogenic 
forcing and autogenic processes, which serves to 
extend the compensational time scale.

Our findings emphasize the necessity of incor-
porating 3-D data to counterbalance the influence 
of substantial lateral thickness variation, while 
analyzing larger-scale stratigraphic patterns can 
help minimize the impact of vertical thickness 
variability. Therefore, when interpreting alluvial 
stratigraphy or using samples of alluvial stra-
tigraphy to reconstruct paleoenvironments or 
paleoclimates, it is vital to systematically evalu-
ate both the lateral and vertical dimensions, con-
sidering the inherent variability in thickness.
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