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ARTICLE INFO ABSTRACT

Keywords: Digitate deltas consist of one or multiple separate bar fingers, which can form hydrocarbon reservoirs after

Digitate shallow-water delta burial. This paper focuses on digitate shallow-water deltas, which are commonly seen in modern and ancient

f/[ar ﬁ}r:gler deposits with similar downstream conditions. Four metrics were adopted to quantify their morphologies,
orphology

including the average sinuosity, average nondimensional width (average width ratio between the bar fingers and
distributary channels), nondimensional delta length (ratio between the delta length and average width of the
distributary channels), and number of bar fingers. These metrics measured from 9 modern deposits and 21
Delft3D simulations exhibited wide-ranging values that were strongly affected by the upstream conditions.
However, the effects of the upstream conditions remain unclear. The quantitative effects were revealed by
performing Delft3D simulations: (1) the average sinuosity is proportional to the sediment cohesion and con-
centration and inversely proportional to the sand proportion and water discharge, and reaches equilibrium as
sediment supply increases; (2) the average nondimensional width is proportional to the sediment concentration,
is inversely proportional to the sediment cohesion and water discharge, has an inverse exponential relationship
with the sand proportion, and is independent of the sediment supply; (3) the nondimensional delta length has a
power-law relationship with the water discharge and is logarithmically related to the sediment supply; (4) the
number of bar fingers is proportional to the sand proportion and sediment supply and inversely proportional to
the sediment cohesion. Upstream conditions influence channel, mouth bar and levee growth, resulting in various
bar finger morphologies. Empirical equations from Delft3D simulations were proven effective in examinations of
nine modern deposits and applied to help predict the distribution of a digitate shallow-water delta reservoir. This
work improves the fundamental understanding of the upstream controls in digitate shallow-water deltas and may
help enhance the inter-well prediction of paralic reservoirs.

Upstream conditions
Delft3D simulation

1. Introduction

Fluvial-dominated deltas can be divided into lobate and digitate
deltas (Bernard, 1965; Fisher et al., 1969; Olariu and Bhattacharya,
2006; Burpee et al., 2015; Marfai et al., 2016). Lobate deltas develop
sheet mouth bars deposited in multiple coeval terminal distributary
channels (Donaldson, 1966; Dumars, 2002; Olariu and Bhattacharya,
2006). In contrast, digitate deltas are characterized by one or multiple
separate bar fingers and consist of coeval distributary channels, mouth
bars, and levee complexes (Fisk, 1954, 1955, 1961, 1955; Donaldson,
1974; Galloway, 1975; Rowland et al., 2010; Falcini and Jerolmack,
2010). Examples include the modern Mississippi River Delta and Yellow

River Delta (Figs. 1 and 2). Bar fingers are sand-rich deposits (FISK,
1961; Donaldson, 1974; Xu et al., 2019) and thus are potential petro-
liferous targets after burial.

Digitate deltas are more commonly formed in shallow-water basins
(where the ratio of the distributary channel depth to the basinal water
depth at the distributary mouth is greater than 1; Edmonds et al., 2011a;
Wu et al., 2019) compared to deep-water basins, based on morpholog-
ical observations of modern lakes and bays (Fig. 1) as well as ancient
petroliferous basins (e.g., Ordos Basin: Hu et al., 2008; Bohai Bay Basin:
Zhang et al., 2017; Xu et al., 2019). Digitate shallow-water deltas exhibit
various bar finger morphologies (Fig. 1). It is significant for the pre-
diction of petroliferous reservoirs to research further the morphological
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characteristics and controlling factors of digitate shallow-water deltas
and their bar fingers.

The combined upstream and downstream conditions control the
delta morphology: upstream controlling conditions include water and
sediment discharge (Postma, 1990; Orton and Reading, 1993), sediment
properties (Caldwell and Edmonds, 2014); downstream controlling
conditions include tidal and wave energies (Caldwell et al., 2019;
Piliouras and Kim, 2019; Nienhuis et al., 2020), and basinal water depth
(Jerolmack, 2009; Wang et al., 2019). Digitate shallow-water deltas
form with basin water depths of a few meters and basin slopes of less
than 0.1° (Table 1). When wave and tide processes are weak, the up-
stream conditions are the primary cause of the geomorphic diversity of
digitate shallow-water deltas. The diverse bar finger morphologies in
Poyang Lake support the above perspective (Fig. 1G-I). However, it
needs to be further studied how the upstream conditions influence
digitate shallow-water delta morphology quantitatively.

In this study, we explored digitate shallow-water delta morphology
and addressed the following three questions: 1) How can digitate
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shallow-water delta morphology be quantified? 2) How do the upstream
conditions influence digitate shallow-water delta morphology? 3) Can
digitate shallow-water delta morphology be quantitatively predicted
based on the upstream conditions? We combined numerical modeling
(Delft3D) with a dataset of modern deposits to quantify digitate shallow-
water delta morphology and established empirical equations to quantify
the effects of the upstream conditions. Section 2 overviews the theo-
retical basis of delta morphology and its controlling factors; Sections 3
describes the principles, assumptions, and parameters of Delft3D simu-
lations; Section 4 defines morphologic metrics; Sections 5 quantifies
metrics and their relations with upstream conditions in simulations;
Section 6 presents the examination of modern deposits and application
to an ancient reservoir, and discuss the connection between upstream
conditions and delta morphology.

2. Background

To evaluate the effects of the upstream fluvial conditions, we need to

Bohai Sea

Poyang
Lake

Poyang
Lake

Fig. 1. Landsat images of typical digitate deltas. (A) Modern Mississippi River Delta (Gulf of Mexico, US); (B) Guadalupe Delta (San Antonio Bay, US); (C) Yellow
River Delta (Bohai Sea, China); (D) Wulan Delta (Java Sea, Indonesia); (E) Birch River Delta (Lake Claire, Canada); (F) modern digitate shallow-water deltas in the
Poyang Lake (China) and locations of Fig. 1G-I; (G) Longquan River Delta; (H) DSD1-DSD3; (I) DSD4 and DSD5. The blue curves indicate the distributary channels.
The first two deltas are modern digitate deep-water deltas and the others are modern digitate shallow-water deltas. DSD: digitate shallow-water delta. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Map view of the numerical Delft3D model setup. The grid cells have
dimensions of 25 m x 25 m. The black arrow indicates the flow direction of the
river. The black solid lines are open boundaries.

quantify digitate shallow-water delta morphology. Scholars have
focused on two types of metrics to quantify delta morphology: one type
pertains to external shapes, such as the delta width and delta length;
Caldwell and Edmonds (2014), shoreline rugosity (Wolinsky et al.,
2010; Caldwell and Edmonds, 2014; Burpee et al., 2015), and shoreline
protrusion angle (Nienhuis et al., 2020); whereas the other type relates
to the distributary channel network, such as the number of distributary
channels (Syvitski and Saito, 2007; Edmonds and Slingerland, 2010;
Burpee et al., 2015), bifurcation angle (Wright, 1977; Edmonds and
Slingerland, 2007), bifurcation length and width (Olairu and Bhatta-
charya, 2006; Edmonds and Slingerland, 2007), and fractal dimension
(Edmonds et al., 2011). The above metrics have been adopted to char-
acterize the morphology of lobate deltas that encompass sheet
distributary-mouth bars and complicated distributary channel networks.
In contrast, digitate deltas are characterized by separate, sinuous bar
fingers with rugose shorelines, few bifurcations, and low fractal di-
mensions, so the values of the above metrics measured for different
digitate shallow-water deltas mostly exhibit low variability, except
those of the delta length and number of distributary channels. Therefore,
we adopted delta length (represent the farthest offshore-progradation
distance of bar fingers) and the number of bar fingers (equal to

Table 1
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number of distributary channels) to quantify the external shape of the
digitate shallow-water delta. In addition, for digitate shallow-water
delta, it is critical to quantify bar finger morphology, which is similar
to sinuous river channel morphology. We also adopted sinuosity and
width to quantify bar finger morphology, because these two metrics are
widely applied to quantify sinuous river channel morphology (e.g.
Schumm and Khan, 1972; Kleinhans and van den Berg, 2011; Con-
stantine et al., 2014). In summary, we adopted four metrics: the bar
finger sinuosity, bar finger width, delta length, and the number of bar
fingers. To compare different scales of digitate deltas, the nondimen-
sional bar finger width and delta length were adopted, which were
defined as the ratio of the bar finger width and distributary channel
width, and the ratio of delta length and distributary channel width,
respectively. Descriptions of metrics see in Section 4.

Mouth bar width, delta length, and sinuosity and number of dis-
tributary channels in river-dominated deltas have been considered to be
functions of some of the upstream fluvial variables, including sediment
cohesion, sand proportion, sediment concentration, water discharge.
Low sand proportion and high cohesion promote levee aggradation and
stability, and consequently produce few elongated and sinuous distrib-
utary channels; in contrast, coarse-grained and low-cohesive sediments
promote bifurcations, resulting in numerous terminal distributary
channels (Orton and Reading, 1993; Edmonds and Slingerland, 2010;
Geleynse et al., 2011; Caldwell and Edmonds, 2014; Burpee et al., 2015).
High water discharge increases the number of distributary channels and
deltaic land area (Syvitski and Saito, 2007) and increases delta length
(Galloway, 1975; Olariu et al., 2012). In addition, a high sediment
concentration can widen the mouth bar (Edmonds and Slingerland,
2007). Similarly, the four metrics we proposed for the digitate
shallow-water delta are also functions of the upstream fluvial variables.
Caldwell and Edmonds (2014) found that some morphologic metrics can
achieve a dynamic equilibrium through time, whereas others cannot.
Therefore, we must consider metric changes through sediment supply.

The downstream conditions also control delta morphology via the
basinal water depth (e.g., Jerolmack, 2009; Carlson et al., 2018; Wang
et al., 2019), and wave/tide processes (e.g., Bhattacharya and Giosan,
2003; Dalrymple and Choi, 2007; Jerolmack and Swenson, 2007;
Plink-Bjorklund, 2012; Nardin et al., 2013). In shallow-water basins
(mostly lakes), the water depth is only a few meters, and the tide process
is negligible. Wind waves in shallow-water lakes exhibit small ampli-
tudes, high frequencies, and short wavelengths (e.g., Allan and Kirk,
2000; Hofmann et al., 2008), and wave-induced mass transport is
negligible (Ji and Jin, 2014). Wind waves in shallow waters can sub-
stantially increase sediment resuspension from the lake bed, which may
influence the delta (Aalderink et al., 1985; Chung et al., 2009; Kelder-
man et al., 2012). However, there is no evidence that sediment resus-
pension significantly affects river-dominated delta morphology. If
considering weak wave and tidal energies and similar shallow-water

Depositional conditions of modern digitate shallow-water deltas based on Morton and Donaldson (1978), Molnar (1994), Yang and Wang (1995), Wang and Liang
(2000), Syvitski and Saito (2007), Edmonds and Slingerland (2010), Milliman and Farnsworth (2013), Marfai et al. (2016), Timoney and Lee (2016), and Huang et al.
(2017). Fig. 1 shows the locations of these modern deltas. DSD: digitate shallow-water delta.

Modern digitate Sediment Sand Water Sediment Sediment Basin water Distributary Tide/
shallow-water deltas cohesion (N/m?)  proportion discharge (m®/ concentration (kg/ supply’( x 107 t)  depth (m) channel depth(m) wave
s) m®)
Guadalupe Delta 1.5 0.2 93 0.3 4.24 2 5 weak
Wulan Delta - 0.3 676 - 3.18 3 3 weak
Birch River Delta 1.5 0.3 1.33 0.3 4.77 1.5 2.3 weak
Longquan River Delta 2 0.1 50 0.1 5.30 2 2.5 weak
DSD1 1.5 0.2 280 0.1 3.45 2 2.5 weak
DSD2 1.5 0.2 200 0.1 3.45 2 2.5 weak
DSD3 2 0.25 200 0.1 4.24 2 2.5 weak
DSD4 1.5 0.25 200 0.1 9.54 2 2.5 weak
DSD5 1.5 0.3 700 0.1 11.66 2 2.5 weak

# The sediment supply was estimated using the 0.9 times of sediment mass (0.9 x area x average thickness x density) because most of the sediments were trapped by
fluvial-dominated delta with a sediment trapping efficiency of ~0.9 (Wolinsky et al., 2010).
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environments, the upstream fluvial conditions are critical factors for
shallow-water digitate delta morphology, which is our focus in this
study.

Multiple, narrow, and sinuous bar fingers and their distributary
channels in shallow-water digitate delta reservoir is difficult to be finely
described based on well data as well as seismic data. Predictive metrics
can help to characterize inter-well distribution of bar fingers. Bar finger
width (hundreds of meters) can be estimated by well data and seismic
data, but distributary channel width (tens of meters) in the bar finger
cannot. Predictive nondimensional bar finger width can be used to es-
timate distributary channel width. Predictive bar finger sinuosity and
the number of bar fingers and delta length assist to describe bar finger
boundaries. To predict metrics, we need to estimate depositional con-
ditions during ancient shallow-water digitate delta growth. Burpee et al.
(2015) attempted to determine the paleomorphology of the Last Chance
Delta based on estimation of depositional conditions: wave and tidal
energies were weak estimated by the development of related sedimen-
tary structures; basinal water depth was 10-30 m approached to foreset
thickness; water discharge was 1250 m®/s estimated by estimating flow
velocities and channel cross-sectional areas; the sand proportion was
81% calculated by vertical lithological characteristics; Sediment cohe-
sion was high that qualitatively evaluated by climate and thickness of
coal deposits. Finally, they proposed that the Last Chance Delta was
intermediate between a fan and a bird-foot delta. They give us some
insights and supports to predict ancient shallow-water digitate delta
morphology by estimating depositional conditions.

3. Numerical simulation method

Numerical simulations were performed in this study to quantify the
effects of the upstream conditions on digitate shallow-water delta
morphology. Delft3D (Version 4.01.01) is effective software for shallow-
water delta simulations (e.g., Edmonds and Slingerland, 2010; Geleynse
et al., 2011; Caldwell and Edmonds, 2014; Burpee et al., 2015).

3.1. Description of the Delft3D model

Delft3D is a physics-based morphodynamic model based on numer-
ical fluid flow and sediment transport models (WL |Delft Hydraulics,
2003). The flow is computed by solving the depth-integrated, Rey-
nolds-averaged Navier-Stokes equations for incompressible and free
surface flow. The morphological changes are updated using the Exner
equation for sediment mass conservation.

From several transport formulas, the formulation of Van Rijn (1993)
was chosen in this study. This formulation can distinguish between
suspended and bedload transport during hydrodynamic computation.
Fine sediments (diameter <64 pm) were considered to be cohesive
sediments transported in suspension, whereas coarse sediments (diam-
eter >64 pm) were considered to be non-cohesive sediments transported
in suspension and bed loads (Grasmeijer et al., 2011; Chaichitehrani
et al., 2019). The suspended-load transport was estimated using the 3D
depth-averaged advection-diffusion equation, and the bedload transport
was solved by utilizing a formula from Van Rijn (1993).

The direction of bedload transport was adjusted according to the
bed-slope effects (Bagnold, 1966; Ikeda, 1982). The Delft3D model en-
compasses several sediment transport predictors for bed-slope effect
estimation. Here, we chose the predictor of Van Rijn (1993), which can
distinguish bed loads from suspended loads and promote more realistic
sediment transport and morphological adaptation (Baar et al., 2019).
However, this predictor may lead to severe and unrealistic channel in-
cisions (Van der Wegen and Roelvink, 2012; Schuurman et al., 2013;
Baar et al., 2019). Parameterizations of transverse slopes reflect the
uncertainty of the non-linearity of sediment transport and the negative
feedback on run-away deepening. Increasing the transverse bed slope
parameters may counteract unrealistic incisions and produce realistic
bar and channel patterns (Ikeda, 1982; Van der Wegen, 2009). Two
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parameterizations of transverse slopes by Bagnold (1966) and lkeda
(1982) are frequently used in the Delft3D model to calculate the
downslope sediment transport vector differently (Dissanayake et al.,
2009). The slope parameterization of [keda (1982) is more suitable for
the predictor of Van Rijn (1993) because of its greater ability to coun-
teract unrealistic incisions (Baar et al., 2019).

3.2. Model setup

Regarding the Delft3D model setup, we referred to modern digitate
shallow-water deltas supplied by the Ganjiang River in Poyang Lake,
China (Fig. 1G-I). Poyang Lake is the largest freshwater lake in China
and was formed in approximately A.D. 400 (Fig. 1F). Its length is ~110
km north-south, and its width is 50-70 km east-west (Xu et al., 2001),
covering an area of ~4125 km? (Shankman et al., 2006). The lake bed
has a gentle basin slope of less than 0.1° and an average water depth of
8.4 m, with weak wave and tide processes (Min et al., 1995). From the
hydrologic and core data, we acquired the upstream fluvial conditions of
the digitate shallow-water deltas: the sand proportion is ~0.2; sediment
cohesion (quantified by the critical shear stress for cohesive sediment
erosion) is ~2 N/m?, sediment concentration is ~0.1 kg/m3, mean
annual water discharge is ~400 m>/s, and sediment supply is 3-12 x
107 t. In bar fingers, mouth bars, and distributary channels mostly
consist of fine sands (Dsp ~ 150 pm), and the levees consist of silt-mud
sands (Dsp = 80-30 pm). The marsh and bay deposits have muddy
compositions (Dsp < 30 pm).

Modern digitate shallow-water deltas in the Poyang Lake were used
to determine the scale, morphometrics, and depositional conditions of
the simulation SO. The model domain was 10 km x 8 km with 250 x 200
grid cells (Fig. 2). The initial basin slope was ~0.046°, and the water
level was constant at 0 m. The initial river, 500 m long, 280 m wide, and
2.5 m deep, was located at the center of the model in the south (Fig. 2).
The sediment supply was steady, and the open basin was unaffected by
wave and tide processes. The sediment composition may influence the
delta architecture (Van der Vegt et al., 2020). Based on sediment sam-
ples, we used a sediment mixture that contained sediments with grain
diameters of 300, 150, 80, 32, 13, and 7.5 pm and had a roughly normal
grain size distribution. Upstream fluvial conditions in the simulation SO
were that: the sand proportion was 0.25, sediment cohesion was 2 N/m?,
water discharge was 1200 m®/s, and sediment concentration was 0.1
kg/m>. The four additional groups of simulations were designed by
individually changing the sediment cohesion (1-3.5 N/m?, simulations
S0-S5), sand proportion (0-1, simulations SO and S6-S10), water
discharge (200-1600 ms/s, simulations SO and S11-S15), and sediment
concentration (0.05-0.3 kg/ms, simulations SO and S16-S20) (Table 2).
The same sediment supply (4.84 x 107 t) was utilized in all simulations,
except that simulation S11 only accepted a sediment supply of 3.23 x
107 t because of distributary channels outside the model domain. The
sediment supply approached that in modern digitate shallow-water
deltas (Table 1). The morphological scale factor was 175, which pro-
vided an increased rate of morphological change (Burpee et al., 2015).
Transverse slope parameterizations 1.5-100 were tested, and a default
value of 1.5 was chosen because the parameterization values had little
effect on the morphological metrics of the digitate shallow-water deltas,
including channel over-deepening. The cell size (10-40 m) and
morphological scale factor (1-175) were also tested, which had little
effect on the morphological metrics. Table 3 lists the other parameters.

In some simulations, aiming to shorten the simulation time, the
water discharge was made higher than those of the digitated shallow-
water deltas in Poyang Lake and approached the mean annual water
discharge of the Ganjiang River (~1200 m®/s). In addition, discharge
and water-level variation (including flood events) were not considered,
which may have increased the frequency of avulsions (Stouthamer and
Berendsen, 2007; Edmonds et al., 2010; Harris et al., 2020; Wang et al.,
2020). We observed that some digitate shallow-water deltas with few
avulsions also formed in Poyang Lake (Fig. 1H). Although vegetation
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Table 2
Detailed design of simulations.
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D Sediment cohesion (N/m?) Sand proportion® Water discharge (m>/s) Sediment concentration (kg/m>) Simulated hours Sediment supply ( x 107 t)
SO 2.0 2:8 1200 0.1 640 4.84
S1 1.0 2:8 1200 0.1 640 4.84
S2 1.5 2:8 1200 0.1 640 4.84
S3 2.5 2:8 1200 0.1 640 4.84
S4 3.0 2:8 1200 0.1 640 4.84
S5 3.5 2:8 1200 0.1 640 4.84
S6 2.0 0 1200 0.1 640 4.84
S7 2.0 1:9 1200 0.1 640 4.84
S8 2.0 3:7 1200 0.1 640 4.84
S9 2.0 4:6 1200 0.1 640 4.84
S10 2.0 1:1 1200 0.1 640 4.84
S11 2.0 2:8 200 0.1 2560 3.23
S12 2.0 2:8 600 0.1 1280 4.84
S13 2.0 2:8 800 0.1 960 4.84
S14 2.0 2:8 1000 0.1 768 4.84
S15 2.0 2:8 1600 0.1 480 4.84
S16 2.0 2:8 1200 0.05 1280 4.84
S17 2.0 2:8 1200 0.15 426 4.84
S18 2.0 2:8 1200 0.2 320 4.84
S19 2.0 2:8 1200 0.25 256 4.84
S20 2.0 2:8 1200 0.3 213 4.84

@ Proportions of sediment compositions (300, 150, 80, 32, 13, and 7.5 pm): 0%, 0%, 0%, 20%, 60%, and 20% (sand proportion is 0); 0%, 0%, 10%, 50%, 30%, and
10% (sand proportion is 1:9); 0%, 5%, 15%, 40%, 30%, and 10% (sand proportion is 2:8); 5%, 5%, 20%, 40%, 20%, and 10% (sand proportion is 3:7); 5%, 10%, 25%,
35%, 20%, and 5% (sand proportion is 4:6); 5%, 15%, 30%, 30%, 15%, and 5% (sand proportions is 1:1).

Table 3

Parameters in simulation SO.
Simulated parameter Value Unit
Water surface elevation of open boundaries 0 m
Initial sediment layer thickness at bed 10 m
Time step 0.2 min
Morphological scale factor 175
Chézy value for hydrodynamic roughness 45 m?/s
Background horizontal eddy viscosity and diffusivity 0.001 m?%/s
Spin-up interval before morphological updating begins 1440 min
Factor for the erosion of adjacent dry cells 0.25 -
Cohesive sediment critical shear stress for deposition 1000 N/m?

was not simulated directly, it was partly considered by increasing the
cohesion of the muddy composition.

Fig. 3 illustrates the morphology of the simulated digitate shallow-
water deltas. We defined deltaic land cells as having water depths less
than 0.5 m (Dark green area in Figs. 3 and 4A) and identified the active
channel skeletons as having water depths greater than 1 m and depth-
averaged velocities greater than 1.3 m/s. The combined active and
abandoned channel skeletons were acquired by overlapping the time-
series active channel skeleton (A calculation of simulation SO is shown
in Fig. 4B). Then, we could calculate the time-series sinuosity, width,
number of bar fingers, and delta length (see below).

4. Descriptions of metrics

1) The number of bar fingers was the same as the number of distributary
channels including all active and abandoned distributary channels in
a digitate shallow-water delta (Fig. 4B). We counted the bar fingers
longer than three times the width of the river mouth to avoid
counting many insignificant short bar fingers.

The bar finger sinuosity was defined as the ratio of the physical
length (centerline length) to the linear distance between the end-
points of the bar finger (Fig. 4A). The average bar finger sinuosity
was adopted to represent the average sinuosity of the bar fingers in a
digitate shallow-water delta (Fig. 4).

The width of the bar finger (or distributary channel) in a digitate
shallow-water delta was calculated as the ratio between the area and
length of the bar finger (or distributary channel). The average width

2

—

3

—

of the bar finger was adopted to represent the average width of the
bar fingers in a digitate shallow-water delta, which was calculated as
the ratio between the total delta area and total bar finger length.
Similarly, the average width of the distributary channel was calcu-
lated as the ratio between the total distributary channel area and
total distributary channel length. Wide rivers commonly create wide
distributary channels and bar fingers (Fig. 1). To compare different
scales of digitate deltas, the nondimensional average width of bar
fingers was defined as the ratio between the average bar finger width
and average distributary channel width. If considering that total bar
finger length approached the total distributary channel length, the
nondimensional average bar finger width was defined as the ratio
between the total delta area and total distributary channel area
(Fig. 4B and C).

The delta length was defined as the maximum beach-perpendicular
distance in a delta (Caldwell and Edmonds, 2014, Fig. 4A) and rep-
resented the farthest offshore-progradation distance between bar
fingers. The nondimensional delta length was defined as the ratio
between the delta length and average distributary channel width, so
as to compare different scales of digitate deltas.

4

—

5. Results

5.1. Quantified effects of upstream conditions on simulated digitate
shallow-water delta morphology

We quantified the relationships between the morphologic metrics
and upstream conditions based on the simulation results (Fig. 4) and
considered how the metric have changed as the sediment supply
increased. Due to the value of sediment supply being large, the nondi-
mensional sediment supply was defined as the ratio between the sedi-
ment supply and 4.84 x 107 t so that the value of the nondimensional
sediment supply ranged from O to 1 for all simulations and ranged from
0 to 10 for natural deltas.

5.1.1. Bar finger sinuosity

Bar fingers within digitate shallow-water deltas display a wide range
of sinuosities, but the average sinuosities exhibit close relationships with
the upstream conditions after 100% nondimensional sediment supply
(Fig. 5). The average sinuosities exhibit good linear relationships with
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Fig. 3. Map views of simulated digitate shallow-water deltas (S0-S20) after accepting 4.84 x 10 t of sediment supply, except in the case of simulation $11, in which

3.23 x 107 t of sediment supply was accepted.

the sediment cohesion (R2 = 0.83) and sediment concentration (R2 =
0.86) and inverse linear relationships with the sand proportion (R? =
0.81) and water discharge (R2 = 0.87) (Fig. 5). With the same sediment
supply, a high sediment cohesion and concentration, and low sand
proportion and water discharge promote the formation of high-sinuosity
bar fingers (Figs. 5 and 6).

The sinuosities of the bar fingers increase as the sediment supply

increases, especially when nondimensional sediment supply is less than
50% (Fig. 6). Although the average sinuosities of the bar fingers exhibit
certain logarithmic increases as the sediment supply increases (some of
the logarithmic relations are shown in Fig. 6), they generally increase
less with some fluctuations after 50% nondimensional sediment supply,
except in the cases of the digitate shallow-water deltas with low sand
proportions (0 and 0.11), which exhibit stable average sinuosities until



Z. Xu et al.

Marine and Petroleum Geology 134 (2021) 105333

8]

Ac (Red area)
L (length of white dash curves) |-

Q Ny=9
Q=37 (Lp/L1)

W, av=Ab/Ac

Dn=D/(Ac/Lc)

0 2 4 6 8
X (km)

Water depth (m) [

0 2 4 6 8 10 12

100 2 4
X (km)

100 4 6
X (km)

I Subaerial area Il Barfingerarea

14 M Distributarychannel

Fig. 4. Map views of simulation SO (A) and its distributary channels (B), its bar finger area (C). Ny: number of bar fingers; ©,,: average sinuosity of bar fingers; Ly:
physical length (centerline length) of the bar finger; L;: linear distance of the bar finger; W, ,,: nondimensional average width of bar fingers; Ay, total area of bar
fingers; A.: total area of distributary channels; D,: nondimensional delta length; D: delta length; L.: total length of distributary channels.

2
A B

1.8 1 y=0.11x+1.13 T y=-0.34x+1.53
- R?=0.83 R2=0.81
=1.6 A T |
o Frvv, |
= T N e =tk N I e e
£1.4 T R e
e N (S £ I B T S

. _
0 1 2 3 0 0.2 0.4 0.6 0.8 1
Sediment cohesion (N/m?) Sand proportion
2.5
C D
y=-0.0003 x+1.67
R?=0.87

z 24 y=0.64x+1.27
@ R?=0.86
o
>
=
=

159 peed | } ] ......... l ------------

0 500 1000 1500 2000 9 0.1 0.2 0.3 0.4

Water discharge (m®/s)
I Rangesofvalues

Average values

Sediment concentration (kg/m?®)
------- Trend lines of average values

Fig. 5. Relationships between sinuosity and (A) sediment cohesion, (B) sediment proportion, (C) water discharge, and (D) sediment concentration after 4.84 x 107 t
of sediment supply. The sinuosity in simulation S11 was estimated based on the trend when the sediment supply is less than 3.23 x 107 t The average sinuosity
exhibits linear relationships with the sediment cohesion and sediment concentration and inverse linear relationships with the sand proportion and water discharge.

70% nondimensional sediment supply (Fig. 6B). We adopted Pearson,
Kendall, and Spearman correlation coefficients (with ranges from —1 to
1) to assess the statistical dependence between the average sinuosity and
sediment supply. High absolute values indicate a close correlation be-
tween the considered variables. The average sinuosity exhibits a certain
relationship with the sediment supply, but it has almost no correlation
with the sediment supply when the nondimensional sediment supply is
greater than 50% (Table 4). The modern deposits and simulated results
show that bar fingers in a digitate shallow-water delta mostly have
similar sinuosities (Figs. 1 and 4). When the nondimensional sediment
supply is less than 50%, the number of bar fingers is mostly <5; at this
point, one low sinuosity finger can much induce decreased average
sinuosity of the bar fingers. When the nondimensional sediment supply
is greater than 50%, the number of bar fingers is mostly more than 5; at
this point, the sinuosity of bar fingers approaches an equilibrium and is
independent of sediment supply. A reference nondimensional sediment
supply value of 50% causes the average sinuosity to approach
equilibrium.

According to the above results (Figs. 5 and 6), the average sinuosity
of the bar fingers (£24,) has the following relationship with upstream
conditions:

Q,, = (at — bRs — cQ + dC + e) In(10S,) + f, (@D)]

where 7 is the sediment cohesion, Rg is the sand proportion, Q is the
water discharge, C is the sediment concentration, and S, is the nondi-
mensional sediment supply; a—f are positive constants.

Based on multivariate regression, we get solutions of the a—f, and
then g, can be quantified as a function of the upstream conditions:

Q4 = (0.060t — 0.093Rs — 0.00006Q + 0.15C + 0.20) In(10S,,) + 0.99, (2)

R? is 0.67. The low sinuosity of the bar finger has a low 2, value,
and the straight bar finger has a minimum g, value of 1. Hence, if the
predicted Qg, value < 1, Qg, should be 1.

If the nondimensional sediment supply is more than 50%, g, is
weakly related to the sediment supply, so equation (2) can be simplified
as
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Correlative analysis between average sinuosity and nondimensional sediment
supply. A high absolute value of the correlative coefficient reflects a strong
correlation between the average sinuosity and nondimensional sediment supply.

Correlative coefficient Nondimensional sediment supply

>0% >50%
Pearson correlative coefficient 0.303 0.113
Kendall correlative coefficient 0.396 0.158
Spearman correlative coefficient 0.528 0.203

where R? is 0.62. If the predicted g, value < 1, Qg, should be 1.

5.1.2. Bar finger width

The average nondimensional width was adopted to quantify the
width of the bar fingers in a digitate shallow-water delta. Its value
generally varied within 10% as the sediment supply increases, especially
after 30% nondimensional sediment supply (Fig. 7). Although it exhibits
a logarithmic increase as the sediment supply increases (R > 0.9) for
digitate shallow-water deltas with low cohesion (1-2.5 N/m?), it in-
creases slowly after 30% nondimensional sediment supply. The low
absolute values of Pearson, Kendall, and Spearman correlation co-
efficients indicate that the average nondimensional width is poorly
related to the sediment supply, especially after 30% nondimensional

7 12
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Table 5

Analysis of correlation between average nondimensional width and nondimen-
sional sediment supply. A high absolute value of the correlation coefficient re-
flects a strong correlation between the average nondimensional width and
nondimensional sediment supply.

Correlation coefficient Nondimensional sediment supply

>0% >50%
Pearson correlation coefficient 0.175 —0.031
Kendall correlation coefficient 0.187 0.017
Spearman correlation coefficient 0.256 0.018

sediment supply (Table 5). The modern deposits and simulated results
also reveal that the bar finger width is similar at different sections,
excluding the terminal section, and that the widths of different bar
fingers in a digitate shallow-water delta are similar (Figs. 1 and 4).
Therefore, the upstream conditions determine a consistent bar finger
width in a digitate shallow-water delta, which is unaffected by increases
in sediment supply.

With the same sediment supply, a low sediment cohesion, low sand
proportion, low water discharge, and high sediment concentration
promote the formation of wide bar fingers (Fig. 7). At 100% nondi-
mensional sediment supply, the average nondimensional bar finger
width (Wy, av) is inversely proportional to the sediment cohesion R? =
0.85), sand proportion (R2 = 0.87), and water discharge (R2 =0.91) and
proportional to the sediment concentration (R?=0.82) (Fig. 8).

According to the above results (Figs. 7 and 8), Wy, .y has the
following relationship with upstream conditions:

Wo w=(—hr+ ie"*— jo + kC + 1)In(10S,) +m, @
where h-m are positive constants.

Based on multivariate regression, we get solutions of the h-m, and
then Wy, 4y can be quantified as follows:

Wo o = (= 0.157+2.50e"""4%50.001Q +4.45C +1.32)In(10S,) + 4.48,
5
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where R* = 0.726.
If the effect of sediment supply is ignored, equation (3) can be
simplified as

Wy a= —0.197 + 4.67e"1>%%s_0.0020 +7.29C + 6.82, (6)

where R? = 0.724. Equation (5) exhibits a similar fitting correlation to
equation (6). Therefore, Wy, 4y is not related to the sediment supply.
Equation (6) is a better choice to quantify the bar finger width.

5.1.3. Delta length

The delta length increases as the sediment supply increases (Fig. 9).
The nondimensional delta length (Dy) positively scales with the nondi-
mensional sediment supply in a good logarithmic relationship (R? >
0.95) (some logarithmic relations are shown in Fig. 9). This logarithmic
relationship indicates that the offshore-progradation rate gradually
slows down as the delta grows.

When the sediment supply is the same, the delta length increases
proportionally to the water discharge, whereas it is less influenced by
the other upstream conditions (Figs. 9 and 10). Referencing a condition
of 100% nondimensional sediment supply, D;, has an evident power-law
relationship with the water discharge (R2 = 0.82). Thus, high water
discharges can drive the digitate shallow-water delta to prograde far
away from the shoreline.

According to the above results (Figs. 9 and 10), Dy, has the following
relationship with upstream conditions:

Dy = n0"% 1n108S,, )

where n is a positive constant.
Based on multivariate regression, we get the solution of the n, and
then D;, can be expressed as

D, = 8.840%%° 1n10S,, )

where R? is 0.75. When Q = 0 or Shn=0,D,=0.

5.1.4. Number of bar fingers
The number of bar fingers (Np) includes both the active and
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with the water discharge (R? = 0.82).

abandoned bar fingers. It increases with increasing sediment supply and
exhibits a positive linear relationship with the nondimensional sediment
supply (R? > 0.89) (some linear relations are shown in Fig. 11).

For the same sediment supply, low sediment cohesion and high sand
proportion promote the formation of more bar fingers, but the water
discharge and sediment concentration have weak influences on Ny,
(Fig. 11). For example, when the nondimensional sediment supply is
100%, Ny, is proportional to the sand proportion (R? = 0.98) and
inversely proportional to the sediment cohesion (R? = 0.69) (Fig. 12).

10

According to the above results (Figs. 11 and 12), Ny, has the following
relationship with upstream conditions:

Np = (0T + pRs + @Sy + 1, 9

Where o-r are positive constants.
The linear regression can be recast into an equation that quantifies
Ny:

Np = (=3.157 + 8.03Rs + 11.10)S, + 1.84, (10)
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where Ny, must be rounded to the nearest integer and R? is 0.75.

5.2. Correlation analysis of morphologic metrics

The simulated digitate shallow-water deltas exhibit various bar
finger morphologies (Fig. 4) that are quantified by wide ranges of the
morphological metrics: the average sinuosity is 1.0-1.61, average
nondimensional bar finger width is 1.99-10.58, nondimensional delta
length is 30-147, and the number of bar fingers is 1-13 (Fig. 13). In

11

addition, the relationships among the metrics are poor (R < 0.3).

Table 6 lists the values of these morphological metrics in nine
modern digitate shallow-water deltas, which also show wide ranges: the
average sinuosity ranges from 1.14 to 1.58, average nondimensional
width ranges from 6.0 to 9.1, nondimensional delta length ranges from
63 to 163, and the number of bar fingers ranges from 3 to 21 (Table 6).
Although the delta length and average width have a somewhat linear
relationship (R? = 0.41), the other relationships among the metrics are
poor (Fig. 14).
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Table 6
Measured morphological metrics of modern DSDs. Fig. 1 provides corresponding
satellite images.

Modern Average Nondimensional Average Number

digitate sinuosity delta length nondimensional of bar

shallow- width fingers

water deltas

Guadalupe 1.19 63 7.0 8
Delta

Wulan Delta 1.14 63 8.8 3

Birch River 1.28 48 9.1 8
Delta

Longquan 1.58 64 6.1 6
River Delta

DSD1 1.38 71 7.0 6

DSD2 1.49 86 6.6 5

DSD3 1.31 107 6.7 6

DSD4 1.41 125 6.3 21

DSD5 1.31 163 6.0 20

6. Discussion

The wide-ranging morphologic metrics of a digitate shallow-water
delta are poorly related to each other, making it difficult to predict
one of the metrics using the others. Hence, empirical equations as
functions of the upstream conditions are important for the morphologic
prediction of digitate shallow-water deltas. However, the empirical
equations obtained in this study were quantified based on the simulation
results. The focus of this discussion is the applicability of the empirical
equations based on modern deposits and links between upstream con-
ditions and morphological metrics, and then apply empirical equations
to predict the morphology of an ancient digitate shallow-water delta.

6.1. Examination of modern digitate shallow-water deltas

Based on the simulation results, we established five empirical
equations [Equations ((2), (3), (6), (8) and (10)]. Nine modern digitate
deltas that have developed in worldwide shallow-water lakes and bays
(Fig. 1 and Table 1) were utilized to examine the applicability of these
empirical equations. Table 1 summarizes the upstream conditions of the
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modern deposits. Then, we used the empirical equations to calculate the
morphologic metrics, as shown in Table 7. The most of predicted values
of average sinuosity of bar fingers, average nondimensional width of bar
fingers, and nondimensional delta length well match the measured
values with predictive errors <10% (Fig. 15A-C), whereas predicted
values of the number of bar fingers limitedly match the measured values
with predictive errors <50% (Fig. 15D). It indicates that the number of
bar fingers may be significant influenced by downstream conditions
(such as the ratio of distributary channel depth to basinal water depth).
The average nondimensional width of the bar fingers in the Longquan
River Delta and Guadalupe Delta and the average sinuosity of the bar
fingers in the Guadalupe Delta are overestimated, may because the
narrow lake or bay environments hinder lateral sediment transports
(Fig. 1C and G). Most of the upstream conditions can be derived from
hydrologic data or geological observations from modern deltas, espe-
cially those associated with human activities. Therefore, the empirical
equations can predict the morphologies of digitate shallow-water deltas
those form in open basins with weak wave and tide processes.

We attempted to use the empirical equations to predict the mor-
phologies of modern digitate deep-water deltas, specifically, the modern
Mississippi River Delta and Yellow River Delta. However, the predicted
metrics deviate from the measured values (Fig. 15). The digitate deep-
water deltas exhibit lower sinuosities, widths, lengths, and numbers of
bar fingers than predicted. The measured numbers of bar fingers are
much lower than the predicted values. Thus, the basin water depth de-
creases the sinuosity, width, length, and number of bar fingers. The
downstream conditions (such as basin water depth, wave, and tide
processes) are also important for delta formation and morphology (e.g.,
Caldwell et al., 2019; Nienhuis et al., 2020). Therefore, the empirical
equations are not suitable for predicting digitate deep-water delta
morphology. Linking the downstream conditions to digitate delta
morphology could help improve the empirical equations.

6.2. How do upstream conditions affect digitate shallow-water delta
morphology?

6.2.1. How do upstream conditions affect bar finger sinuosity
Xu et al. (2021) proposed that digitate shallow-water delta develops
sinuous bar fingers because friction-dominated shallow-water delta
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Table 7
Predicted morphological metrics of modern DSDs based on empirical equations.

Modern Predicted metrics

digitate Average Nondimensional Average Number

shallow- . i . .

water deltas sinuosity delta length nc?ndlmenswnal of bar

width fingers

Guadalupe 1.49 62 8.84 10
Delta

Wulan Delta - 91 - -

Birch River 1.47 22 8.80 12
Delta

Longquan 1.50 59 8.26 9
River Delta

DSD1 1.39 75 7.01 8

DSD2 1.39 69 7.17 8

DSD3 1.45 76 6.92 9

DSD4 1.38 105 7.02 20

DSD5 1.34 154 5.94 24

effluents promote mouth bar deposition that then diverts flow around
the mouth bar. They indicated that bar finger sinuosity is related to the
dominance between bank strength and centrifugal force of water flow.
High bank strength and low centrifugal force of water flow promote flow
to extend around the mouth bar, resulting in the formation of more
sinuous bar fingers. High sediment cohesion and low sand proportion
increase bank strength (Hoyal and Sheets, 2009), in turn, increases bar
finger sinuosity. High water discharge enhances the centrifugal force of
water flow, leading to the formation of lowly sinuous bar fingers. Low
sediment concentration improves erosion of water flow and then de-
creases bank strength, hence, it causes the formation of lowly sinuous
bar fingers. Bar finger sinuosity is sediment supply independent since
sediment supply is unrelated to the bank strength and centrifugal force
of water flow.

6.2.2. How do upstream conditions affect bar finger width

Bar finger consists of mouth bar, distributary channel and levee de-
posits, and its width is approximate mouth bar width (Fisk, 1955; Xu
et al., 2019, 2021), which is determined by outflow hydraulics. At the
channel outlet, high lateral flow velocity and far lateral sediment

13

transport distance increase mouth bar width. Simulation results illus-
trate that the lateral velocity of the water flow is high and the wide bar
finger forms when sediment cohesion is low, sand proportion is low,
water discharge is low, or sediment concentration is high (Fig. 16). Low
sand proportion means high suspended loads, which can be far trans-
ported and promote the formation of wide bar fingers. High sediment
cohesion reduces the ability of the system to re-erode deposited sedi-
ment, resulting in the formation of stable mouth bars and levees, and
deep distributary channels (Edmonds and Slingerland, 2010); at this
point, the water flow is highly concentrated on distributary channels
and results in decreased bar finger width. High water discharge in-
creases inertia outflow with a low spread angle (Wright, 1977), leading
to create narrow bar fingers. High sediment concentration increases
friction outflow with a large spread angle (Wright, 1977), resulting in
the formation of wide bar fingers. The width of bar fingers is indepen-
dent of sediment supply since sediment supply makes no difference to
outflow hydraulics.

6.2.3. How do upstream conditions affect delta length

Delta length represents the farthest offshore-progradation distance of
bar fingers, hence, high inertial force promotes large delta length. High
water discharge provides high inertial force (Galloway, 1975; Olariu
et al., 2012), illustrated by high flow velocity (Fig. 16), so that they can
increase delta length. However, other upstream conditions have less
influence on flow velocity. In addition, bar fingers need time and sedi-
ment supply to prograde offshore.

6.2.4. How do upstream conditions affect the number of bar fingers

The number of bar fingers is equal to the number of distributary
channels, which decreases by enhancing distributary channel stability.
Less cohesive deltas with high sand proportions have more laterally
mobile channels with fewer avulsions and bifurcations due to more
sediments with the higher cohesion deposited in channel banks makes
banks more resistant to erosion (Hoyal and Sheets, 2009; Edmonds and
Slingerland, 2010; Caldwell and Edmonds, 2014). As sediment supply
increases, distributary channels continue to occur avulsions and bi-
furcations and form more distributary channels. Syvitski and Saito
(2007) showed that the number of distributary channels covering a delta
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positively scales with water discharge, but they didn’t consider the effect
of sediment supply. For sinuous bar fingers, high water discharge pro-
vides the strong centrifugal force of water flow, which promotes avul-
sions and then increases the number of bar fingers after the same growth
time. However, if considering the same sediment supply, high water
discharge doesn’t have an evident influence on the number of bar
fingers.

6.3. Application to a digitate shallow-water delta reservoir

Digitate shallow-water delta reservoirs have been explored in many
petroliferous basins (e.g., Ordos Basin: Hu et al., 2008; Bohai Bay Basin:
Zhang et al., 2017; Xu et al., 2019). The sandy bar fingers were the
targets, with widths corresponding to only 1-2 folds of well space.
Therefore, it is difficult to predict the morphologies (e.g., width and
sinuosity) of bar fingers and their distributary channels based on well
data. The empirical equations in this paper provide a method of pre-
dicting morphology based on the upstream conditions and, in turn,
improve the predictability of the inter-well uncertainty in digitate
shallow-water delta reservoirs.

Here, we use the digitate shallow-water reservoir in BZ25 Oilfield as
an example to demonstrate the application of empirical equations. BZ25
Oilfield is located in Southern Bohai Bay, China, tectonically near Boz-
hong Sag and Huanghekou Sag (Sun et al., 2011; Jia et al., 2005; Meng
etal., 2016) (Fig. 17A and B). The shallow-water reservoir formed in the
Lower Member of the Minghuazhen Formation, Neogene, with a buried
depth of 1300-1900 m and consists of Oil Groups I-VI (Xu et al., 2019).
The bar fingers are 200-500 m wide, as determined using
high-frequency seismic data (Fig. 17C). Distributary channel and mouth
bar deposits exhibit different recovery efficiencies and remnant oil dis-
tributions (Xu et al., 2019). However, seismic data cannot distinguish
distributary channel deposits from mouth bars in bar fingers, and well
data (well spacing is ~200 m) are not sufficient to predict the inter-well
distributions of distributary channels. We estimate that: basinal water
depth is < 10 m (based on mouth bar thickness in well); distributary
channel depth is also <10 m; The ratio of distributary channel depth to
basinal water depth is ~1.0-1.3 (based on the ratio of distributary
channel thickness and mouth bar thickness in well); wave and tidal
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energies are weak (based of the lack of related sedimentary structures in
cores). Therefore, this digitate shallow-water delta has similar down-
stream conditions (similar ratio of distributary channel depth to basinal
water depth and weak wave and tidal energies) with modern deposits
and simulations mentioned in this paper, so that empirical equation (6)
could be used to predict the average nondimensional width (average
width ratio of the bar finger to the distributary channel). We then
calculated the average distributary channel width, which is critical to
identify the boundary between the mouth bar and distributary channel
deposits.

For example, the bar fingers in layer IV4.1 are 400 wide and 9 m
thick on average (removing compaction). The channel bankfull depth is
approximately 10 m according to channel thickness (removing
compaction). The sediment supply was estimated using the 0.9 times of
sediment mass (0.9 x area x average thickness x density) because most
of the sediments were trapped by fluvial-dominated delta with a sedi-
ment trapping efficiency of ~0.9 (Wolinsky et al., 2010). The sediment
mass of bar fingers in Fig. 17C is more than 5.0 x 107 t (i.e., nondi-
mensional sediment supply >100%). According to the well data, the
estimated sand proportion is approximately 0.4, and the sediment
cohesion is approximately 1 N/m?. The upstream river is a meandering
river (Fig. 17B) so the water discharge (Q) can be estimated using
(Schumm, 1972)

0 = 0.028W'3p' 13 1D

where W is the channel bankfull width, m, and D is the channel bankfull
depth.

Schumm and Khan (1972) established the relationship between the
slope and sediment concentration. The basin slope was 0.002, and the
sediment concentration (C) could thus be estimated as follows:

C =0.0011w 12)

If consider distributary channel bankfull width (W) is nearly average
distributary channel width, Based on equations (6), (11) and (12), we
obtained the following analytical values: the average nondimensional
width of the bar fingers was ~7.0, average distributary channel width
was ~55 m, water discharge was ~70 ms/s, and sediment concentration
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2019) and location of the western BZ25 Oilfield. (C) Map of the seismic amplitude at IV4.1 layer in the western BZ25 Oilfield. High amplitude (>6 x 10°) represents
the distribution of the digitate shallow-water delta. The white dashed curve is the delta boundary.
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was ~0.07 kg/m>. According to the well data, we predicted the dis-
tributary channel distribution (Fig. 17C).

Above analytical values have uncertainties because equations carry
uncertainty. Equation (12) was established from laboratory experi-
mental data, hence, we considered that predictive C exhibited enormous
uncertainty with a £50% error, i.e. C = (0.035-0.105) kg/m®. Although
Equation (11) was established from modern deposits, we considered
predictive Q with a +25% error, i.e. Q = (50-90) m3/s. Predictive
nondimensional width of the bar fingers by Equation (6) primarily ex-
hibits a £10% error according to the examination of modern deposits.
Above all, the predicted average distributary channel width in layer
IV4.1 was 50-65 m.

7. Conclusions

This study demonstrated the effects of the upstream conditions on
digitate shallow-water deltas that develop with similar downstream
conditions (basin water depths of a few meters, basin slopes less than
0.1°, and weak wave and tide processes). Digitate shallow-water deltas
are characterized by one or multiple separate bar fingers, so we adopted
four metrics to quantify the morphological characteristics: the average
sinuosity, average nondimensional width (average width ratio of the bar
fingers to the distributary channels), nondimensional delta length (ratio
between the delta length and average width of the distributary chan-
nels), and the number of bar fingers. The values of the metrics have wide
ranges and are poorly related to one another.

The 21 Delft3D simulations revealed the quantitative relationships
between the morphological metrics and upstream conditions in digitate
shallow-water deltas: (1) the average sinuosity has linear relationships
with the sediment cohesion and concentration and inverse linear re-
lationships with the sand proportion and water discharge, and reaches
equilibrium as sediment supply increases; (2) the average nondimen-
sional width is proportional to the sediment concentration, is inversely
proportional to the sediment cohesion and water discharge, and has an
inverse exponential relationship with the sand proportion, and is inde-
pendent of the sediment supply; (3) the delta length has a power-law
relationship with the water discharge and is logarithmically related to
the sediment supply; and (4) the number of bar fingers is proportional to
the sand proportion and sediment supply and inversely proportional to
the sediment cohesion.

Using multivariate regression, we established empirical equations
for the four aforementioned metrics as functions of the upstream con-
ditions. The empirical equations well predicted the characteristics of
nine modern digitate shallow-water deltas and could help improve the
prediction of the inter-well uncertainty of the point bar vs. mouth bar in
the digitate shallow-water delta reservoirs. However, the empirical
equations cannot predict the morphologies of digitate deep-water deltas.
Future research on the effects of the downstream conditions will help
further reveal the factors controlling the morphological features of bar
fingers in digitate deltas.
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