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Abstract | This study investigates the internal facies architecture of a river-dominated delta deposit, the Cretaceous 
Panther Tongue of the Star Point Sandstone in central Utah (USA). Photorealistic virtual outcrop models (VOM) were 
created from ~13 linear-km of outcrop. The VOMs, alongside field observations, were used to identify and map facies 
and facies associations over the ~25 m-thick stratigraphic interval. A new workflow for querying VOMs as outcrop 
analogs for subsurface reservoir analogs was developed, which includes a database of measurements constructed from 
60 digital sections that were measured within the VOMs at 152 m (~500 ft) spacing. This database characterizes 508 
sandstone beds by thickness, length, and dip, from which the average thickness (0.78 m), bed length (330 m), and bed 
dip (2˚ towards the south) were calculated. Siltstone unit thickness data (0.81 m) were also recorded, and a trend of 
increasing siltstone abundance and thickness moving from proximal to distal areas was observed. From these data, 
depositional environment maps were constructed, illustrating the evolution of eight delta lobes that encompass the 
preserved depositional history of the study area. These maps document the compensational stacking of individual 
lobes and the progressive south-directed trajectory of the delta system. Results of this analysis provide insight into 
depositional processes and scales of heterogeneity of the Panther Tongue and analogous river-dominated delta 
systems. This workflow is applicable to other sedimentary outcrops and environments, thus demonstrating that VOMs 
can be used as a basis for quantitative database development and reservoir modeling inputs.
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1. Introduction

Reservoir studies of outcropping sedimentary analogs 
commonly use technologies such as lidar and/or 
structure-from-motion (SfM) stereophotogrammetry 
to reconstruct true-scale, photorealistic virtual outcrop 
models (VOMs) (e.g., Buckley et al., 2019; 2022). VOMs offer 
several major advantages over traditional photo panels 
and correlation panels for documenting the stratigraphic 
architecture of outcrops, such as the ability to efficiently 

acquire large-scale, high-resolution imagery with spatial 
accuracy that permits direct measurement of size, shape, 
and orientation of key features (Howell & Burnham, 2021; 
Howell et al., 2021). Additionally, an ever-increasing 
catalogue of such datasets is now publicly available (e.g., 
v3geo.com) for interrogation, creating many possibilities 
for future studies. VOMs are queried in different ways 
depending on the purpose of the study, however, they are 
underutilized in the construction of quantitative databases 
through systematic data collection from large-scale virtual 

Lay summary | The authors present a study examining the Panther Tongue, an ancient delta system that fed into the 
western shores of the Western Interior Seaway (USA). This study uses 13 km of virtual outcrops models, constructed via 
drone photography, to map out the architecture of hundreds of layers (beds) within the deposit. The database docu-
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these and similar stratigraphic deposits.
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outcrops (Howell et al., 2008a; Biber et al., 2018; Thomas 
et al., 2021). Most importantly, effective reservoir analog 
studies require a consistent workflow for data collection 
at a variety of scales in a way that is useful and efficient for 
reservoir characterization and prediction (Marques et al., 
2020; Usman et al., 2021).

The Campanian Panther Tongue of the Star Point 
Sandstone is a river-dominated delta complex that 
prograded on the western shore of the Cretaceous 
Western Interior Seaway (Newman & Chan, 1991). It has 
long been the focus of many sedimentological, strati-
graphic, and architectural studies (Young, 1955; Howard, 
1966; Frey & Howard, 1985; Posamentier & Morris, 2000; 
Hwang & Heller 2002; Olariu et al., 2005, 2010; Enge et 
al., 2010b; Forzoni et al., 2015) due in part to its extensive 
outcrops, which make it useful in studies of sequence stra-
tigraphy and as a worldwide analog for subsurface deltaic 
reservoirs (Aune, 2006; Howell et al., 2008a; 2008b; Enge 
& Howell, 2010). Although these outcrops are relatively 
well known in the North American sedimentary geology 
community (e.g., Bhattacharya et al. 2007), an analysis of 
the mesoscale internal architecture over the full extent of 
exposures is not yet available. 

This study outlines a holistic, systematic, and detailed 
approach to document the internal architecture, litho-
logical heterogeneity, and sedimentological character of 
the Panther Tongue delta system, using a method that 
could be easily applied to other ancient depositional 
systems. Whereas VOMs are now widely used for outcrop 
characterization, our approach incorporates a grid of 
regularly-spaced digital measured sections derived from 
the VOMs, and demonstrates how these can be used 
to build a quantitative database of key metrics that are 
important for reservoir characterization. The aims of this 
study are threefold: 1) to develop this new approach in 
order to document and analyze the internal architecture 
of sedimentary outcrops; 2) to use this workflow to create 
a database that records the detailed geometry of these 
deltaic deposits with the aim of constraining the lateral 
connectivity and heterogeneity; and 3) to synthesize 
the data in order to document the spatial and temporal 
changes within the Panther Tongue, so that these insights 
can inform depositional analyses on similar sedimentary 
systems.

2. Geological setting and stratigraphy

The Panther Tongue is the basal informal unit of the 
Campanian Star Point Sandstone, a sandstone-rich unit 
that forms the first of a series of regressive, shallow-marine 
bodies extending eastward into the offshore deposits of 
the Western Interior Seaway (i.e., Mancos Shale at this 
location) (Fig. 1) (Spieker & Reeside, 1925; Young, 1955; 
Howard, 1966). It forms the lowest cliff-forming sand-prone 
unit in the Wasatch Plateau and the northern Book Cliffs. 
Exposures of the Starpoint Sandstone extend almost 100 
km southwards along the Wasatch Plateau, and surround 

the town of Helper, Utah, where the unit thins, fines and 
interfingers with Mancos Shale <20 km to the east (Fig. 
2; Hampson et al., 2011; Forzoni et al., 2015). The tran-
sition from the recessively-weathering, grey mudstone 
of the offshore Mancos Shale (Spieker & Reeside, 
1925; Armstrong, 1968) to the relatively sand-prone, 
cliff-forming unit that constitutes the Panther Tongue 
represents the earliest progradation of deltaic sediments 
of the Mesaverde Group at this location (Howard, 1966; 
Newman & Chan, 1991). The top surface of the Panther 
Tongue is sharp and characterized by a medium-grained 
sandstone that is heavily bioturbated (Hwang & Heller, 
2002; Enge et al., 2010b). It is interpreted as a transgres-
sive erosion or ravinement surface, possibly driven by a 
rapid sea-level rise (cf. Howell et al., 2018), which truncates 
the uppermost Panther Tongue, removing its proximal 
delta plain deposits (Hwang & Heller, 2002). The Panther 
Tongue is overlain by offshore deposits of the Mancos 
Shale, followed by prograding shoreface deposits of the 
Storrs Canyon Tongue of the Star Point Sandstone (Howell 
& Flint 2004) and ultimately, the coal-bearing Blackhawk 
Formation (Spieker & Reeside, 1925; Clark, 1928; Young, 
1955; O’Byrne & Flint, 1995; Kamola & Van Wagoner, 1995) 
(Fig. 1). Sediments delivered to the Campanian shorelines 
and deltas of Utah, such as the Panther Tongue, were 
primarily derived from the Sevier Highlands to the west 
(Robinson & Slingerland, 1998; DeCelles & Coogan, 
2006; Bartschi et al., 2018), although there is also regional 
evidence of sediment input via longshore drift from the 
north (Fielding, 2010), and via axial drainage systems 
coming from the south (Lawton & Bradford 2011; St. Pierre 
& Johnson, 2022).

The Panther Tongue is approximately 25 m thick with 
upwardly-increasing bed thickness and grain size profiles. 
Overall, the sediment grain size distribution within the 
Panther Tongue is relatively narrow, exhibiting a vertical 
shift from a silt-prone base that coarsens upwards to 
predominantly very fine- to fine-grained sandstones with 
rare, medium-grained sandstones locally towards the top 
of the succession (Newman & Chan, 1991; Enge & Howell, 
2010; Olariu et al., 2010; Enge et al., 2010b). Previous work 
demonstrated that the Panther Tongue is characterized 
by clinoforms that dip gently at 0.4-2.65˚ (with a mean of 
1.25˚) to the south (Enge et al., 2010a; 2010b; Olariu et 
al., 2010). An overall north-to-south paleocurrent direction 
(Newman & Chan, 1991; Olariu et al., 2005; 2010; Enge et 
al., 2010a; 2010b) resulted in a paleo-shoreline (shown in 
Fig. 2) with a complex morphology (Hampson et al., 2011; 
Forzoni et al., 2015). This contrasts with the regional north-
to-south paleo-shoreline of the Western Interior Seaway 
and the eastward progradation of the overlying shore-
face deposits of the Storrs Tongue and the Blackhawk 
Formation (O’Byrne & Flint, 1995; Kamola & Van Wagoner, 
1995; Howell & Flint 2004).

The Panther Tongue is interpreted as a river-dominated 
delta system (Howard, 1966; Newman & Chan, 1991; 
Hwang & Heller, 2002; Hampson et al., 2011) containing 
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typical prodelta facies at the base of the succession, with 
superposed distal delta front, proximal delta front, and 
terminal distributary channel deposits of the delta plain 
(Bhattacharya, 2006; Howell et al., 2008b). Recent studies 
of the Panther Tongue documented the heterogeneity 
(e.g., facies relationships and geometry) of specific archi-
tectural components such as the delta front clinoforms and 
how these dipping features could impact reservoir perfor-
mance (Howell et al., 2008a; Enge et al., 2010a; 2010b; 
Enge & Howell, 2010; Olariu et al., 2010). Additionally, 
deposits interpreted to be a terminal distributary channel 
in the western portion of the study area at Sowbelly Gulch 
were documented in detail by Olariu et al., (2005; 2010) 
and Olariu & Bhattacharya (2006). 

This study focuses on outcrops of the proximal Panther 
Tongue around the town of Helper, Utah (Fig. 2). The field 
site covers an area of 22 km2 and spans ~13 linear km of 
outcrop exposures with variable orientations. The study 
area is transected by US Route 6 (Highway 6), which subdi-
vides the outcrop exposures into western and eastern 
sections that are separated by a 350 to 1200 m gap (Fig. 
2). The various orientations (strike, dip, and orthogonal) 
and considerable continuity of these outcrop exposures 
enable the investigation of the architectural components 
and connectivity of this ancient delta deposit with a high 
degree of fidelity.

3. Methods and dataset

3.1. Field data collection

Field data collection included measuring three complete 
stratigraphic sections and collecting 19 hand samples that 
were thin-sectioned for petrographic grain size analysis 
(yellow stars on Fig. 2D). The measured sections were 
described at a cm-scale using standard methods, and 
combined with previously published sections (from Enge 
et al., 2010a; 2010b; Olariu et al., 2010). They span more 

than 260 m of total stratigraphic thickness, with individual 
sections ranging from 7.6 m to 26.1 m. The measured 
sections and grain size data were used to identify seven 
lithofacies which were then grouped into four facies 
associations representing depositional sub-environments 
(e.g., distributary channel, proximal delta front, distal delta 
front, prodelta) following the work of Olariu et al. (2010). 
The facies associations derived from outcrop observations 
were used to calibrate sections of the VOMs in which they 
were documented and then extrapolated outward into 
parts of the model without associated measured sections. 

An extensive UAV imagery dataset that includes more 
than 8,000 high-resolution images, capturing both dip- 
and strike-oriented outcrops of the Panther Tongue, was 
collected using a DJI Phantom 4 Professional drone. The 
images were processed into eight three-dimensional 
photogrammetry models using Agisoft Metashape, which 
were interpreted in LIME (Enge et al., 2007; Buckley et 
al., 2019; 2022; Chmielewska et al., 2020; Howell et al., 
2021). Please note that the VOMs are publicly available via 
data release (Atlas et al., 2020a). These VOMs were then 
calibrated using the outcrop measured sections collected 
during this study along with an additional nine measured 
sections from Enge et al. (2010a; 2010b) and Olariu et al. 
(2010) that have been included as tie points to calibrate 
the VOMs (Fig. 2). This calibration step is necessary to 
confirm that the observed spatial relationships, lithology, 
and sedimentary structures are consistent. Observations, 
measurements, and calculations (e.g., sedimentary, litho-
logical, dimensional) were then systematically collected 
from the calibrated VOM and compiled into a database 
(Atlas et al., 2020b) that records the detailed internal archi-
tecture of the Panther Tongue delta system. 

3.2. Database data collection

To create a robust database that represents the internal 
architecture of this delta system, 60 digitally measured 

Figure 1 | Geologic overview of the Panther Tongue. (A) Late Cretaceous paleogeographic configuration of North America showing the 
Western Interior Seaway shoreline (modified from Robinson Roberts and Kirschbaum, 1995), paleolatitudes are averages from ~90 Ma to 
60 m.y. (Irving, 1979). The red outline highlights the state of Utah and the star denotes the study area. (B) Stratigraphy of the Mesaverde 
Group in east-central Utah showing the Wasatch Plateau and Book Cliffs stratigraphy (modified from Hampson et al., 2011). The Panther 
Tongue is highlighted in bright yellow and outlined in blue.
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Figure 2 | (A) A paleogeographic map showing the field location during the Late Cretaceous relative to the Western Interior Seaway 
(modified from Hampson et al., 2011). (B) A map showing the location of the study area in the state of Utah. (C) A map showing the 
Mesaverde Group and the Mancos Shale outcrop belt in east-central Utah, highlighting the study area near Helper, UT (modified from 
Hampson et al., 2011; Forzoni et al., 2015; and informed by https://geology.utah.gov/apps/intgeomap/). (D) A map showing the locations 
of hand samples, digitally measured sections, outcrop measured sections (including previously published examples and from this study), 
and photogrammetry imagery coverage. Base map from Google Maps.

sections were constructed at a consistent spacing of 152 
meters. This spacing was chosen because it is tighter than 

the typical well spacing in a conventional hydrocarbon 
field (e.g., 10 acres spacing at 201 m; Pranter et al. (2008)) 

https://geology.utah.gov/apps/intgeomap/
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and is in alignment with the spacing of the Intensive 
Resource Development strategy proposed for other 
Mesaverde Group outcrops sensu Kuuskraa & Ammer 
(2004). The outcrop exposure is discontinuous through 
the area (Fig. 2), as are the resulting VOMs. However, the 
152 m spacing was continuous through each of the eight 
individual three-dimensional photogrammetry models. 
The digitally measured sections record bed thickness, bed 
lithology, simplified grain size, sedimentary structures, and 
bed dip. Each section is paired with two additional digi-
tally measured sections that are spaced 5 m to the left and 
right of the original one. The use of two scales of spacing 
between digitally measured sections permits the assess-
ment of lateral and vertical variations over small-scale (<10 
m) and large-scale (>10 m) intervals, thus capturing the 
heterogeneity of individual bed character (Fig. 3). During 
this data collection, each sandstone bed was assigned an 
identification number (1-508; supplemental dataset; Atlas 
et al., 2020b) to enable correlation to adjacent digitally 
measured sections, recording lateral changes on a large 

scale (100-1000s m) and total bed lengths; permitting the 
quantification of the geometry and characteristics of 508 
beds from 1513 bed measurements. This also includes 601 
siltstone unit thickness measurements (which includes silt 
and clay grain sizes). Constructing such a detailed data-
base highlighted a significant benefit of VOMs that has so 
far been underutilized. 

The VOM metric database (see supplementary data 
file; Atlas et al., 2020b) contains observations and 
measurements of 508 sandstone beds, totaling 910 
bed measurements as individual beds were measured 
more than once throughout the VOMs, depending on 
their runout lengths and the number of times they were 
intersected by the digitally measured sections. From this 
dataset, bed runout lengths have been measured for 486 
of the 508 sandstone beds and 1,056 sandstone bed thin-
ning rates were calculated over small-scale (<10 m) and 
large-scale (>10 m) distances. Bed runout lengths refer 
to the lengths of individual sandstone beds that can be 

Figure 3 | Summarized VOM workflow. (A) Digitally measured sections (vertical black bar) were selected and assigned every 152 m 
along the length of one of the eight VOMs. Each bed intersected by the digitally measured section is given a unique number to correlate 
between adjacent digitally measured sections and to permit runout length measurements. (B) At each VOM digitally measured section, 
measurements and observations are taken at three vertical locations: the central log, and 5 m to the right and left. (C) Bed thickness and 
dip are measured. Grain size and lithofacies are identified for each bed in the central log and the logs 5 m to the left and right – three 
individual bed measurements are taken at each of the 60 locations. (D) The lithofacies identified in each digitally measured section are 
grouped into facies associations, these are mapped laterally through adjacent digitally measured sections. (E) Using the mapped facies 
associations, depositional maps of specific deltaic depositional cycles (i.e., parasequences) are reconstructed.
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mapped and measured throughout the study area (Fig. 4). 
It should be noted that these values are considered the 
minimum runout lengths, as both bed terminations may 
not be seen, and the outcrop might have limited exposure. 
The bed thickness was measured as an absolute vertical 
thickness (Fig. 3) and the apparent bed dip was measured 
along the base of well-exposed sandstone beds rather 
than the recessively weathering siltstone and mudstone 
intervals, to improve the accuracy of the measurement.

Field observations, thin-section analysis, and published 
datasets (Newman & Chan, 1991; Howell et al., 2008a; Enge 
& Howell, 2010; Olariu et al., 2010; Forzoni et al., 2015) 
provide reasonable grain-size proxies for the facies and 
facies associations of the Panther Tongue outcrops, and 
thus were applied to the database based on interpreted 

facies. The metrics recorded within the VOM database 
include both quantitative data such as bed thickness, 
grain size, and bed length, as well as more qualitative 
assessments such as bed termination and amalgamation 
style. Two main types of bed terminations were observed: 
pinchouts and truncations. A bed pinchout was assigned 
when a bed thinned until it was no longer measurable or 
traceable, and a bed truncation was used when a bed was 
partially or entirely removed by an overlying bed. Details 
on whether beds amalgamate or bifurcate, were also 
recorded, including the bed identification numbers of the 
affected beds and the sense of direction (Fig. 3).

These data were used to calculate Net-to-Gross (NTG) 
estimates and depositional facies proportions. In addi-
tion, the beds measured in digital sections were grouped 

Lithofacies 
name

Lithofacies 
code

Bed 
geometry Description Interpretation

Siltstones F1
Bed 
thickness:
3-100 cm

Blue-grey colored, structureless 
siltstone. Weathers recessively. 
See Figure 4A for photograph 
of F1 facies.

Deposits primarily as a result of settling from 
suspension, and may in part record the dilute 
components of turbidity currents

Mud-prone 
heterolithics F2

Bed 
thickness:
2-200 cm

Structureless blue-grey 
siltstones punctuated by 
rare interbedded sandstones 
that have erosive bed bases. 
Sandstones grade normally 
upwards with parallel to current 
ripple cross-lamination. See 
Figure 4B for photograph of F2 
facies.

Siltstone deposits primarily as a result of 
settling from suspension, and they may also 
record the upper, dilute components of 
turbidity currents. The normally graded and 
structured sandstone beds are a product of 
low- to medium-density turbidity currents. 

Sand-prone 
heterolithics F3

Bed 
thickness:
2-200 cm

Structureless siltstones 
interbedded with normally 
graded sandstone beds; overall 
F3 is more sand prone relative 
to F2. Sandstones are parallel 
to ripple laminated with erosive 
bed bases. See Figure 4C for 
photograph of F1 facies.

The normally graded and structured 
sandstone beds are a product of low- to 
medium-density turbidity currents, and the 
minor siltstone beds record the upper, dilute 
component of the turbidity currents, with a 
minor component resulting from suspension 
settling. The increase in sandstone content in 
F3 versus F2 suggests F3 is recording a more 
proximal position within the delta.

Very fine- to 
fine-grained 
sandstone

F4

Bed 
thickness:
25-400 cm

Bed lengths:
8-2980 m

Bedded, predominantly 
structureless sandstones. See 
Figure 4D for photograph of F4 
facies.

Sandstone beds are a product of turbidity 
currents. The thinner bedded sandstones 
beds are likely resulting from medium density 
turbidity flows, and the thicker bedded 
sandstones from high-density turbidity 
currents.

Fine- to 
medium-
grained 
sandstone

F5

Bed 
thickness:
30-400 cm

Bed lengths:
35-2985 m

Sandstone beds are planar 
laminated and laterally 
continuous with sharp bed 
contacts. Beds are locally 
amalgamated. See Figure 4E for 
photograph of F5 facies.

Planar lamination typical of upper phase 
flow regimes, possibly resulting from storms. 
They can also be the products of periodic 
turbidity currents that are instigated by storm 
reworking or hyperpycnal flows coming from 
the fluvial dominated delta.

Cross-
bedded 
sandstone

F6

Bed 
thickness:
<100 cm

Bed lengths:
135-1136 m

Sandstone beds are planar 
and cross laminated. Beds are 
tabular and laterally continuous. 
Erosive and amalgamated bed 
contacts are common. See 
Figure 4F for photograph of F6 
facies.

The cross-bedding signals that the sandstone 
beds are the result of subaqueous dune 
migration.

Medium-
grained 
sandstones 
with 
mudstone 
rip-up clasts

F7

Bed 
thickness:
2-11 m

Bed lengths:
73-427 m

Sandstone beds are frequently 
erosive, truncating underlying 
strata. The erosion surfaces 
are associated with mudstone 
rip-up clasts. See Figure 4G for 
photograph of F7 facies.

Sandstone beds and their erosive bases are 
associated with incision and highly erosive 
flows. Mudstone rip-up clasts are entrained 
through erosion of the underlying substrate 
by rip-up and scouring processes before 
being transported by traction beneath 
confined flows.

Table 1 | Table listing the seven lithofacies identified in this study, with descriptions and interpretations.
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into facies associations, which were then used to identify 
stacking patterns, vertically and throughout the length of 
the study area. These results facilitated a reconstruction of 
delta lobe stacking throughout the study area.

4. Results

4.1. Facies analysis

Lithofacies are defined by lithology, grain size, bed 
geometries, and similarities in characteristic sedimen-
tary structures, etc. In total, seven lithofacies have been 
identified (F1-F7; Table 1; Fig. 4). F1 and F2 describe the 
more mudstone and siltstone-prone facies. F3 describes 

heterolithic deposits. F4-F7 describe the sandstone-prone 
facies; including structureless sandstone (F4), planar-
bedded sandstone (F5), cross-bedded sandstone (F6), 
and medium-grained sandstone that contains mud rip-up 
clasts (F7).

The seven lithofacies were grouped into four facies associ-
ations (Fig. 5) that define and characterize specific deltaic 
sub-environments, from proximal to distal: distributary 
channel (FA1), proximal delta front (FA2), distal delta front 
(FA3), and prodelta (FA4) (see Fig. 5 for component litho-
facies). These are consistent with previous interpretations 
of the Panther Tongue (Newman & Chan, 1991; Enge et al., 
2010b; Olariu et al., 2010). They were mapped throughout 

Figure 4 | Images showing the seven lithofacies observed in this study, and described in Table 1: (A-i) Siltstones (F1); (A-ii) A close-up 
image of the siltstone deposits that comprise F1; (B-i) Mud-prone heterolithics (F2); (B-ii) A close-up image of the mud-prone hete-
rolithics that comprise F2; (C-i) Sand-prone heterolithics (F2); (C-ii) A close-up image of the sand-prone heterolithics that comprise 
F3; (D) Very fine- to fine-grained sandstone deposits (F4); (E) Fine- to medium-grained sandstone deposits (F5); (F) Cross-bedded 
sandstone (faint, low-angle laminations) (F6); (G) Medium-grained sandstones with mudstone rip-up clasts (F7).
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the 13 km of VOMs, and have been included in the VOM 
metric database.

For the purposes of this study, the outcrop and thin-sec-
tion observations establish that grain size is predictable 
based on lithofacies and facies association and is therefore 
representative of the depositional environment. Overall, 

Figure 5 | Composite log of the Panther Tongue of the Star Point Sandstone, showing the vertical distribution of the four Facies 
Associations identified in this study (from proximal to distal: FA1: Distributary Channel; FA2: Proximal Delta Front; FA3: Distal Delta 
Front; FA4: Prodelta), including summary descriptions, interpretations and outcrop photos capturing these facies associations in a 
vertical succession (FA2-FA4) and the outcrop of a distributary channel deposit at Sowbelly Gulch (FA1). The lithofacies that constitute 
each facies association are also listed (see Table 1 and Fig. 4 for details).
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the transition from the most distal (prodelta) to the most 
proximal (distributary channel) setting is associated with a 
coarsening of grain size (from muddy siltstone to medium 
sandstone). An increase in sand bed thicknesses (from 
under 0.25 m to over 2 m) represents an increase in flow 
energy. 

4.1.1. Facies Association 1: Distributary Channel (FA1)

FA1 description: FA1 is a sandstone-dominated succession 
composed of fine- to medium-grained sandstone beds 
that are 1-11 m thick; the maximum thickness intercepted 
by a digitally measured section for the database is 9.3 m 
(Figs. 5 and 6). Individual beds have a tabular to lenticular 
geometry. Structureless sandstone is most common, with 
sub-angular to rounded mudstone rip-up clasts present 
locally at bed bases, in association with basal erosion 
surfaces. Parallel lamination and cross-bedding are also 
present. Sandstone bed bases are a mix of amalgamated 
to erosive surfaces that truncate underlying deposits, 
locally by up to 3-4 m (Olariu et al., 2005; 2010). The type 
(and only) locality area for this facies association is Sowbelly 
Gulch (Figs. 2 and 6) at the western-most edge of the study 
area and the VOMs, where it was documented in detail by 
Olariu et al. (2005) and Olariu & Bhattacharya (2006). At 
Sowbelly Gulch, FA1 is expressed as a cliff-forming unit 
~20 m thick and 200 m wide that is entirely composed of 
F6 and F7 (Table 1). The succession at this location has a 
lenticular geometry. This geometry and the dominance of 
FA1 might result from the outcrop exposure.

FA1 interpretation: The sand-prone, coarse-grained 
nature of FA1 and abundant concave-up erosion surfaces 
that locally downcut by up to 4 m, in association with 
mudstone rip-up clasts, are consistent with deposition in 
a dynamic, high energy, erosive, yet confined depositional 

setting. This confinement is further indicated by the 
overall lenticular geometry of the deposit. The presence 
of cross-bedded sandstone suggests sustained, unidirec-
tional flow conditions that facilitated dune construction 
and migration (Allen, 1968; Harms et al., 1982; Southard 
& Boguchwal 1990; Best, 2005). The extreme thickness of 
the sandstone beds (up to a maximum of 11 m) is likely a 
consequence of amalgamation through the deposition of 
successive flood events (Olariu et al., 2005). These features 
are consistent with a terminal distributary channel (Olariu 
et al., 2005; 2010; Olariu & Bhattacharya, 2006; Martini & 
Sandrelli, 2015).

4.1.2. Facies Association 2: Proximal Delta Front (FA2)

FA2 description: FA2 is a sand-prone succession that is 
primarily composed of thick-bedded (2-4 m) fine-grained 
sandstone that locally includes medium-grained sand-
stone (Fig. 5). Beds typically have a tabular geometry and 
include structureless, planar laminated, and cross-bedded 
features. Bed bases are locally sharp and amalgamation 
surfaces are frequent. Siltstone intervals are rare in this 
facies association, and where they do occur, they are 
present as thin, laterally discontinuous beds. Paleocurrent 
measurements indicate paleoflow to the southwest 
(Newman & Chan, 1991; Enge et al., 2010a; Olariu et 
al., 2010). FA2 has a sporadic and restricted trace fossil 
assemblage (BI = 0-2; MacEachern et al., 2005), that 
includes Ophiomorpha, Cylindrichnus, Diplocraterion, 
Arenicolites, Schaubcylindrichnus, Teredolites and escape 
structures (MacEachern et al., 2005). This facies associa-
tion is observed throughout the study area but is more 
prevalent in the northern part and near the top of outcrop 
exposures. 

Figure 6 | Image showing the distributary channel at Sowbelly Gulch. (A) A strike-oriented photograph of the Panther Tongue sandstone 
at the western end of the field area (SG; Fig. 2). (B) Interpreted distributary channels showing truncation of sandstone beds (traced in 
white).
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FA2 interpretation: The thick-bedded nature of the 
sandstones in association with the amalgamation surfaces 
characteristic of FA2 are indicative of deposition from 
multiple, stacked flow events, indicative of fluctuating flow 
conditions (Reineck & Singh, 1980). The planar-laminated 
sandstones are characteristic of deposition under upper 
flow regime conditions, which in this case are likely the 
product of storm-induced flood stage runoff (Harms, 
1975; Tunbridge, 1981; Stear, 1985; Bhattacharya et al., 
2020). Similarly, the abundance of structureless sandstone 
implies rapid deposition from sediment-laden, high-den-
sity turbidity flows that undergo sudden changes in flow 
conditions (Lowe, 1982; Arnott & Hand, 1989; Martin & 
Turner, 1998; Mutti et al., 2000; Baas, 2004; Olariu et al., 
2021). Such a scenario can occur when flows transition from 
the confinement of a river channel to a large body of water 
(such as a lake, ocean or seaway, i.e., at a delta) where they 
undergo flow expansion (Bates, 1953; Wright, 1977; Elliott, 
1986), or during a flash flood event (Mutti et al., 2000). 
The cross-bedded sandstone records dune migration 
under sustained, unidirectional flow at low-to-moderate 
flow regimes (Allen, 1968; Harms et al., 1982; Southard & 
Boguchwal, 1990; Best, 2005). This interpretation along 
with evidence of storm deposition and evidence of flow 
transformation due to flow expansion, is suggestive of 
deposition in a proximal delta front setting. The paucity 
of finer-grained interbeds and the absence of biogenic 
features are consistent with very high sedimentation rates 
as well as constant freshwater runoff (Frey & Howard, 1985; 
Li et al., 2011; Bhattacharya et al., 2020). It is likely that the 
thin, laterally discontinuous, and lenticular interbedded 
siltstones accumulated during relatively quiet periods 
between depositional events (e.g., inter-flood stage), and/
or waning flow conditions (Tunbridge, 1981; Steer, 1985; 
Mutti et al., 2000). 

4.1.3. Facies Association 3: Distal Delta Front (FA3)

FA3 description: FA3 is a sand-prone succession composed 
of very fine- to fine-grained sandstone beds interbedded 
with siltstone beds, which are relatively thicker and 
more laterally continuous than those in FA2 (Fig. 5). 
The sandstone beds of FA3 are 20-200 cm thick, have a 
tabular geometry and are laterally continuous (some for 
hundreds of m) with limited vertical amalgamation. They 
are typically structureless or planar-laminated, although 
normally graded sandstone beds that contain an upward 
transition from structureless sandstone to planar lamina-
tion, to ripple lamination at the bed top are also common. 
These beds have sharp, typically erosive bases that locally 
contain tool marks indicating paleoflow to the southwest 
(Newman & Chan, 1991; Olariu et al., 2010). FA3 has more 
abundant biogenic structures (BI = 0-3; MacEachern et 
al., 2005), recording a proximal expression of Cruziana 
ichnofacies. MacEachern et al., (2005) noted the presence 
of Ophiomorpha, Thalassinoides, Skolithos, Paleophycus, 
Cylindrichnus, Rosselia, Arenicolites, Lockeia, Taenidium, 
Gyrochorte, Teichichnus, Schaubcylindrichnus, Teredolites 
and fugichnia in many of the sandstone beds. The 

interbedded siltstone units are 5-50 cm thick, and are 
structureless to rippled. This facies association occurs 
throughout the entire study area and constitutes a signifi-
cant proportion of the outcrops. FA3 is distinguished from 
FA4 based on the presence of more abundant and thicker 
sandstone beds.

FA3 interpretation: The sharp, erosive-based, normal-
ly-graded sandstones that exhibit an upwards transition 
of sedimentary structures from structureless to planar 
laminated to current ripple-cross laminated are turbidite 
deposits that exhibit incomplete Bouma sequences (i.e., 
Ta-Tc; Bouma 1962). These turbidite deposits are the prod-
ucts of periodic, hyperpycnal density currents or turbidity 
flows (Martinsen, 1990; Bhattacharya, 2006; Fielding, 2010; 
Ahmed et al., 2014; Bhattacharya et al., 2020). The relatively 
thin beds of this type are likely to represent a single event, 
and the thicker beds are considered the result of multiple, 
stacked and amalgamated events. The sediment gravity 
flow events that deposited these beds can occur due to 
the action of upstream (fluvial) flood events or through 
storm generation and reworking of previously deposited 
mouth bar and proximal delta front deposits. The inter-
calated siltstone may record background sedimentation 
such as fair-weather deposition from suspension between 
turbidite-generating events (Bhattacharya et al., 2020), 
or could in part represent the finer-grained, more dilute 
component of a turbidity flow event bed (Td and Te turbidite 
deposit) (Li et al., 2015). The moderately abundant, 
sporadic and diverse ichnoassemblages are consistent 
with the resumption of normal marine processes between 
storm events and the establishment of a benthic fauna 
during fairweather periods (Bhattacharya et al., 2020). This 
facies association is interpreted as the deposits of the 
distal delta front sub-environment.

4.1.4. Facies Association 4: Prodelta (FA4)

FA4 description: FA4 is primarily composed of grey 
siltstone with abundant, although sporadic bioturbation 
[BI = 1-3 (MacEachern et al., 2005); traces observed in 
the prodelta facies association by MacEachern et al., 
(2005), include Phycosiphon, Anconichnus/Phycosiphon, 
Helminthopsis, Ophiomorpha, Chondrites, Paleophycus, 
Asterosoma, Schaubcylindrichnus, Monocraterion and 
Thalassinoides] that is interbedded with uncommon, thin 
(5-20 cm), very fine-grained sandstone beds that have a 
tabular geometry and are laterally continuous at outcrop. 
These sandstone beds increase in both occurrence and 
bed thickness up-section within FA4 (Fig. 5) and are typi-
cally structureless to ripple laminated. The interbedded 
siltstone beds range from centimeters to meters thick and 
have a massive, nodular appearance. This facies associ-
ation is present throughout the study area towards the 
base of the Panther Tongue succession (Fig. 5) although 
it is most prevalent in the eastern outcrops (around 
Access; Fig. 2). It typically defines the base of the Panther 
Tongue and has a gradational contact with the underlying 
mudstones of the Mancos Shale. 
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Metric Average Range
Sandstone bed thickness (m) 0.78 0.07 – 9.3

Siltstone unit thickness (m) 0.81 0.63 – 10.2

Bed dip (˚) 2.2 0.41 – 8.8

Minimum bed runout length (m) 330 30 – 2930

Maximum bed runout length (m) 290 40 – 1830

Bed Thinning 
Rates:

Large scale distance (>10 m) 1.6 x 10-3 –

Small scale distance (<10 m) 1.2 x 10-2 –

Net-to-Gross (NTG) 0.65 0.23 – 0.97

Facies 
Associations 
Proportions

FA1 (Distributary Channel) 0.06 0 – 0.92

FA2 (Proximal Delta Front) 0.14 0 – 0.77

FA3 (Distal Delta Front) 0.45 0 – 0.87

FA4 (Prodelta) 0.35 0 – 0.93

Table 2 | Summary of field-wide metrics derived  
from the entire database. It includes bed thicknesses 
for sandstones and siltstones, sandstone bed 
runout lengths, sandstone bed thinning rates, 
net-to-gross values for the entire dataset, and 
facies proportions for the entire database and for 
all outcrops examined in this study.

Figure 7 | Sandstone metrics derived from the 60 VOM digitally measured sections. (A) Frequency plot displaying the maximum sand  
bed thicknesses. (B) Maximum sandstone bed thickness binned by outcrop from proximal (left) to distal (right) – SG = Sowbelly Gulch; 
GW = Gentile Wash; PP = Powerplant; SC = Spring Canyon; Co = Connector; HS = Hard Scrabble; FP = Fish Pond; Ac = Access 
(see Fig. 2 for locations). (C) Frequency plot displaying sandstone bed runout length. (D) Bed runout lengths binned by outcrop from 
proximal (left) to distal (right). (E) Sandstone bed thinning rates calculated over 10 m (orange) and measured bed runout length (dark 
blue). (F) Apparent bed dip binned by outcrop from proximal (left) to distal (right).
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FA4 interpretation: FA4 represents the finest-grained 
sediments of the Panther Tongue in the study area. The 
siltstone that constitutes the bulk of the facies associa-
tion is interpreted to be the product of deposition from 
suspension. The planar lamination within the siltstone 
is interpreted to be a product of sedimentation from 
buoyant plumes (Bhattacharya & MacEachern, 2009), 
although it may also partly record deposition by dilute, 
low-density turbidity currents (Li et al., 2015). The mottled 
appearance of the sandstone locally is interpreted to 
result from intense burrowing by marine benthic fauna. 
The locations of these intervals are interpreted to reflect 
more aerobic and saline bottom waters, facilitating 
colonization and biogenic activity within the sediments 
(Martinson, 1990; Bhattacharya, 2006; Bhattacharya et al., 
2020). The thin, interbedded sandstones were deposited 
by episodic, hyperpycnally-derived sediment gravity flows, 
which transported coarser-grained sediments into the 
depositional setting (Li et al., 2015; Fielding, 2010; Ahmed 
et al., 2014). This facies association is interpreted to be 
the prodelta where sedimentation is a mix of suspension 
fallout and periodic density currents.

4.2. VOM metric database

A total of 508 sandstone beds were individually numbered 
and mapped out along the virtual outcrop model. Bed 
thickness was measured every time individual, laterally 
continuous beds were intercepted by a digitally measured 
section and its paired sections spaced 5 m to the left and 
right, resulting in over 2600 total measurements. The bed 
thickness values were used to calculate the bed thinning 
rate, which is a dimensionless unit that quantifies the 
change in bed thickness over the full length that the bed 
can be mapped at outcrop or in the VOM. Bed thickness 
data were also used to calculate the average sandstone 
bed thickness. For each of the 508 sandstone beds, the 
maximum bed thicknesses were noted in the database 
to reduce the possibility of skewing the average. To 
prevent longer beds from being over-represented in 
the database, the data were filtered to record only the 
thickest measurement per individual bed. The maximum 
bed thicknesses recorded in the database for a single 
sandstone bed ranges from 0.07 to 9.3 meters, with the 
thickest bed recorded in FA1 at Sowbelly Gulch (Table 2). 
The maximum bed thickness data can be further interro-
gated to display the distribution of the bed thicknesses. 
For example, there is a peak between 0.2 to 0.4 m thick, 

Figure 8 | Small-scale (<10 m) sandstone bed thinning rates. (A) Histogram showing the small-scale sandstone bed thinning rates by 
outcrop orientation from proximal (left) to distal (right), see Fig. 2 for outcrop locations. (B) Small-scale sandstone bed thinning rates 
grouped by outcrop orientation.

Metric
Outcrops (from Proximal to Distal)
SG SC HS Co GW PP FP Ac

Distance to previous outcrop (m)  - 4100 330 1390 835 445 975 950

Sandstone bed thickness (m) 2.3 0.9 0.89 0.74 0.78 0.2 0.69 0.35

Siltstone unit thickness (m) 0.46 0.44 0.64 0.44 0.54 0.47 1.4 1.1

Bed dip (˚) 2.05 1.85 5.9 1.63 2.21 2.04 2.45 1.9

Sandstone Bed Runout Length (m) 178.5 162.8 350.4 275.4 344.7 481.9 597.3 339.7

Bed Thinning Rate (small-scale distance < 10m) 0.0068 0.0013 0.012 0.013 0.011 0.012 0.0093 0.008

Net-to-Gross (NTG) 0.96 0.86 0.58 0.77 0.7 0.8 0.55 0.37

Facies Associations 
Proportions

FA1 (Distributary Channel) 0.85 0 0 0 0 0 0 0

FA2 (Proximal Delta Front) 0.15 0.5 0.11 0.14 0.11 0.25 0.17 0.06

FA3 (Distal Delta Front) 0 0.48 0.52 0.66 0.69 0.64 0.34 0.17

FA4 (Prodelta) 0 0.02 0.37 0.2 0.2 0.11 0.49 0.77

Table 3 | Summary of metrics by outcrop; see Fig. 2 for outcrop locations.
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and over half the sandstone beds are less than 0.6 m thick 
with a median sandstone thickness of 0.48 m (Fig. 7).

The bed runout length is herein defined as the entire 
traceable exposure of a bed from the down-dip bed termi-
nation to the up-dip termination. Although 508 sandstone 
beds were analyzed in this study, only 486 of these could 
be confidently mapped for their entire runout per this defi-
nition (Table 2 and the supplementary data file; Atlas et al., 
2020b). Sandstone bed runout lengths range from 30 m to 
2930 m, with an average of 330 m (Table 2; Fig. 7). These 
are considered the minimum bed runout lengths (Table 2), 
since many bed terminations are not visible in outcrop or 
VOM. When filtered to obtain the runout lengths where 
both the up-dip and down-dip terminations are observed, 
the sample size is reduced to 199 beds with bed runout 
length ranging from 40 m to 1830 m, and an average of 
290 m (maximum bed runout lengths; Table 2).

The sandstone bed thinning rates were calculated from 
the entire database of bed thickness measurements, and 
therefore document the change in bed thickness across 
the entire study area. There is a decrease in bed thickness 
from north to south along the depositional dip (Fig. 7), as 
predicted by deltaic depositional models (Bhattacharya, 
2006; Suter, 2006). With the two scales of spacing repre-
senting different orders of magnitude between the 
digitally measured sections, it is possible to calculate two 
scales of thinning rates. The average small-scale (<10 m 
distance) thinning rate is 1.22x10-2 and the average entire 
bed-scale thinning rate of 1.63x10-3. The relationship 
between the bed thickness and the bed thinning rate is 
poorly linear at the smaller scale (R2=0.42) and linear at the 
larger scale (R2=0.55) (Fig. 7). The thinning rates in more 
proximal deposits are larger relative to those observed for 
more distal outcrops (Fig. 8). This spatial trend is likely a 
consequence of rapid sand deposition in proximal areas 
due to flow expansion (Elliott, 1986; Arnott & Hand, 1989; 
Martin & Turner, 1998; Baas, 2004), with pronounced thin-
ning distally as the sand volume in the flow decreases. In 
more distal areas, the beds are finer grained and the flows 
that transported the sediment had the carrying capacity 

to move them greater distances, resulting in beds that do 
not thin as rapidly. 

Thinning rates were also assessed along strike and depo-
sitional dip. The average bed thinning rate along strike 
is 1.37 x 10-2, and the depositional dip thinning rate is 
1.01 x 10-2 (Fig. 8). This trend implies that sandstone beds 
thin equally in all directions from the sediment source, as  
would be expected when the bulk of the sand is deposited 
in the most proximal areas.

This database also contains quantitative data for the 
architecture of the heterolithic intervals and the silt-
stone-rich intervals between the sandstone beds. The 
average siltstone-prone interval is 0.81 m thick. However, 
this obscures the spatial trend in the thickness of the 
siltstones, as they increase in thickness from an average of 
0.44 m in proximal areas to an average thickness of 1.4 m 
in distal areas (Fig. 9). Due to the low lithologic contrast of 
the siltstones, and the resolution of the VOMs, it was not 
possible to calculate the runout length, thinning rate, and 
dip data for siltstones and finer-grained deposits.

Outcrop orientation significantly impacts apparent bed 
dip measurements (Fig. 7). The average recorded bed 
dip is 2.2˚ which is comparable to the dip of delta front 
clinothems in other modern and ancient deltaic systems 
(Coleman, 1981; Balsey, 1983; Hampson, 2000; Olariu et 
al., 2010).

4.3. Spatial variation

Figures 7, 8, and 9 illustrate the trends of decreasing sand-
stone bed thickness, increasing siltstone interval thickness, 
and increasing bed runout length from proximal to distal 
areas. The average sandstone bed thickness decreases 
from 2.3 m in the most proximal areas, to 0.34 m in the 
most distal sites (Table 3). The average bed runout lengths 
increase by 90% from 179 m to 340 m from proximal to 
distal areas. This increase in bed runout length in more 
distal areas is a result of the tendency for distal beds to 
remain isolated from each other, as a result of insufficient 

Figure 9 | Siltstone metrics derived from the 60 VOM digitally measured sections. (A) Frequency plot of siltstone unit thickness. (B) 
Siltstone unit thickness binned by outcrop from proximal (left) to distal (right); see Fig. 2 for outcrop locations.
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Figure 10 | Spatial trends through the study area. Properties are calculated by outcrop and plotted by outcrop to assess possible 
spatial trends. (A) NTG is represented with pie charts showing the percent sand (yellow) to percent silt (grey). (B) Sub-environment 
proportions present at VOM digitally measured section. Base maps are topographic maps from www.caltopo.com.

http://www.caltopo.com
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Figure 11 | VOM images showing specific interpreted delta cycles. (A) Map showing the area covered by VOM and highlighting the 
locations of the images shown in B-D (acronyms refer to outcrop names; see Fig. 2 for locations). Base map is from www.caltopo.com; 
(Bi) Uninterpreted image showing the Powerplant VOM Cycles 1 and 2; (Bii) Interpreted image showing the Powerplant VOM Cycles 1 
and 2; (Ci) Uninterpreted image showing part of the northern Spring Canyon VOM that shows Cycle 4; (Cii) Interpreted image showing 
part of the northern Spring Canyon VOM that shows Cycle 4; (Di) Uninterpreted image showing a view of western Spring Canyon VOM 
showing Cycles 5 and 6. (Dii) Interpreted image showing a view of western Spring Canyon VOM showing Cycles 5 and 6.

http://www.caltopo.com
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supply of sediment, whereas proximal beds are prone to 
amalgamation, due to a sufficient sediment supply. 

The dataset documents significant changes in NTG and 
in the distribution of individual sub-environments when 
moving from proximal to distal areas. The most proximal 
deposit (SG; Table 3) has an average NTG value of 0.96, 
and is entirely composed of FA1 (85%) and FA2 (15%) 
facies associations (Table 3; Fig. 10). By comparison, the 
most distal deposits (Ac; Table 3) have a NTG of 0.37, 
and are dominated by FA3 (17%) and FA4 (77%) facies 
associations.

4.4. Temporal delta evolution – Delta lobe mapping

After compiling the VOM metric database, facies asso-
ciations were identified and mapped at each of the 60 
digitally measured sections to facilitate the reconstruc-
tion of the delta lobes in time and space. This method 
relies on facies and facies association identification and 
delineating deltaic stacking patterns (Figs. 3, 4 and 5). 
The depositional cycles defined within this study of the 
Panther Tongue are primarily upward coarsening and 
thickening sandstone successions bound by flooding 
surfaces. In deltaic sequence stratigraphic terms, these 
would be considered parasequences (sensu van Wagoner, 
1988). However, as each depositional package is only 
partially preserved, the term cycle is preferred. The cycles 

Figure 12 | EOD maps for eight specific time-slice intervals. The black outline represents the modeled outcrop exposure and black dots 
show the locations of the digitally measured section. Maps (A-H) show eight distinct depositional cycles (1-8), from oldest to youngest, 
that have been mapped (on the VOMs) in detail to show the evolution of the Panther Tongue through time. Location names of main 
outcrop areas shown in A as SG = Sowbelly Gulch; GW = Gentile Wash; PP = Powerplant; SC = Spring Canyon; Co = Connector; HS 
= Hard Scrabble; FP = Fish Pond; Ac = Access (see Fig. 2 for locations). (I) Composite EOD map showing the locations of the eight 
reconstructed cycles (parasequences) that are stacked in depositional order, and the southerly directed progradation of the Panther 
Tongue. Base maps are from www.caltopo.com.

http://www.caltopo.com
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were identified and numbered from the base of the most 
distal outcrop (see access location; Fig. 2), and correlated 
between all the outcrops in the study area for a total of 29 
mappable depositional cycles. The majority of the cycles 
were mapped independently on each side of Highway 6 
because only four could be correlated with confidence 
across the road (Fig. 2). The variable orientations of the 
VOMs provided local three-dimensional control to cali-
brate the location of individual cycles at eight discrete 
time intervals (Figs. 11 and 12). These eight-time steps are 
considered representative of all 29 cycles identified, and 
they represent the most complete, the oldest, and the 
youngest cycles. The four cycles spanning the gap across 
Highway 6 were included and are located within the lower 
half of the Panther Tongue. The remaining four maps 
capture cycles within the upper, and therefore youngest, 
parts of the Panther Tongue, including the proximal 
deposits in Spring Canyon (Figs. 11 and 12).

The four oldest EOD maps (cycles 1-4; Fig. 12A-D) repre-
sent deposition in the northern part of the field area at 
the base of the Panther Tongue. They depict a series of 
depositional cycles (delta lobes) that preserve proximal to 
distal facies associations prograding from north to south. 
The geometry of the four delta lobes reflects a change in 
the degree of lateral expansion from oldest to youngest 
(cycles 1-4; Fig. 12A-D). The younger delta lobes were 
partially eroded by the transgressive ravinement event 
that truncates the top of the Panther Tongue (Hwang 
& Heller, 2002) (see red lines and transparent facies 
association colors in cycles 5-7; Fig 12E-G). Figure 12E-G 
depicts a transition from a north-south trajectory to one 
that is directed more to the southwest, as the delta lobes 
progressively stacked towards the west (Fig. 12I), prob-
ably as a result of lobe avulsion due to compensational 
stacking (Howell et al., 2008; Straub et al., 2009; Trampush 
et al., 2017). The EOD maps shown in Fig. 12F-G depict 
the continued southwestern migration of the delta lobes; 
however, they also record the impact of the later incision by 
the distributary channel complex at Sowbelly Gulch (Figs. 
2; 5-6; 12H), which is shown to have incised into both of 
these delta cycles, removing the prodelta and distal delta 
front deposits locally (Fig. 12F-H). The composite map, 
shown in Figure 12I, illustrates the overall southwestward 
trajectory followed by a major southward progradation of 
the reconstructed delta lobes compiled onto a single map 
(Fig. 12I).

5. Discussion

This study expands on and supplements previous studies 
of the Panther Tongue deltaic system by capturing the 
meso-scale internal architecture of this system via a new 
VOM workflow and derived metric database. The lithofa-
cies and facies associations are interpreted to represent a 
low gradient, river-dominated, deltaic system, consistent 
with previous studies (Howard, 1966; Newman & Chan, 
1991; Hwang & Heller, 2002; Enge et al., 2010b; Olariu 
et al., 2010; Hampson et al., 2011). The new EOD maps 

and better-constrained architectural interpretations of 
the deposits suggest some revised interpretations of the 
paleogeography, and a critical review of the utility of the 
Wax Lake delta as a modern analog. 

5.1. Paleogeography

As a river-dominated deltaic system, the Panther Tongue 
is atypical of many other Cretaceous Western Interior 
Seaway strata in the region, including wave-dominated 
units like the Ferron Sandstone and the Aberdeen, 
Kenilworth, Grassy, and Sunnyside Members of the 
Blackhawk Formation (Hale & van der Graaf, 1964; Cotter, 
1975; 1976; Ryer, 1993; 2004; Matheny & Picard, 1985; Ryer 
& Lovekin, 1986; Thompson et al., 1986; Gardner, 1995; 
Minor et al., 2022), and tide-dominated deltaic deposits 
such as the Frontier Formation and Sego Sandstone (Willis 
et al., 1999; Bhattacharya & Willis, 2001; Willis & Gabel, 
2001; Willis, 2005). It is also relatively fine-grained with a 
narrow grain-size range, distinguishing it from some other 
regional Cretaceous deltaic systems (Willis et al., 1999; 
Bhattacharya & Davies, 2001; Ryer & Anderson, 2004; 
White et al., 2004; Fielding, 2010; 2015; Li et al., 2018). 
The southward progradation of Panther Tongue (Fig. 12) 
is also in contrast to the mostly eastward-stepping deltas 
and shoreface systems of the Western Interior Seaway 
(Ryer, 1981; Matheny & Picard, 1985; Willis & Gabel, 2001; 
Edwards et al., 2005; Fielding, 2010; Cappelle et al., 2018). 

In the initial time steps (cycles 1-3; Fig. 12A-C), the delta 
lobes are interpreted to display a lobate morphology, 
where the length is equal to, or marginally greater than 
the width. This implies that sediment dispersal occurred 
in a radial pattern, consistent with observations from 
other river-dominated deltas, such as the Lafourche 
and Atchafalaya deltas (Bernard, 1965; Galloway, 1975; 
Elliott, 1977; van Heerden & Roberts, 1988; Bhattacharya, 
2006; 2010; Olariu & Bhattacharya, 2006; Li et al., 2018; 
Chamberlain et al., 2018; Chun, 2021). The delta lobe 
morphology shown in the younger time steps (cycles 4-7; 
Fig 12D-G) records a subtle change in geometry with a 
larger width to length ratio, which can be suggestive of 
modification through deflection or wave energy (Li et al., 
2015; Ainsworth et al., 2017; Shan et al., 2023). However, 
there is an absence of sedimentary structures indicative of 
wave energy such as wave ripple-lamination, hummocky, 
and swaley cross-stratification (Dott & Bourgeois, 1982; 
Chan & Dott, 1986; Hampson & Howell, 2005; 2017; Li et 
al., 2018). It is possible that this evolution in delta lobe 
morphology is an artifact resulting from the east-west 
trend of the outcrop exposure (e.g., Spring Canyon, 
Fig. 2). In addition, the interpreted distributary channel 
complex at Sowbelly Gulch (Fig. 12H) has removed part 
of the depositional record of the younger lobes (cycles 6 
and 7; Fig 12F-G) through erosion and incision, resulting 
in a partial record of the width of these delta lobes. The 
incised distributary channel deposit further suggests that 
there was a significant progradation of the Panther Tongue 
to the south prior to the transgressive event that led to 
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ravinement of the upper surface of the unit (cf. Hampson 
et al., 2011; Forzoni et al., 2015).

One partial exception to the generally eastward progra-
dation of Cretaceous deltaic shorelines is the Notom 
Delta of the Ferron Sandstone, which prograded to the 
east but with a southward deflection due to a combination 
of storm wave and storm-reworking, coastal currents and 
longshore transport (Fielding, 2010; Li et al., 2011). Such a 
situation does not apply to the Panther Tongue because 
there is no evidence of major wave or storm influence 
that would be consistent with or facilitate along-shore 
reworking. The paleocurrent data establish that paleo-
flow was sustained to the southwest through each of the 
sub-environments in each lobe, with no major changes in 
transport direction (Newman & Chan, 1991; Olariu et al., 
2010). Three scenarios have been proposed to account 
for the southward progradation of the Panther Tongue 
including: primarily longitudinal sediment transport, 
parallel with the Sevier orogen (Balsley, 1983), accumula-
tion behind a north-south elongated structural high to the 
east (Morris et al., 1995; Posamentier et al., 1995b), and 
accumulation behind a north-south oriented spit (Olariu 
et al., 2010).

Although the Sevier fold-thrust belt, the presumed source 
of the Panther Tongue delta, is typically mapped showing 
a strong N-S orientation feeding east-directed transverse 
drainages (Fig. 1), it is likely that local variations and lateral 
ramps occurred (DeCelles & Coogan, 2006). Therefore, 
it is possible that a north-south-oriented structural high 
or large spit could have been present during this time, 
acting to shield the Panther Tongue delta system from 

modification by wave action of the Western Interior 
Seaway basin, compelling the delta to prograde locally 
southward (Morris et al., 1995; Posamentier et al., 1995a; 
1995b; Olariu et al., 2010). In this scenario, the Panther 
Tongue would be considered a bayhead delta that accu-
mulated in a semi-enclosed embayment, protected from 
wave attack from the open seaway to the east (Aschoff et 
al., 2018; Simms et al., 2018). This hypothesis is consistent 
with all available data and provides a reasonable explana-
tion for the preservation of a relatively small, fine-grained, 
southward prograding delta system in the otherwise 
wave- and tide-dominated N-S shoreline of the Western 
Interior Seaway. 

5.2. Modern analog comparison

The icehouse climate conditions and lack of epeiric 
seaways in the modern world limits direct comparison 
of the Panther Tongue to modern equivalents. Based 
on its geometry and size (Fig. 13), the Panther Tongue is 
commonly compared to the modern, river-dominated Wax 
Lake delta on the coast of Louisiana, U.S.A. (Wellner et 
al., 2005; Olariu & Bhattacharya, 2006; Enge et al., 2010a; 
2010b; Olariu et al., 2010). Like the Panther Tongue, there 
is little tide or wave modification evident in the deposits 
of the Wax Lake delta (Wellner et al., 2005; Edmonds & 
Slingerland, 2007, Falcini & Jerolmack, 2010; Edmonds et 
al., 2011; Shaw & Mohrig, 2014), although key boundary 
conditions such as the size of the drainage basin, distance 
from source terrain, and its position on a passive margin 
differ from those of the Campanian deposits. Physical 
sedimentary and biogenic processes appear to be gener-
ally similar between the two deltaic systems facilitating 

Figure 13 | A comparison of the modern Wax Lake delta and the interpreted delta lobes of the ancient Panther Tongue. The Wax Lake 
delta base map is from NASA Earth Observatory (https://earthobservatory.nasa.gov/) and the subaqueous delta lobe interpretations 
is modified from Wellner et al., 2005. The base map for the Panther Tongue is from www.caltopo.com.

https://earthobservatory.nasa.gov/
http://www.caltopo.com
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comparison between them. The Wax Lake delta has an 
average NTG of 67% (Roberts et al., 1997), accumulated 
directly on consolidated silty clay intercalated with shell 
layers, and is 1 to over 3 m thick (Wellner et al., 2005; Shaw 
et al., 2013). Like the Panther Tongue, the proximal part 
of the Wax Lake delta consists of sand deposits up to 3 m 
thick, with trough cross-bedding and/or structureless sand 
filling confined scours, while the distal deposits consist of 
turbidite beds (Wellner et al., 2005).

Successive aerial imagery of the Wax Lake delta from 1983 
to 2002, demonstrates how the delta has evolved through 
compensational stacking and southwards progradation of 
individual jet-plume deposits (bodies) (Wellner et al., 2005; 
Edmonds & Slingerland, 2007; Jerolmack & Swenson, 2007; 
Shaw & Mohrig, 2014; Shaw et al., 2016). These deposits 
were hierarchically arranged into jet deposits, jet deposit 
complexes, and delta scale elements by Wellner et al. 
(2005). Each jet deposit complex is approximately 1 to 4 km 
wide and 6 to 9 km long. Panther Tongue cycles (parase-
quences) have a similar width, but smaller length, perhaps 
as a result of the greater water depth of the Campanian 
seaway (Fig. 13). Significantly, the bodies comprising 
the Wax Lake delta are fed by a single, fixed proximal 
distributary channel with migrating, subaqueous terminal 
channels, incising and cannibalizing the subaqueous delta 
front and prodelta deposits (Weller et al., 2005; Shaw et 
al., 2013; 2016; Shaw & Mohrig, 2014). It is unknown if the 
interpreted distributary channels in the Panther Tongue 
converged at an apex representing the proximal distrib-
utary mouth, creating a radiating pattern as seen on the 
Wax Lake delta (Figs. 2, 6, 12F-H) and the lack of evidence 
for incision in most of the parasequences hinders compar-
ison to the compensationally stacked deposits of the Wax 
Lake delta. Stacking in the modern delta is accomplished 
by progressively basinward migration and incision of the 
subaqueous, terminal distributary channels, leading to 
bifurcation of the channel and deposition of new bodies 
(Wellner et al., 2005, Fig. 37). The apparent absence of 
distributary channel deposits in the oldest parasequences 
of the Panther Tongue suggests that mechanisms of 
progradation and compensational stacking of this unit 
differed from those observed in the Wax Lake delta. With 
these differences in mind, the key similarities between 
the Wax Lake delta and ancient systems like the Panther 
Tongue delta can be used to provide an approximation 
of depositional timing and possibly morphodynamic 
relationships (Wellner et al., 2005; Olariu & Bhattacharya, 
2006; Edmonds & Slingerland, 2007, Enge et al., 2010a; 
2010b; Falcini & Jerolmack, 2010; Olariu et al., 2010; 
Edmonds et al., 2011; Shaw & Mohrig, 2014; Ainsworth et 
al., 2019), but caution is advised when attempting more 
direct comparisons between the two systems. 

5.3. Reservoir implications

In a subsurface dataset, a reservoir of similar thickness and 
areal extent to the Panther Tongue could be recorded as 
a single wavelet in 20-30 hz seismic images, similar to 

those illustrated by synthetic seismic sections created 
by Hodgetts and Howell (2000) for parasequences in 
the overlying Blackhawk Formation. In a series of cores 
and wireline logs, it might be possible to reconstruct a 
compensationally-stacked delta system composed of 
hyperpycnal beds that exhibit bed thinning and grain 
size fining along depositional dip, although this would be 
highly interpretive and unconstrained by necessary chro-
nostratigraphic data. Analog-based constraints on the 
internal heterogeneity of these depositional systems can 
be provided by interrogating high-resolution outcrop data 
sets that have systematic and quantitative information on 
bed thicknesses, bed runout lengths, lateral and vertical 
connectivity, and NTG. The tight spacing of the digitally 
measured sections (152 m) in this methodology can 
potentially help predict and constrain intra- and inter-well 
heterogeneity. Throughout the 13 linear km of outcrops, 
both small-scale (<10 m) and study area-wide changes in 
average bed thicknesses were recorded, as was NTG, and 
siltstone unit thickness, all of which are potential baffles 
and barriers that may impact production (Miall, 1988; Knox 
& Barton, 1999; Nordhal & Ringrose, 2008; Enge & Howell, 
2010; Howell et al., 2014; Puig et al., 2019). 

Sandstone bed runout lengths can help to predict the 
decline in reservoir volume over specific distances where 
it is assumed that longer runout lengths indicate a more 
laterally extensive reservoir (Ringrose et al., 1999; Tőkés 
& Patacci, 2018). Of the 486 beds that could be mapped 
laterally with at least one bed termination, 199 of them 
record a full runout length with observed up-dip and 
down-dip bed terminations (maximum sandstone bed 
runout length; Table 2). For this reason, the NTG estimates 
and thinning rates calculated from the database (Tables 2 
and 3) are considered to be the conservative lower limit 
proxies for the reservoir volume and lateral extent of beds.

The record of both small-scale (<10 m) and large-scale 
(>10 m) thinning rates (Fig. 3; Table 2) shows that bed 
thinning rates decrease by an order of magnitude when 
comparing the average bed thinning rate over a 10 m 
distance (1.2 x 10-2) to that over average bed thinning 
rate for the entire study area (1.6 x 10-3). In addition, these 
data also show that there is a decrease in bed thinning 
rate when comparing the most proximal to the most 
distal deposits, in response to facies variability. The beds 
within the distributary channel have short runout lengths 
(average = 178.5 m) and record a bed thinning rate of 
0.16 from the channel axis to the channel margin (Olariu 
et al., 2005; 2010; Olariu & Bhattacharya, 2006). Although 
these beds are shorter, the prevalence of sandstone, in 
combination with erosion and amalgamation surfaces, 
results in a thick unit of vertically connected sandstone 
beds, with few, discontinuous siltstone breaks. In more 
distal environments, such as the distal delta front, the bed 
thinning rates are lower, which results in tabular, laterally 
continuous sandstone beds. However, these beds are 
intercalated with thick siltstone intervals. Therefore, there 
is much greater compartmentalization of the succession, 
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resulting in little-to-no vertical connectivity between sand-
stone beds in more distal environments. Overall, the bed 
thinning data shows that there is no change in bed thin-
ning rate relative to outcrop orientation, which suggests 
that the sandstone beds within the study area thin equally 
both laterally and longitudinally from the sediment source, 
implying that the reservoir thins radially in all directions, 
similar to the trend observed in modern, river-dominated 
deltas such as the Lafourche delta (Chamberlain et al., 
2018; Chun, 2021).

Depending on the nature of the fluids, the diagenetic 
history, and the presence of fluid pathways such as faults 
and fractures, the reconstructed delta lobes derived 
from the mapping of the facies associations could be 
considered to represent the building blocks of individual 
flow units. Under the right conditions, the flow units could 
encompass multiple delta lobes, depending on the nature 
of bed contacts and the presence of fractures and faults. 
The lower four delta lobes reconstructed in the EOD maps 
in Figure 12 show that the proximal delta front deposits 
are located in the same relative location, which could 
represent areas of vertical connectivity between discrete 
delta lobes due to the nature of bed contacts and localized 
erosion. Similarly, the incision of the distributary channel 
into the younger delta lobe deposits, in association with 
its sand-prone infill, is likely to enhance and increase the 
connectivity between these lobes (Fig. 12). 

5.4. Well spacing considerations

To test the value of the methodology presented here, an 
additional analysis was conducted to estimate reservoir 
heterogeneity using a more limited dataset with a spacing 
of 305 m or more between data points (e.g., twice the 
distance used in this study). The average bed runout 
length within the Panther Tongue is 330 m. At twice the 
current spacing of 152 m (e.g., 305 m), it is unlikely that 
two digitally measured sections would penetrate the 
same individual sandstone bed. If by chance, two digitally 
measured sections intercepted the same sandstone bed 
at a 305 m spacing, the character of the bed in terms of 
facies, grain size and thickness of the bed over this distance 
would make it challenging to correlate without the ability 
to map out the individual beds. Furthermore, the bed 
would be stratigraphically lower and within a different 
sub-environment in the ‘down-dip well’ as a result of 
dipping clinothem architecture. However, it is highly likely 
that wells or digitally measured sections spaced at 305 m 
would intercept the same delta lobe, given the average 
delta lobe in the Panther Tongue is 1-4 km wide.

For this further analysis, a digitally measured section at the 
south end of Connector (Fig. 2) was selected as the central 
location of the study area, as it is proximal to several other 
outcrops (Fig. 14, Table 4). At this location, four stacked 
depositional cycles (parasequences) were identified in 
vertical section, each with a variable NTG, from 23% at the 
base to 91% at the top. The observations from the central 
location were then compared to seven digitally measured 

Figure 14 | (A) A map showing the locations used for NTG analysis and comparison at different digitally measured section spacing. 
Base map is from www.caltopo.com. (B) Digitally measured sections 1 and 2 are located 305 m away (twice the typical spacing of 152 
m used in this study) from the main digitally measured section at Connector (shown in red), and digitally measured sections 3-6 are 
located 610 m away from the main digitally measured section at Connector (four times the typical spacing used in this study).

Table 4 | Summary table 
showing the NTG variation 
within the seven digitally 
vertical sections (Main, 1-7) 
shown in the map in Fig. 14B.

Digital measured section 
number shown on Fig. 13

Main 
section at 
Connector

1 2 3 4 5 6

Distance from Main - 305 m 305 m 610 m 610 m 610 m 610 m

NTG by 
lobe

1 (lowest) 0.23 0.54 0.21 0.55 0.27 0.88 0.48

2 0.67 0.56 0.48 0.73 0.73 0.83 0.66

3 0.54 0.55 0.78 0.65 0.94 0.87 0.58

4 (highest) 0.91 0.8 0.9 0.72 0.81 - 0.8

Average NTG - full log 0.59 0.61 0.59 0.66 0.69 0.86 0.63

http://www.caltopo.com
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sections spaced 305 m away (twice current spacing) (Table 
4): 305 m to the northeast, a digitally measured section 
records a vertical succession containing four stacked 
cycles, with a NTG that increases up-section from 54% to 
80%. Similarly, 305 m to the south, a digitally measured 
section records four cycles with an upwards increasing 
NTG from 21% to 90%. At each of these locations, four 
cycles were identified. However, using just these data, it 
is not possible to establish if the same delta lobes are 
represented at each location.

6. Conclusions

UAV-based mapping and correlation of bed-scale hetero-
geneity, combined with systematic documentation of 
lithofacies, grain size, bed terminations, and other vari-
ables offer an efficient and accurate method to document 
and analyze outcrops, regardless of lithology, depositional 
environment, or geographic setting. This workflow uses a 
consistent spacing of sample locations to facilitate field-
scale mapping, data collection, curation, analyses, and 
interrogation. Large amounts of quantitative and qualita-
tive data can be effectively captured and used as analogs 
to inform predictive analyses of subsurface reservoir 
character, heterogeneity and compartmentalization, and 
ultimately to enhance utilization. 

The seven lithofacies and four facies associations that were 
identified and mapped through 13 km of virtual outcrops 
formed the basis for construction of a series of eight EOD 
maps that reconstructed the migration of individual delta 
lobes over time. A database containing bed thickness 
values, grain size data, sedimentary structures, and bed 
contact style for each bed intercepted by 60 digitally 
measured sections, spaced at 152 m intervals, provides a 
robust data set to guide correlation in similar subsurface 
environments. Small-scale (<10 m) and the larger-scale (>10 
m) lateral variation was evaluated via two infill measured 
sections spaced at 5 m to the left and right of each digi-
tally measured section. The EOD maps, combined with 
the database demonstrate that stratal stacking patterns 
correlate to spatial trends in variables such as NTG, bed 
runout lengths, and bed thinning trends, consistent with 
observations from modern river-dominated deltas, such 
as the modern Wax Lake Delta on the Louisiana coast. 
Trends common to ancient deltaic systems like the 
Panther Tongue and outcrop analogs, in general, will be 
increasingly better documented and tested with data that 
are more efficiently and accurately collected by using the 
methods described in this paper. 
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