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ABSTRACT

Stratigraphic forward modelling has been used to quantify the sensitivity of
sandbody connectivity in a distributive fluvial system to changes in sedi-
ment supply and lake level. Recent stratigraphic forward modelling using
SedsimX from StrataMod Pty Limited of the Oligocene to Miocene Huesca
distributive fluvial system in northern Spain was used as a base-case for this
sensitivity analysis. Based on literature research and initial modelling, a sed-
iment supply sensitivity range of 0.22 to 21.85 km®/kyr and lake-level sensi-
tivity range of —1000 to 1000 mm/kyr were used. Results show that the
stratigraphic architecture of the modelled distributive fluvial system is more
sensitive to changes in sediment supply than to changes in lake level. While
an increase in the rate of sediment supply results in an increase in preserved
average grain size, aggradation rates and sandbody connectivity at the same
distance from the apex, the average grain size, aggradation rate and sand-
body connectivity all decrease with increasing distance from fan apex. The
main difference in the stratigraphic architecture can be found in the proxi-
mal zones. Only oversupplied models, with much higher sediment supply
than the base-case, deposited fully amalgamated channelized deposits with
laterally continuous, tabular beds with occasional scoured surfaces. Models
with base-case sediment supply contain channelized sandy deposits within
a fine-grained floodplain environment. Models with sediment supply much
lower than the base-case had no deposition in the proximal zone. Lake-level
rise leads to reduced distal erosion of sediments, concentration of silts close
to the lake shore, and higher aggradation rates and thicker sandbodies in the
proximal zone. The sensitivity analysis highlights that the parameters gov-
erning the formation of distributive fluvial systems have different weightings
but are ultimately all interconnected and interdependent. This quantitative
framework can be used as a predictive tool for subsurface exploration in dis-
tributive fluvial systems.

Keywords Distributive fluvial systems, lake-level change, quantitative sedi-
mentology, sediment supply, sensitivity analysis, stratigraphic forward
modelling.
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INTRODUCTION

A key requirement in the analysis of fluvial sys-
tems is understanding the role of allocyclic and
autocyclic controls on the subsequent alluvial
architecture (Best & Fielding, 2019). To assess the
relative importance of these controls it is impor-
tant to be able to isolate the response of an indi-
vidual fluvial system to changes in autocyclic or
allocyclic drivers. Hydraulic process-based for-
ward modelling provides a mechanism to do this.
It allows control of input parameters and sam-
pling of the output at the temporal and spatial
resolution of the model throughout a system.
Such forward models use physical formulae for
fluid flow and sediment erosion, transport and
deposition typically with field measurements to
constrain input parameters and serve to provide a
quantitative prediction of the three-dimensional
distribution of sediments over realistic temporal
and spatial scales. Snieder et al. (2021) showed
that the hydrodynamic stratigraphic forward
modelling software ‘SedsimX’ can reproduce the
key stratigraphic characteristics of a distributive
fluvial system (DFS) terminating in a lake. That
model was quality checked against the well-
studied outcrops of the Late Oligocene to Early
Miocene Huesca DFS, Ebro Basin, northern Spain
(Snieder et al., 2021), where the resulting model
led to key findings, which expand understanding
of the stratigraphic architecture of DFS. For exam-
ple, reservoir characteristics in radial DFS are
dependent on the angle away from the meridian
(straight line from the source through the apex to
the distal zone of the DFS). The larger the angle,
the coarser the average grain size within the prox-
imal zone, with the average grain size in the
medial and distal zones being finer. In addition,
lateral variability of net to gross, sandbody thick-
ness and number, together with amalgamation
ratio, is greatest at the transition between the
proximal and medial zone and is still significant
in the distal part of the DFS. Stratigraphic for-
ward modelling can therefore enhance our under-
standing of DFS, potentially leading to reduced
risk associated with exploration, production, and
storage of fluids in subsurface DFS deposits.
Distributive fluvial systems are defined as flu-
vial systems, that in planform have a distribu-
tive channel pattern downstream of the apex.
They occur in every climate, tectonic and basin
setting (Hartley et al., 2010; Weissmann et al.,
2010). Outcrop and subsurface studies of multi-
ple DFS led Nichols & Fisher (2007) and Owen
et al. (2015) to a generalized description of

DFS facies and stratigraphic architecture. The
proximal zone is characterized by amalgamated
channel-fill facies with limited preservation of
associated fine-grained overbank deposits. This
makes the proximal zone a single interconnected
sandbody. The medial zone is characterized by
sandstone-dominated  channel-fill  deposits
within floodplain deposits consisting mainly of
mudrocks and sheet-like bodies of sandstone. In
general, the grain size and channel width
decrease downstream. Sandbodies may be con-
nected laterally, but vertical connectivity is less
common (Nichols & Fisher, 2007). The distal
zone is dominated by floodplain facies, with
sandbodies mostly deposited as thin sheets with
isolated ribbon-shaped channelized elements. In
the distal zone, sandbodies connect neither lat-
erally nor vertically (Nichols & Fisher, 2007). To
distinguish between the facies and stratigraphic
architecture zonation described above and the
location within the DFS, proximal, medial and
distal zones are used for the former, and proxi-
mal, medial and distal regions are used for the
latter. Extensive remote sensing studies suggest
fluvial systems in modern continental basins are
mostly classified as DFS (Weissmann et al.,
2015) and as a result their accumulated succes-
sions may be prevalent in the rock record. These
remote sensing studies have shown that 18% of
modern DFS terminate in lakes (Hartley et al.,
2010).

The key input parameters used in the forward
stratigraphic modelling of DFS systems terminat-
ing in lakes are: (i) sediment supply at the
upstream end of the system; and (ii) lake-level
change at the downstream end. Using the Snie-
der et al. (2021) model of the Huesca system in
the Ebro Basin as a base-case, this study aims to
investigate the sensitivity of stratal architecture
within a DFS to:

® rates of sediment supply ranging from 0.22
to 21.85 km®/kyr;

® rates of lake level change ranging from
—1000 to 1000 mm/kyr;

¢ the interdependence of these variables.

DATA AND METHODS

Stratigraphic forward modelling software

The stratigraphic forward modelling (SFM) soft-
ware SedsimX from StrataMod Pty Limited,
Swan View, WA, Australia, was used for this
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study. It is a hydrodynamic, three-dimensional
process-based software, which is fully scalable
in time and space. SedsimX is deterministic,
which means that the same input parameters
always produce the same model output as there
is no probabilistic component to the software
(Tetzlaff & Harbaugh, 1989; Griffiths et al., 2001;
Huang et al., 2016; Snieder et al., 2021).

Hydrodynamics are computed using a digital
approximation of the Navier—Stokes equation so
that open channel flow is modelled in two hori-
zontal dimensions with a depth-averaged flow
velocity. The Navier-Stokes equations are a set
of partial differential equations (PDEs) in which
mathematical objects called operators act on
parameters of the flow. The dominant method of
calculating fluid flow involves dividing the flow
region into thousands or even millions of smal-
ler volumes known as a mesh. In this ‘finite-
volume’ approach, the Navier-Stokes equations
are then used to construct equations which can
be used to calculate the movement of fluid prop-
erties between cells. By repeatedly solving these
transport equations over small time periods, a
numerical approximation to the behaviour of the
flow can be achieved.

The friction parameter (Manning Coefficient)
at the water—channel interface is selected to cre-
ate a realistic depth-velocity profile. Fluid ele-
ments (fixed volumes of water representing
continuous flow) are released at the source at
each time step. The fluid elements then follow
the steepest gradient between nodes (cells have
nodes at each corner) of the underlying surface
at that time step. SedsimX uses a grid of square
cells where the number of grid cells (x, y) and
the spatial values assigned to each cell (metres)
defines the total physical size represented by the
simulation grid.

Sediment erosion, transport and deposition is
computed in three dimensions using a mixed
Lagrangian/Eulerian computational scheme for
each node and time step. Mass conservation is
maintained (Tetzlaff & Harbaugh, 1989). The
critical shear stress determines the boundary
between erosion and transportation, calculated
as a function of particle diameter and density
(Griffiths et al., 2001). The software models each
grain as a perfect sphere with a given grain
diameter and density. At each display interval,
the model outputs relating to sediment thickness
and grain-size distribution are stored for each
node (Tetzlaff & Harbaugh, 1989). A detailed
description of the modelling software SedsimX
is given in Snieder et al. (2021). SedsimX has

been applied to reproduce the stratigraphic
architecture of the Late Oligocene to Early Mio-
cene Huesca DFS, Ebro Basin, northern Spain, at
true temporal and spatial scales (Snieder et al.,
2021).

Units

For discharge, flow velocity and sediment con-
centrations, SI units of metre (m), second (s) and
kilograms (kg) were used. For the sediment sup-
ply rate, the unit cubic kilometres per 1000 years
(km®/kyr) was used to create values that are eas-
ier to understand. For conversion to SI unit:
1 km®/kyr = 0.032 m®/s. For the lake-level change
rate, the unit millimetre per 1000 years (mm/kyr)
was used to create values that are easier to
understand. For conversion to SI unit: 1 mm/
kyr = 3.169 x 10~ '* m/s.

Sensitivity analysis input parameters

During the modelled duration, sediment supply
is defined as the total sediment volume flowing
into the model at source (Fig. 1), and lake-level
change was modelled as a change in base-level
with the starting base-level set to the lowest ele-
vation of the initial surface (Fig. 1). The sensi-
tivity analysis is centred around a base-case
model (2.2 km®/kyr sediment supply and
100 mm/kyr lake-level rise). The Huesca DFS
model (Snieder et al.,, 2021) was used as the
base-case model with modified: (i) model dura-
tion, time step and display interval; (ii) grid
dimensions and initial surface; (iii) sediments;
(iv) sources; and (v) lake-level change rate
(Table 1).

1 The model duration was 100 kyr, beginning at
—100 kyr and ending at 0 kyr, as it allows a dis-
play interval of 100 years while keeping the
model output file sizes within the limit of the
post-processing software. The time step was low-
ered from five years to one year to give a higher
temporal resolution than the Huesca DFS model,
and the display interval was lowered from 250 to
100 years (cf. Snieder et al., 2021). The sampling
intervals of all SedsimX modules were also chan-
ged to match the time step of one year.

2 The model dimensions were enlarged from
the base-case model (90 km x 160 km) to 140 km
in a north—south direction and 230 km in an east—
west direction to enable incorporation and
modelling of additional sediments deposited in
the high sediment supply models. The initial
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Fig. 1. Initial surface for every model in the sensitivity analysis. It extends 140 km in a north-south direction
and 230 km in an east-west direction. It used the depositional surface of the base model at the modelled duration
of 125 kyr (Snieder et al., 2021) and extended this depositional surface by 50 km to the south and 35 km to the
east and west, respectively, at a gradient of 0.0002 gradient dipping away from the apex.

Table 1. Model input parameters for the sensitivity analysis.

Modules Description

Time Model duration (kyr): 100
Display interval (years): 100
Time step (years): 1
Grid Dimensions (km): 140 north-south by 230 east-west
Grid size (km): 0.5 x 0.5
Initial surface: See Fig. 1

Sources Sampling interval (years): 50
Discharge (Q): See Fig. 2A for base model and appendix for other
models

Flow velocity (m/s): 0.005 x Q0825

Suspended sediment concentration (kg/m®): 1.64 x 1077 x Q**%*
Sediments Grain sizes (mm) Distribution (%)
Coarse to medium sands (0.5) 0-8
Fine to very fine sands (0.125) 1-13
Silts (0.016) 8-10
Clays (0.002) 71-89
Lake level change rate Sensitivity analysis steps: —1000, —100, 0, 100 and 1000 mm/kyr
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surface of the model used the depositional surface
of the Huesca DFS model at the modelled duration
of 125 kyr (Snieder et al., 2021) and extended this
depositional surface by 50 km to the south and
35 km to the east and west, respectively. The sur-
face represented by these extensions was assigned
an initial gradient of 0.0002, in a direction dipping
away from the apex (Fig. 1).

3 The four clastic grain sizes modelled were
coarse to medium sand (0.5 mm), fine to very
fine sand (0.125 mm), silt (0.016 mm) and clay
(0.002 mm). The initial transport type was set to
suspended load for all grain sizes, although bed
transport would also automatically be modelled
if the appropriate hydraulic and load conditions
were met. The grain sizes and transport type
were derived from the Minnesota River at Fort
Snelling State Park, Minnesota, USA (Groten
et al., 2016). This hydrological analogue was
selected as it spans the range of hydrological
parameters used in the sensitivity analysis and
is in the same climate zone as the base-case
model. The grain-size distribution from the
Huesca DFS was not used as the outcrop cover-
age is not spread over the entire system and can
thus not be used as a quantification of the grain-
size distribution at system scale. As the hydro-
logical analogue from the Minnesota River
provides the grain-size distribution at the
source, this was deemed more realistic than an
estimate of grain-size distribution from a selec-
tion of outcrops (Snieder et al., 2021).

4 The Huesca DFS model used a random distri-
bution of flood events measured from High Island
Creek, Minnesota, USA (Groten et al., 2016; Snie-
der et al., 2021). This hydrological analogue was
used because it spans the range of grain sizes
found in the Huesca DFS outcrops and its water-
shed is located in the same climate zone as that
interpreted for the Huesca DFS in the Miocene
and Pliocene (Snieder et al., 2021). To introduce
a link between climate variation and the source
parameters for the sensitivity analysis, the source
parameters were modulated by a climate proxy
curve. This proxy curve is a combination of the
low frequency Holocene eustatic sea-level curve
derived from oxygen isotope data (Lisiecki &
Raymo, 2005) and the high-frequency insolation
curve (based on Milankovitch cyclicity) derived
from ocean core data (Laskar et al., 2004). It was
assumed that the slope of this modulated curve is
a proxy for the changes in hinterland erosion,
transport and sediment deposition through the
medium of rainfall. It was further assumed that
source parameters are a function of the rate of

change of this curve rather than its absolute
value. This means that high rates of increase in
insolation are linked to warmer and wetter cli-
mates, which lead to increased rates of rainfall,
weathering and sediment supply to the basin.
Likewise, high rates of falling insolation are
linked to cooler and drier conditions, which lead
to reduced rates of rainfall, weathering and
sediment supply to the basin (Imbrie et al., 1992;
Couchoud et al., 2009).

For the sensitivity analysis, the time interval
between 0 kyr and 100 kyr before present was
chosen as it is covered by sea-level and insola-
tion curves. The climate proxy curve was sam-
pled every 50 years as this allows a 100 year
temporal resolution (Nyquist, 1928; Shan-
non, 1949), which equals the display interval.
The hydrological parameters (discharge, flow
velocity, sediment concentration and grain-size
distribution) were taken from the Minnesota
River at Fort Snelling State Park, Minnesota,
USA (Groten et al., 2016), as this river spans the
range of parameters used in the sensitivity anal-
ysis and is in the same climate zone as the base-
case model (Snieder et al., 2021). The discharge
was driven by the climate proxy for each 50-year
sampling step (Figs 2A, S3A, S4A, S5A and
S6A) and rating curves (Table 1; Figs S1 and S2)
were used to calculate the flow velocity
(Figs 2B, S3B, S4B, S5B and S6B) and sus-
pended sediment concentration (Figs 2C, S3C,
S4C, S5C and S6C) for each sampling step. This
results in time-dependent discharge and flow
velocity curves for each model. Because there
was no link between discharge and grain-size
distribution in the river data, it was randomized
within the measured ranges (Table 1; Figs 2D,
S3D, S4D, S5D and S6D). Details of the relation-
ship between the climate proxy curve and the
source parameters are provided in Appendix S1.

5 The lake-level change occurred at the rate set
in the sensitivity analysis matrix (Fig. 3) and all
models start at the same lake-level elevation of
0 m (lowest point of the initial surface; Fig. 1).
The lake-level rise is not linked to the climate
proxy curve described above as this would
result in an interdependency of the two sensitiv-
ity parameters, sediment supply and lake level.
The lake-level in the model is tracked both in
elevation and time.

The sensitivity analysis spans two orders of
magnitude of sediment supply and four orders of
magnitude of lake-level change. This parameter

© 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 2. Hydrological parameters of the medium sediment supply models (2.2 km®/kyr) at the source: (A) dis-
charge; (B) flow velocity; (C) sediment concentration; and (D) grain-size distribution with 40 to 100% of the distri-
bution made up of clays. The parameters were sampled every 50 years.

range of sediment supply was derived from a lit-

‘ L: 1000 ‘ L: 1000 ‘ L: 1000 ‘ L: 1000 ‘ L: 1000 erature study of fluvial systems by Colombera
S:0.22 S: 1.1 S:2.2 S: 11 S:22 .

o et al. (2015), which found a range of accumula-
| [to0 ‘ ’ L: 100 ‘ ‘ L: 100 ‘ ’ L: 100 ‘ ‘ L: 100 ‘ tion rates spanning two orders of magnitude (9 to
El 8022 ] [ s:11 S:2.2 e 5:22 920 mm/kyr). During its aggradational phase, the
[0

= ‘ o ‘ ) ‘ o ‘ o ‘ ‘ o ‘ Huesca DFS model (base model) had an average
£ $:0.22 S:1.1 S:22 S: 11 S:22 accumulation rate of 259 mm/kyr (Snieder
g ‘ P ‘ ‘ 5765 ‘ 5765 ‘ 5105 ‘ 5105 et aI.,. 2021), which i? gpproximately one order of
| [ 8022 S: 1.1 S:2.2 S: 11 S:22 magnitude from the minimum and one order of mag-
S nitude from the maximum accumulation rate found

\LSTSZOZO ‘L:S-;110_30 ‘LS120 20 ‘L:S_j? ? 0 ‘L:s:;1ggo in the literature study. In order to match the pre-
served, decompacted volume of the Huesca DFS,

Sediment supply (km?/kyr) and given the 60% compaction and 20% sediment

bypass in the model, the necessary sediment supply

Fig. 3. Sensitivity analysis parameter space of sedi- to the Huesca DFS model was 2.2 km®/kyr. Because
ment supply (S) and lake level change (L). the sediment supply is proportional to the accumula-
tion rate, sediment supply rates ranging an order

space encompasses 25 models (Figs 3 and 4) with of magnitude on either side of the Huesca DFS/
five sediment supply columns (0.22, 1.1, 2.2, 11 base-case model were used for the sensitivity
and 22 km®/kyr) and five lake-level change rows analysis. Lake level change rates range from a

(—1000, —100, 0, 100 and 1000 mm/kyr). The drop of 1000 mm/kyr to a rise of 1000 mm/kyr as
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preliminary modelling showed a low impact of
lake-level change on the model output. The lake-
level change values are all relative to the initial
surface. This means that the lake level only rises
above the initial surface for the models with a
lake-level rise (100 mm/kyr and 1000 mm/kyr).
For the lowering and static lake-level change
models (—1000 mm/kyr, —100 mm/kyr and
0 mm/kyr, respectively), the lake level drops or
stays below the initial surface. The physical for-
mulae for fluid flow and sediment erosion, trans-
port and deposition employed by the
stratigraphic forward modelling software use the
lake level as base-level. This means that each
model has a graded profile approaching the lake
level as its lowest erosional envelope. Lowering
the lake level increases the differential between
the depositional surface and the lowest erosional
envelope at any given time. This means that
even though the lake level is always below the
initial surface for the models with lowering and
static lake levels (—1000 mm/kyr, —100 mm/kyr
and 0 mm/kyr, respectively), the change still has
an influence on the modelled sediment erosion,
transport and deposition.

Sensitivity analysis output, data analysis and
visualization

The modelling software saves sediment thick-
ness and grain-size distribution for each node at
each display interval. This results in a spatial
resolution of 1 km by 1 km, which is twice the
grid size due to spatial aliasing (Nyquist, 1928;
Shannon, 1949) and a 100 year temporal resolu-
tion. As stratigraphic architecture is the focus of
this study, small-scale stratal units were defined
as having a thickness of at least 10 mm
(Bridge, 2003). To resolve this minimum thick-
ness, the thinnest layer in the model needs to be
no thicker than half the bedding thickness
(Nyquist, 1928; Shannon, 1949). The minimum
bed thickness at each grid node for every time
step is thus 5 mm. To speed up post-processing,
all layers with thicknesses <5 mm have been fil-
tered out. Additionally, as the DFS is exclu-
sively deposited south of the apex, all of the
model region north of the apex, including the
mountains and the feeder channel (Fig. 1), has
been excluded from the data analysis.

After filtering the model outputs, grain-size
distribution, sediment thickness, net to gross
(NTG), sandbody thickness, number of sandbo-
dies and amalgamation ratio were extracted or
calculated. Net to gross is the proportion of the

rock volume to potentially act as reservoir (Ring-
rose & Bentley, 2015). For this analysis, ‘net’ is
defined as pre-compaction coarse to medium
sand, fine to very fine sand, and silt. Gross
encompasses all grain sizes. The default Sed-
simX  porosity—grain-size-distribution—pressure
relationship was used for these models, which
means that for a coarse to fine ratio >80% the
preserved porosity at 2000 m burial is >15%.

Sandbodies are considered to be accumulated
and preserved elements of channels or splays,
which contain net grain sizes. Amalgamation
ratio quantifies vertical connectivity (the higher
the ratio, the better the connectivity) and is
defined as the fraction of net to net contacts rel-
ative to all bed/cell contacts (net to net, net to
mud and mud to mud) in a vertical pseudo-well
(Zhang et al., 2017).

To visualize the three-dimensional model out-
put in a two-dimensional plot, a pseudo section
from the apex to the most distal parts of the
model, was chosen. The Euclidian distance
between each node and the apex was calculated
and all nodes with the same distance from the
apex were combined to one point along a proxi-
mal to distal section. The equidistant nodes
were grouped in 1 km by 1 km bins as this
equals the spatial resolution of the model. This
visualization approach only works if the DFS is
radially biased (i.e. the deposits have similar
grain-size distributions downstream of the apex,
independent of the angle of the downstream sec-
tion from the meridian, which is the straight
line from the source through the apex to the dis-
tal zone of the DFS). The Hurst exponent
(Hurst, 1951) was used to test this bias. The
exponent has been proven to quantify the clus-
tering of low and high values in vertical strati-
graphic sections (Chen & Hiscott, 1999;
Mukhopadhyay et al., 2003; Felletti, 2004; Fell-
etti & Bersezio, 2010; Coronel et al., 2020) and is
applied to spatial clustering for this study. A
Hurst exponent of 0.5 indicates a random distri-
bution and the closer the exponent is to either
zero or one, the more clustered the distribution.
The exponent was calculated from the four
grain-size distributions, sediment thickness and
NTG datasets sorted radially, column by column
(each south to north transect from west to east),
row by row (each west to east transect from
south to north) and randomly (test of Hurst
exponent). The most clustered distribution was
achieved from the radially sorted dataset with
the apex at the focal point, followed by column
by column and row by row sorted datasets with
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Hurst exponents no less than 0.1 smaller. This
means that the grain-size distributions, sediment
thickness and NTG datasets are radially biased.
The randomly sorted datasets generated expo-
nents around 0.5, providing a quality check of
the calculation. The radial characteristics of
modelled DFS were investigated at greater detail
in Snieder et al. (2021), which showed that the
greater the angle from the north-south median,
the coarser the average grain size in the proxi-
mal zone but the finer the average grain size in
the medial and distal zones.

In the low sediment supply models in particu-
lar, a large part of the model area was not cov-
ered by sediment at the end of the model run.
The data analysis of these low-deposition
models resulted in many outliers, which
obscured the actual trends seen in three dimen-
sions. Therefore, only distances from the apex
with at least 50% coverage (number of cells with
deposits larger than the minimum thickness of
5 mm and the same distance from the apex)
were plotted. This resulted in blank sections of

the plots, especially in the first (0.22 km®/kyr)
sediment supply column. In the NTG and sedi-
ment thickness plots, each node is plotted, but
the means and modes are only plotted if the
50% coverage rule is met. The detailed descrip-
tion of model limitations and model output
analysis and visualization can be found in Snie-
der et al. (2021).

RESULTS

Mass balance

Mass balance (Table 2) documents the sediment
input at the source, the deposition of sediments
within the model area, and the outflow of sedi-
ments through the open model boundaries to the
east, south and west (Fig. 1) for the model dura-
tion of 100 kyr. The ratio between sediment input
and deposition is called sediment retention.
There was no consistent pattern linking sediment
supply and sediment retention. For all sediment

Table 2. Mass balance for each sensitivity analysis model. Retention (Ret.) indicates the ratio of deposits to input
of total sediments in column four and by grain size (CMS — coarse to medium sands, FVFS — fine to very fine
sands, silts and clays) in columns five to eight. The colour coding shows high percentages in red and low ones in
blue for column four separately, and columns five to eight together.

Lake level change =~ Sediment supply Deposits Ret.  CMS: Ret. FVFS: Ret. Silts: Ret. Clays: Ret.
(mm/kyr) (km®/kyr) km*/kyr) (%) (%) (%) (%) (%)
—1000 0.22 0.12 90.6 88.0 84.0
—100 0.22 0.12 90.4 88.0 82.7
0 0.22 0.12 55.4 90.3 87.6 83.3
100 0.22 0.13 58.7 90.5 88.0 83.8
1000 0.22 0.17 77.5 98.7 98.4 97.8 72.4
—1000 1.10 0.64 58.8 91.6 90.1 87.9
—100 1.10 0.63 57.5 90.8 88.9 86.0
0 1.10 0.62 57.0 90.3 88.5 85.5
100 1.10 0.68 62.3 90.6 88.8 86.2
1000 1.10 0.79 72.5 93.7 91.9 88.9
—1000 2.18 1.25 57.2 88.2 85.3 81.8
—100 2.18 1.23 56.4 88.0 85.1 81.5
0 2.18 1.23 56.3 88.0 85.1 81.4
100 2.18 1.31 60.2 88.2 85.2 81.5
1000 2.18 1.50 69.0 92.7 89.6 85.4 64.2
—1000 10.87 6.14 56.5 91.5 86.6 79.6
—-100 10.87 6.18 56.9 91.8 87.2 80.4
0 10.87 6.14 56.5 91.3 86.4 79.8
100 10.87 6.34 58.3 91.3 86.7 80.0
1000 10.87 6.60 60.7 91.6 86.7 79.6
—1000 21.85 12.19 55.8 93.3 86.3 77.7
~100 21.85 12.00 549 93.0 85.6 77.0
0 21.85 12.09 55.3 92.5 85.7 77.0
100 21.85 12.41 56.8 93.6 86.6 77.7
1000 21.85 13.16 60.2 93.3 86.4 79.2
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supply models with a lake-level change of —1000,
—100, 0 and 100 mm/kyr, the difference between
the lowest sediment retention and highest sedi-
ment retention for each lake-level change sce-
nario was small at 3.9% for —1000 mm/kyr, 2.7%
for —100 mm/kyr, 1.7% for 0 mm/kyr and 5.5%
for 100 mm/kyr. In these four lake-level change
scenarios, the sediment retention was generally
lowest in the models with the lowest and highest
sediment supply (0.22 km®/kyr and 21.85 km®/
kyr, respectively) and highest in the second to
lowest sediment supply (1.1 km®/kyr). The sedi-
ment supply models with a lake-level change of
1000 mm/kyr had a difference between lowest
and highest sediment retention of 17.3% and
highest sediment supply model (21.85 km®/kyr)
and the highest retention was linked to the lowest
sediment supply model (0.22 km®/kyr). Lake-
level change showed a consistent pattern regard-
ing sediment retention. The models with lake-
level changes of —1000, —100 and 0 mm/kyr
always had the lowest sediment retention among
them and showed <2% variability within their
respective sediment supply scenarios. The
models with lake-level change of 1000 mm/kyr
always had the highest sediment retention. The
sediment retention variability within each sedi-
ment supply scenario generally decreased with
sediment supply from 22.7% for all models with
0.22 km®*/kyr sediment supply, to 15.5% for
1.1 km®/kyr, to 12.7% for 2.18 km®/kyr, to 4.2% for
10.87 km®/kyr, and finally rose slightly again to
4.9% for 21.85 km®/kyr.

Sediment retention also decreased with
decreasing grain size (Table 2). Sediment reten-
tion was higher for coarse to medium sands
(ranges 88.0 to 98.7%), fine to very fine sands
(ranges 85.1 to 98.4%) and silts (ranges 77 to
97.8%) than for clays (ranges 47 to 72.4%). Vari-
ability within each grain size sediment retention
group also decreased with grain size: 10.7% for
coarse to medium sands, 13.3% for fine to very
fine sands, 20.8% for silts and 25.4% for clays.
The highest impact on overall sediment retention
came from the clay grain size, which comprised
71 to 89% of the sediment input (Table 1).

Three-dimensional and cross-sectional view
of models

The three-dimensional images (Fig. 4) show the
distribution of the three net grain sizes (coarse
to medium sands in red, fine to very fine sands
in green, and silts in blue). In general, the
models were more sensitive to sediment supply

change than to lake-level change. The higher
the sediment supply, the greater the sediment
volume deposited during the 100 kyr model
duration. Deposition in all models started in the
south-western sector (Fig. 4). In all but the high-
est sediment supply models (22 km®/kyr) coarse
to medium sand and fine to very fine sand
bypassed the proximal and medial zones to be
deposited in the distal zones. Most sedimenta-
tion only started when the hydrological parame-
ter discharge exceeded approximately 300 m®/s
for the first time. The greater the sediment input
to the models, the earlier during the model dura-
tion that depositional threshold was exceeded.
The lowest sediment supply models (0.22 km?/
kyr) only reached that threshold at —22 kyr, the
second lowest ones (1.1 km®/kyr) at —24 kyr,
the middle ones (2.2 km®/kyr) at —25 kyr, the
two highest sediment supply models (11 km?/
kyr and 22 km®/kyr, respectively) started above
the threshold. When the discharge dropped
below the threshold again at a later stage in the
modelling process, deposition continued, albeit
at a reduced rate. This reduced rate of deposi-
tion was still higher at the same discharge than
before the threshold was reached. For the
models in the lowest sediment supply column
(0.22 km®/kyr), sediments were only deposited
in the south-western section whereas the models
with higher sediment supply (1.1 to 22 km®/kyr)
blanketed most of the initial surface above the
lake level. Additionally, the higher the sediment
supply, the clearer the zonation into: (i) homo-
lithic proximal zones of coarse to medium
sands; (ii) heterolithic medial zones with a mix-
ture of fine to very fine sand and silt; and (iii)
heterolithic distal deposits with silts and clays.
The distance from the apex of the transitions
between these zones changed with time. The
higher the hydrological parameters, the further
away from the apex the transitions between
zones were located. As the hydrological parame-
ters decreased towards the end of the model
duration (Fig. 4), the proximal, medial and dis-
tal zones were deposited on top of the proximal
zone deposited during the hydrological parame-
ter spike around —17 kyr. This is especially
clear in the model with a sediment supply of
22 km®/kyr and a lake-level change of 1000 mm/
kyr (Fig. 4) where all three net grain sizes were
deposited in the previously proximal zone with
clear transitions between grain sizes and a
decrease in grain size downstream of the apex.
The models experiencing a static or falling lake
level (—1000, —100 and 0 mm/kyr) are very
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similar in their three-dimensional net grain-size
distribution. Models with rising lake level (100
and 1000 mm/kyr) show that the rising lake con-
centrated the sediments closer to the apex, hav-
ing the greatest impact on the silt and clay grain
sizes (Fig. 4 and Table 2).

Cross-sections from the apex to the south
(Fig. 5) and from the west to the apex (Fig. 6)
show the vertical change in the stratigraphic
architecture of the models. Figure 5 shows the
middle and highest sediment supply models
(2.2 and 22 km®/kyr, respectively) as there was
no deposition from the apex to the south in the
lowest sediment supply models (0.22 km?®/kyr;
Fig. 4). These cross-sections show that three-
dimensional sandbody connectivity is more sen-
sitive to sediment supply than to lake-level
change. No deposition occurred close to the
apex in the lowest sediment supply models
(0.22 km®/kyr) and further downstream channel-
ized sands, enclosed within a floodplain

0 1000

Lake level change (mm/kyr)

-1000

environment, transitioned to a clay dominated
distal zone (Fig. 6). The middle sediment supply
models (2.2 km®/kyr) showed the sandy channel
elements with lateral splay elements cutting into
underlying floodplain deposits from the apex to
the distal zone, which was again dominated by
clay (Figs 5 and 6). The highest sediment supply
models (22 km®kyr) had a fully amalgamated
proximal zone mostly containing sands and a
medial zone characterized by sandy channel belt
deposits enclosed within overbank mudstones
with increasing clay percentage downstream of
the apex until it transitioned to the clay domi-
nated distal zone (Figs 5 and 6). As might be
anticipated, lake-level change influenced the strat-
igraphic architecture of the deposits. Sediment
was deposited further from the apex in the models
with static and lowering lake level than in the
models with lake-level rise (Fig. 4). Additionally,
static and lowering lake level led to a more pro-
gradational stacking pattern while lake-level rise

0 1000

Lake level change (mm/kyr)

-1000

] Basement

[] Coarse to
medium sands

Fine to very
O fine sands

[ silts
M Clays

Sediment supply (km®kyr)

Fig. 5. Sediment supply - lake level change sensitivity models showing: (A) layering (changing colour between
red and blue for each alternate display interval); and (B) grain-size distribution. The cross-sections are oriented
from the apex on the left towards the south to the right. Only two sediment supply columns and three lake level
change rows are shown to preserve the details of each cross-section. The lowest sediment supply column
(0.22 km®/kyr) did not have any deposits along this section. In light blue the lake level at the end of the model

duration is shown.
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0 1000

Lake level change (mm/kyr)

-1000

0 1000

Lake level change (mm/kyr)

-1000

0.22 2.2

Sediment supply (km®/kyr)

0.22

2.2 22

Sediment supply (km®kyr)

[ Basement [ | Coarse to medium sands [_]Fine to very fine sands [_] Silts [l Clays

Fig. 6. Sediment supply - lake level change sensitivity models showing: (A) layering (changing colour between
red and blue for each alternate display interval); and (B) grain-size distribution. The cross-sections are oriented
from the western part of the model on the left to the apex on the right. Only three sediment supply columns and
three lake level change rows are shown to preserve the details of each cross-section. In light blue the lake level at

the end of the model duration is shown.

led to a more aggradational or retrogradational
stacking pattern (Figs 4 to 6). This is most obvious
in the models with the highest sediment supply
(22 km®/kyr) as the deposits are thick enough to
show these trends. The balance between the rate
of sediment supply and the rate of base-level
change determines whether the stacking pattern
was more aggradational or retrogradational; the
low sediment supply models (0.22 km®/kyr)
showed backstepping and even deposition of
isolated terminal lobes (Fig. 6); the intermediate
sediment supply models (2.2 km®/kyr) also exhib-
ited retrogradation until the hydrological parame-
ters increase exponentially around —18 kyr and
led to progradation; the high sediment supply
models (22 km®/kyr) showed progradation and
aggradation as lake-level rise never outpaced sedi-
ment supply (Fig. 5).

Grain-size distribution, net to gross and
sediment thickness

The plot of grain-size distribution (Fig. 7), NTG
(Fig. 8) and sediment thickness (Fig. 9 for the
scaled and Fig. S7 for the unscaled plot) dis-
plays the three-dimensional data as a pseudo
downstream cross-section. Each point along the
x-axis is the mean of all data points with that
Euclidian distance from the apex. Missing plots
or mean and mode values, and blanked out areas
of plots, indicate that for those distances from
the apex, the 50% coverage rule was not met.
‘Net’ in the NTG plot includes coarse to medium
sands, fine to very fine sands, and silts, whereas
‘Gross’ encompasses all grain sizes.

In general, the grain-size distribution, NTG
and sediment thickness were more sensitive to
sediment supply rate change than to lake-level
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Sediment supply (km®kyr)
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Fig. 7. Sediment supply — lake level change sensitivity models showing stacked grain-size distribution as pseudo
downstream cross-section using a Euclidian distance from the apex. The x-axis depicts distance from the apex in
kilometres and the y-axis total sediment thickness in metres. Missing plots or parts of plots indicate that less than
half of the nodes with the same distance from the apex were filled and thus data analysis was not performed for

these nodes.

change. The coarse to medium sand percentage
(Fig. 7), mean NTG (Fig. 8) and mean sediment
thickness (Fig. 9) increased with rate of sedi-
ment supply. Net to gross variability decreased
with increasing sediment supply rate (Fig. 8).
The higher the sediment supply rate, the lower
the clay percentage in the proximal zones
(Fig. 7). Bypass of coarser sediments to the dis-
tal zones occurred in low to mid sediment sup-
ply models (0.22 to 2.2 km®/kyr). Additionally,
with increasing sediment supply rate, NTG
increased in the proximal zones and decreased
in distal zones. The NTG distribution in the low
to mid sediment supply models (0.22 to
2.2 km®/kyr) was bimodal with NTG maxima in
the proximal and distal zones (Fig. 8). The distal
NTG peak occurred in thin deposits (Fig. 9) and
contained mainly silts (Fig. 7). The distal peaks
decreased in magnitude with increasing sedi-
ment supply rate and were not significant in the
second highest and highest sediment supply

models (11 km®/kyr and 22 km®/kyr). For the
lowest sediment supply models (0.22 km®/kyr),
no sediments were deposited in the first 10 km
downstream from the apex for the models with
the highest lake-level rise (1000 mm/kyr) and
for the first 16 km downstream from the apex
for models with the other lake-level change sce-
narios (Fig. 9).

The higher the rate of lake-level rise, the
closer to the apex the furthest downstream
deposition occurred (Fig. 9). This was also the
case for net grain sizes with silt constituting the
main grain size in the distal zone (Fig. 7). For
the lowest to medium sediment supply models
(0.22 to 2.2 km®/kyr), the models with lake-level
rise (1000 mm/kyr and 100 mm/kyr) had the
peak of coarse to medium sand deposition
further downstream than the models with lake-
level drop and static lake level (—1000 to 0 mm/
kyr). The distal silt peak in these sediment sup-
ply models decreased in size with increasing
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lake level and was similar for the static and lake-
level fall models. The peak of silt deposition was
located at the break of slope in the initial surface
from the steeper underlying DFS deposits and
the shallower lacustrine zone (Fig. 1).

Sandbody thickness, number of sandbodies
and amalgamation ratio

Sandbody thickness was defined as composite
accumulation of a single or multiple channel,
and splay elements that are amalgamated
together into a multilateral and multi-storey
body. The sandbody thickness (Fig. 10 for the
scaled; Fig. S8 for the unscaled plot), number
of sandbodies (Fig. 11 for the scaled; Fig. S9
for the unscaled plot) and amalgamation ratio
(Fig. 12) plots are configured the same as the
grain-size distribution, NTG and sediment
thickness plots (Figs 7 to 9). As with the other
parameters, sandbody thickness, number of
sandbodies and amalgamation ratio, were more
sensitive to sediment supply rate change than
to lake-level change. In general, sandbody
thickness increases exponentially with sedi-
ment supply rate (Fig. 10). The higher the sedi-
ment supply rate, the more numerous the
sandbodies (Fig. 11) and the higher the mean
amalgamation ratio (Fig. 12). Additionally, the
higher the sediment supply rate, the higher the
sandbody thickness variability. Lake-level rise
created thicker sandbodies than lake-level fall
(Fig. 10). The general downstream trend for the
number of sandbodies also changed from
decreasing linearly (1.1 km®/kyr and 2.2 km®/
kyr), to a minimum around 10 km and a maxi-
mum around 30 km from the apex (11 km®/kyr)
to a minimum around 10 km and a maximum
around 40 km from the apex (22 km®/kyr). For
the models in the highest two sediment supply
rates (11 km®/kyr and 22 km®/kyr) the mean
number of sandbodies followed a bimodal dis-
tribution with peaks at 30 km and 60 km
downstream of the apex and 40 and 60 km
downstream of the apex, respectively (Fig. 11).
For the amalgamation ratio, the higher the sedi-
ment supply rate, the lower the variability and
the higher the peak in the proximal zone and
the smaller the peak in the distal zone. Only in
the highest two sediment supply rates (11 km?/
kyr and 22 km®/kyr), did the mean amalgam-
ation ratio indicate nearly full connectivity in
the proximal zone. Lastly, the amalgamation
ratio variability in the distal zone decreased
with increasing lake-level rise and stayed

similar for both static and dropping lake level
models (Fig. 12).

DISCUSSION

Sensitivity of a distributive fluvial system to
changes in sediment supply and base-level

To explore the full potential of this sensitivity
analysis, the parameters can be generalized
(Fig. 13). The sediment supply can be simplified
in this context as undersupplied (0.22 km®/kyr),
intermediate-supplied (1.1 km®/kyr and 2.2 km®/
kyr) and oversupplied (11 km®/kyr and 22 km®/
kyr). Lake-level change can be simplified as rising
or falling base-level. This broadens the sensitivity
analysis to other distributive fluvial system (DFS)
termination types as described in Hartley
et al. (2010) such as axial fluvial systems and
coasts.

This study shows that DFS are more sensitive
to sediment supply than to local base-level.
When describing DFS sedimentology, Nichols &
Fisher (2007) and Owen et al. (2015) divided
DFS into three zones: proximal, medial and dis-
tal with decreasing average grain size. This
description is based on the Huesca and Luna
DFS in the Ebro Basin, northern Spain, the
Devonian Munster Basin, southern Ireland, and
the Salt Wash DFS of the Morrison Formation,
south-western USA. Such zonation only matches
the oversupplied models in this sensitivity anal-
ysis. The undersupplied models have no deposi-
tion in the proximal region due to erosion and
sediment bypass, but have a medial region as
described by Nichols & Fisher (2007) and Owen
et al. (2015). The models with intermediate sup-
ply show deposition in the proximal and medial
regions as described only for the medial zone in
Nichols & Fisher (2007) and Owen et al. (2015).
The distal zones of all sensitivity analysis
models are as described in Nichols & Fisher
(2007) and Owen et al. (2015) but the grain-size
distribution within this zone is dependent on
the local base-level (Fig. 13). When sediments
reach local base-level, deposition is focussed at
the interface between depositional surface and
the base-level. This is especially true for silts.
Sands can also accumulate at local base-level
but only in the undersupplied models where
sand bypass is common (Fig. 13). As only the
models with base-level rise result in elevation of
base-level above the initial depositional surface,
the concentration of sands and silts occurs at
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Rise

Base level change
Fall

Undersupplied

Intermediate supplied

Oversupplied

Sediment supply

H Mud-dominated floodplain
and lacustrine deposits

D Sand-dominated channelized
and sheet-like deposits

[ ] No deposition

Fig. 13. Generalized sediment supply — lake level change sensitivity models showing the distribution of deposits.
Only oversupplied models show the proximal, medial and distal zonation as described by Nichols & Fisher (2007)
and Owen et al. (2015). The intermediate-supplied models do not have a fully amalgamated proximal zone while
the undersupplied models have no deposition in the proximal area.

the lake shore (Fig. 13). Base-level rise also leads
to deposition closer to the apex resulting in
greater aggradation rates in the proximal zone
and thicker sandbodies. In undersupplied and
intermediate-supplied base-level rise models,
the base-level rise outpaces sedimentation and
results in retrogradation (Fig. 13). Undersup-
plied models experience retrogradation during
the entire model duration whereas models with
intermediate sediment supply only experience
retrogradation until the hydrological parameters
increase sufficiently to lead to progradation. Ret-
rogradation produces isolated terminal fans that
contain sands and silts (Fig. 13).

Models that simulate low rates of sediment sup-
ply have erosion in the proximal region and sedi-
ment bypass (even of coarse to medium sand and
fine to very fine sand, to the distal region of the
model), as they remain in the stabilization phase
of DFS deposition during the entire model dura-
tion (Fig. 13). During the stabilization phase, the
sediment supply generates a stable depositional
surface, based on the grain-size distribution and
depositional angles of each grain size, which is
slightly different to the topography of the initial
surface. The topography of the initial surface is
also a depositional surface but generated by a dif-
ferent grain-size distribution and depositional
angles. This stabilization phase is well-described
in the stratigraphic model based on the Huesca
DFS (Snieder et al., 2021), which is also the base-
case model for this sensitivity analysis. To shorten
the stabilization phase in the sensitivity analysis
models, the depositional surface of the Huesca
DFS model after the stabilization phase was used.

All sensitivity analysis models undergo an initial
stabilization phase. In undersupplied models,
insufficient sediment flowed into the model to sta-
bilize during the model duration, but these models
would eventually stabilize through higher sedi-
ment supply and/or longer model duration. This
depositional behaviour is induced by the model
setup but reproduces distributive fluvial systems
that experienced an abrupt change in the hydrol-
ogy and sediment distribution of the inflow into
the system at the apex.

Characterization of accommodation and
preservation in a distributive fluvial system

Holbrook et al. (2006) developed the concept of
buffers and buttresses to define fluvial preserva-
tion space. This space is confined between
upper and lower profiles called ‘buffers’. The
upper buffer is defined as the profile of highest
possible aggradation and the lower buffer is
defined as the profile of maximum possible inci-
sion. These buffers are anchored downstream by
a physical barrier such as a lake shore that is
called a ‘buttress’.

In the models, the upper buffer is created by the
combined maximum depositional gradient of sedi-
ment present in the DFS. The maximum deposi-
tional gradient increases with increasing grain size.
As the grain-size distribution in DFS becomes
more fine-grained from the apex to the toe of the
system (Fig. 7), the maximum depositional gradi-
ent decreases. The maximum depositional gradient
is set in the modelling parameters for each grain
size and is identical for all models. The lower
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buffer in the models is the graded profile anchored
downstream at the buttress. The buttress is the lake
shore as it is the intersection between the DFS and
the base-level. In map view, the fluvial preserva-
tion space (Holbrook et al., 2006) is shaped like the
DFS, which in case of the sensitivity analysis
models is semi-circular (Fig. 4). In addition to the
downstream component of the fluvial preservation
space described by Holbrook et al. (2006), the DFS
models also include the upstream component.

The DFS modelling has shown that the lower
and upper buffers converge at the lake shore (down-
stream anchor point) and at the DFS apex
(upstream anchor point). As opposed to the concep-
tual models proposed by Holbrook et al. (2006),
these two anchor points can move both vertically
and laterally with time. The lake shore can move
upstream during transgression or downstream dur-
ing regression. The lake shore transgresses when
the rate of lake-level rise outpaces the rate of sedi-
ment supply, as is the case in the ‘undersupplied’
models that incorporate an episode of lake-level
rise. The lake shore regresses when sediment sup-
ply outpaces lake-level rise such as in the ‘oversup-
plied’ models. The lake shore can remain in the
same plan-view position if sediment supply and
lake-level rise are equal, and aggradation occurs.
The apex moves upstream when aggradation occurs
in the proximal zone such as in the ‘intermediate-
supplied’ and ‘oversupplied’ models. Downstream
movement occurs when base-level lowering, subsi-
dence, and/or sediment supply changes lead to
incision and a downstream shift in the DFS includ-
ing the apex. Holbrook & Bhattacharya (2012)
coined this incision ‘buffer valleys’ and it can be
observed in the modern Taquari DFS, western Bra-
zil, where the palaeo-DFS is incised for the first
100 km downstream of the palaeo-apex before
reaching the present-day apex and the start of the
present-day fan (Assine & Soares, 2004; Assine,
2005; Buehler et al., 2011; Makaske et al., 2012).
The non-deposition in the proximal region of the
undersupplied models is not due to a downstream
movement of the apex but due to the adjustment of
the modelled sediment erosion, transport and depo-
sition to the initial surface.

The lower buffer is anchored to the buttress so
the models with a falling base-level also have a
lowering surface of maximum possible incision.
Incision starts at the buttress and moves upstream
(Holbrook et al., 2006). Such incision is not
observed in the base-level fall models. Incision
would occur in the distal part of the model, which
is mostly uncovered by sediment. Thus, the initial
surface would be incised into underlying strata.

The initial surface hardness is set to the erodibility
of uncompacted sediment, which means that ero-
sion will occur if the velocity of any fluvial flow
reaching this region is high enough to be erosive
(Hjulstrom, 1935; Sundborg, 1956). Even in the
oversupplied static base-level models, little to no
sediment was transported to the most distal parts
of the model (Figs 4 and 9) as the fluvial transport
capacity was insufficient. If flow velocity was not
sufficient to transport sediment, it would not have
any erosive power for incision (Hjulstrom, 1935;
Sundborg, 1956). Holbrook et al. (2006) described
the lower buffer as a surface of maximum possible
incision, but this possibility is only realized if the
fluvial flow has sufficient erosive power.

The DFS modelling has also shown that the
space described by Holbrook et al. (2006) as flu-
vial preservation space, is the fluvial accommo-
dation available in the DFS at each point in
time for a given apex and lake shore location
and a given underlying surface and grain-size
distribution. If the sediment supply is greater
than the fluvial accommodation at that point in
time, then the apex location will move up the
feeder valley and the lake shore location will
regress as excess sediment is deposited in a
lacustrine delta. This can be calculated for the
sensitivity analysis models. To simplify the pro-
cess, the calculations are only for the models
with static base-level (0 mm/kyr) and assume an
even distribution of sediment over the DFS in
map view. The two models chosen are the sec-
ond to lowest sediment supply model (1.1 km®/
kyr) and the highest sediment supply model
(22 km®/kyr). The lowest sediment supply
model was not chosen since less than half of the
DFS surface is covered, it does not satisfy the
above-mentioned assumption of deposition over
the entire DFS surface. The proxy for sediment
supply is the mean gradient of the final deposi-
tional surface and the proxy for fluvial accom-
modation is the maximum depositional gradient
based on the grain-size distribution of the DFS
deposit after the 100 kyr of modelling. For the
second to lowest sediment supply model
(1.1 km®/kyr), the sediment supply proxy is a
gradient of 0.0015 and the fluvial accommoda-
tion proxy is a gradient of 0.0022. This means
that the given fluvial accommodation for the 100
kyr of model duration was only 68% filled. For
the highest sediment supply model (22 km?®/
kyr), the sediment supply proxy is a gradient of
0.0023 and the fluvial accommodation proxy is a
gradient of 0.0023 as well. This means that the
sediment supply has overfilled the initial fluvial

© 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists., Sedimentology, 70, 2196—2219

85UB017 SUOWIIOD BAFee1D) 3|t jdde 8y} Aq peusenob a1e 3ol YO BSn 0 S3|nI o4 A%eiq1T 8UIIUO A3]1M UO (SUOIPUOD-PUR-SWBHLI0O" A3 | 1M A1 1ol |UO//SARY) SUORIPUOD PUe SWB L 83 88S *[£202/TT/82] U0 ArigiTauluo Ao |im ‘mobse(o JO AisieAlun Aq 8TTET PeS/TTTT OT/I0P/Wo0 A8 | M AReiq Ul |uo//Sdny Lo papeo|umoq ‘. ‘€202 ‘TE0ESIET



Quantifying the sensitivity of distributive fluvial systems 2217

accommodation and further accommodation is
created by upstream migration of the apex and
downstream migration of the lake shore. This
clearly shows that sediment supply and fluvial
accommodation are interdependent governing
parameters. It also shows that grain-size distri-
bution of the sediment flowing into the DFS,
and the underlying surface topography are cru-
cial to linking the governing parameters.

Besides the governing parameters, elapsed
time also plays a key role in understanding DFS
accommodation and preservation. The models
encompass 100 kyr, which means that extreme
changes in governing parameters, such as the
sediment supply spike around —18 kyr (Fig. 2)
and rapidly rising base-level (highest lake-level
rise models), require more time for the DFS to
adapt than was modelled.

It should be noted that each sensitivity analysis
is specific to the limitations of the sensitivity
parameter range. It is for this reason that such large
ranges were chosen for this analysis, and for the
other modelling parameters, mainly model dura-
tion, initial surface topography, sediment classes
and maximum depositional angles. This highlights
the complex interdependencies between the gov-
erning parameters acting on DFS.

CONCLUSIONS

This sensitivity analysis of distributive fluvial
system (DFS) architecture to sediment supply
and base-level change revealed that DFS facies
distribution is significantly more sensitive to
sediment supply than to base-level change. With
increasing sediment supply, average grain size,
aggradation rates and sandbody connectivity
increase for a given distance from the fan apex.
Base-level rise mostly influences DFS through
sediment retention and concentration of silts in
the vicinity of the lake shoreline. If base-level
rise outpaces sedimentation, then coarser-grained
deposits can become encased by deposits from
the mud-dominated distal zone. Base-level rise
also leads to higher aggradation rates and thicker
sandbodies in the proximal zones.
Undersupplied DFS, defined as systems with
sediment supply rates of at least one order of
magnitude lower than the previous DFS they
overlay, show no deposition in the proximal
region, channelized sandy deposits within a
fine-grained floodplain environment in the
medial region, and a mud-dominated distal
region. Distributive fluvial systems with

intermediate sediment supply, defined as sys-
tems with sediments supply rates within plus or
minus one order of magnitude than the previous
DFS they overlay, have the same facies distribu-
tion as undersupplied DFS but medial type
deposits are also deposited in the proximal
region. Oversupplied DFS, defined as systems
with sediment supply rates of at least one order of
magnitude higher than the previous DFS they
overlay, have a facies distribution and sandbody
connectivity as described in Nichols &
Fisher (2007) and Owen et al. (2015) with a fully
amalgamated proximal zone of channelized
deposits, which form a single sandbody, channel-
ized deposits within a floodplain environment in
the medial zone, and the same distal zone as the
undersupplied and intermediate-supplied DFS.
The results of all sensitivity models predict an
initial stabilization phase. During this phase a
new depositional slope, as a function of the
model parameters, is formed on top of the initial
surface. The ‘undersupplied’ models never
evolve beyond this phase, which is why non-
deposition occurs in the proximal region.

The sensitivity analysis also indicated that the
concept of buffers and buttresses (Holbrook
et al., 2006) is probably applicable to DFS. The
buttress is the lake shore as it is the intersection
between the DFS and the base-level. The upper
buffer is the product of the combined maximum
depositional gradient of sediment present in the
DFS. As the maximum depositional gradient
decreases with decreasing grain size and the grain-
size distribution also decreases downstream of the
DFS’ apex, the slope of the upper buffer decreases
downstream of the apex of the DFS. The lower
buffer in the models is the graded profile anchored
downstream at the buttress. The buffers not only
converge downstream towards the buttress but
also upstream at the DFS apex. These anchor
points are shown to be mobile in upstream, down-
stream and/or vertical directions. The movement
of these anchor points allows a quantification of
accommodation and preservation. Upstream
movement of the upper anchor point (DFS apex)
indicates aggradation in the proximal zone. Down-
stream movement of the apex and incision
upstream of the apex indicates base-level lower-
ing, subsidence and/or sediment supply changes.
Upstream movement of the buttress indicates
transgression and downstream movement indi-
cates regression. If sediment supply and lake-level
rise are in equilibrium, then the buttress remains
in the same plan-view position. Incision in the dis-
tal region was not observed in the model results
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with base-level fall as the flow reaching these
regions did not have enough erosive power.

This sensitivity analysis highlights the interde-
pendency of governing parameters acting on the
DFS. Besides the two main parameters of sediment
supply and lake-level change investigated in this
project, other governing parameters such as the
topography of the initial surface, the grain-size dis-
tribution of the sediments introduced at the
source, and the maximum depositional gradients
for each sediment class have a strong impact on
the stratigraphic architecture of DFS. Lastly,
elapsed time is crucial to understand the processes
that govern the sedimentary and stratigraphic evo-
lution of DFS. The results of this sensitivity analy-
sis must be considered in the context of the
modelled time frame. The same applies to charac-
terizing DFS accommodation and preservation.
These are time-dependent variables and should be
treated as such.
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based on the Minnesota River gauging station at Fort
Snelling State Park, Minnesota, USA, as well as the
climate proxy calculation for all sediment supply
model. Additionally, unscaled sediment supply —
lake level change sensitivity models showing sedi-
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