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ABSTRACT

Coastal-plain depositional systems such as fluvial deltas are archives of past
external (allogenic) forcing, such as sea-level variations, and their evolution can be
described by two geomorphic boundaries: the alluvial-basement transition or upstream
boundary, and the shoreline or downstream boundary. Patterns of landward/seaward
migration of the shoreline (i.e., transgression/regression) and the alluvial basement
transition (i.e., coastal onlap/offlap) in the rock record are often used for reconstruction of
past sea-level changes. Theories for stratigraphic interpretation, however, need to be
adapted to deal with internal (autogenic) processes that could play a significant role, but
are to date largely unexplored. In particular, in-situ organic matter accumulation via plant
growth has generally received little attention despite accounting for a significant volume
fraction in most fluvio-deltaic plains and likely affect their response to sea level
variations. To fill this knowledge gap, we develop a geometric model for the long-profile
evolution of a fluvio-deltaic environment that accounts for sea-level cycles and organic
sediment dynamics. The model assumes that sedimentological processes (i.e., inorganic
and organic sedimentation) operate to preserve a linear geometry for both the delta plain
or topset, and the subaqueous offshore region or forest. Changes in topset length can
occur via shoreline transgression/regression, or coastal onlap/offlap, and the magnitude
and timing of these changes can be directly related to the amplitude, phase and frequency
of the sea-level variations. The model predicts that the maximum organic fraction occurs
when the organic matter accumulation rate matches the accommodation rate, an
observation consistent with field observations from coal geology. Further, we find that

organic matter accumulation during the topset aggradation and organic matter erosion



and decay during topset degradation generally results in substantial increase in the coastal
onlap/offlap amplitude, which can result in an overestimation of the sea-level variations.
These results are consistent with the discrepancy in sea-level amplitude reconstructions
between sequence stratigraphic interpretations and geochemical models based on stable

isotopes over the Cretaceous.
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1. INTRODUCTION

Fluvio-deltaic environments serve as both home to millions of people and reservoirs
for natural resources. Additionally, their associated sediment prisms preserve one of the
most complete records of climate, sea level, and tectonics over a large fraction of Earth’s
history (National Research Council 2012). These records can help us improve our
process-based understanding of the driving mechanisms of past sea-level changes, as well
as constrain predictions of future sea-level change (Church and Clark 2018, Kopp et al.,
2019). Although sea-level changes are often found to represent the most important
boundary condition affecting coastal-plain transport systems (Van Wagoner et al., 1990,
Van Wagoner 1995, Catuneanu et al., 2009, Blum et al., 2013, Zhang et al., 2019), we
still lack a rigorous quantitative theory to reconstruct past sea-level variations from the
stratigraphic record. Theories for stratigraphic interpretation need to be adapted to
incorporate autogenic (internal) processes that could play a significant role, but are to
date largely unexplored (Paola et al., 2009, Hajek & Straub 2017). In particular, in situ
organic matter accumulation via plant growth has generally received little attention
despite accounting for a significant volume fraction of sedimentation in deltaic plains
(Kosters et al., 2000; Reddy and DeLaune 2008, Tornqvist et al. 2008, Lorenzo-Trueba et
al. 2014). Furthermore, plant matter accumulation on coastal wetlands, which are among
the most productive systems in the world (Costanza et al., 1997; Reddy and DeLaune,
2008), has been identified as a potential control of fluvio-deltaic evolution (Fisk, 1960;

Meckel et al., 2007; Tornqvist et al., 2008; van Asselen et al., 2009; van Asselen, 2011).



In order to address the relative role of organic sediment dynamics on the stratigraphic
evolution of fluvio-deltaic depositional systems, first, we discuss the interplay between
the magnitude of sea-level change and organic sediment dynamics, such as coastal
onlap/offlap patterns. Second, we extend an existing profile model for the longitudinal
profile evolution of a fluvio-deltaic system to incorporate not only organic matter
accumulation but also its degradation and decay under sea-level cycles. Finally, we use
the resulting model to (1) predict the volume fraction of organic matter preserved in the
sedimentary prism and (2) systematically quantify the potential error of sea-level
estimates based on stratigraphic indicators for a wide variety of organic sediment

accumulation rates and sea-level change scenarios.

2. BACKGROUND

The long profile geometry of fluvio-deltaic environments can be conceptualized in terms
of two primary sedimentary environments: the fluvial region or topset, which generally
exhibits low topographic relief, and an offshore region or foreset with typically steeper
gradients (Figure 1A). The topset is delimited by two geomorphic moving boundaries:
the alluvial-basement transition (ABT), where the depositional fluvial region transitions
into a bedrock fluvial region, and the shoreline (SH), located at sea level. In sequence
stratigraphic theory (e.g., Vail et al. 1977, Van Wagoner et al. 1990), periods of sea-level
rise are generally associated with a rise of the topset elevation due to enhanced fluvial
deposition, which lead to coastal onlap and transgression (i.e., a landward shift of both
the ABT and SH) (Figure 1B). In contrast, periods of sea-level fall are typically
associated with topset degradation due to fluvial incision, which lead to coastal offlap and

regression (i.e., a seaward shift of both the ABT and SH) (Figure 1C). In both scenarios,



the vertical change in onlap or offlap y is assumed to be of equal magnitude to the change

in sea-level 4Z (i.e.,y = AZ).

Although sequence stratigraphic theory provides a broad conceptual framework for
evaluating ancient deposits and reconstructing sea level from strata, a number of
modeling and experimental studies have shown that the magnitude of coastal onlap and
offlap in response to sea-level changes varies between depositional systems and is a
function of both allogenic and autogenic (internal) processes (Swenson 2005, Swenson
and Muto 2007, Kim and Muto 2007, Paola et al. 2009, Lorenzo-Trueba et al. 2013,
Anderson et al. 2019). In other words, the response of fluvio-deltaic environments can be
more complicated than what Figures 1B and 1C illustrate. For example, during sea-level
fall, a high sediment supply relative to the topset length can result in a geologically long-

lived topset aggradation before shifting to degradation (Figure 1D).

We can frame the geometric relationship between the magnitude of coastal onlap and

offlap and sea-level change as

y=AZ +a- AL, (1)

where « is the topset slope, AL = L, — L1, L, is the topset length at ¢ = t;, and L, is the
topset length at t = t, (Figure 1D). Fluvio-deltaic topsets generally exhibit low
topographic relief (i.e., « ~1/10,000) and a sea-level amplitude change is consistent with
Quaternary eccentricity-driven eustatic sea level changes (i.e., 4Z~100 m). Assuming an
associated topset length change between highstand and lowstand of AL~100km (using
the average continental shelf width as a proxy), we find that the error in the sea-level

estimate based on equation 1 would be of ~10 m (i.e., y = AZ + 10m). This back of the



envelope calculation emphasizes that the magnitude of coastal onlap and offlap is not

only a function of variations in sea-level but also changes in topset length.

Accumulation, degradation and decay of organic matter on the fluvio-deltaic plain can
drive significant changes in sediment volume in a fluvio-deltaic prism, which in turn lead
to changes in topset length (Lorenzo-Trueba et al. 2012). For instance, an increase in
length associated with organic sediment accumulation can result in coastal onlap
amplification (i.e., y_org > v), and therefore a larger departure between the magnitude of
coastal onlap and sea-level change (i.e.,y org>AZ>Y) (see Figure 1E). Under topset
degradation, however, a significant fraction of the organic sediment volume previously
accumulated can erode and decay, which can result in an amplification of coastal offlap

change (i.e.,y org>AZ>y; see Figure 1F). We quantify these dynamics in more detail in

the sections below.
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Figure 1: (A) Idealized geometry of deltaic evolution in the cross profile. (B) Coastal
onlap using sequence stratigraphy. (C) Coastal offlap using sequence stratigraphy. (D)
Coastal onlap during sea-level fall. (E) Coastal onlap during sea-level rise. (F) Coastal

offlap during sea-level fall.

3. MODEL DESCRIPTION

To quantify the magnitude of coastal onlap/oftlap as a function sea-level change and
organic sediment dynamics, we extended a model for the profile evolution of a fluvio-
deltaic system (Lorenzo-Trueba et al. 2012) to account for organic matter accumulation,

erosion and decay under sea-level level cycles. We define sea-level Z(t) as follows:
Z(t) =A-sin(B-t) (D

where A4 is the amplitude of sea-level changes and B as the frequency (i.e., 1/period). A
key feature of the model is the idealized geometry of the sediment prism, bounded below
by a linear basement, and from above by the subaerial topset and the subaqueous foreset

(Figure 1).

We compute change in sediment volume of the system as a function of the upstream
sediment input from the river q;, , the rate of organic matter accumulation 9,4 at any
location along the topset, and the rate of erosion and decay of previously deposited

organic sediments Uy .

av

S S
2 Qin +fR ﬁorg'dx-l_fR Vero - dx (2)

where x = R is the location of the alluvial-basement transition and x = S is the location

of the shoreline (Fig. 2).



Following Lorenzo-Trueba et al. (2012), we describe the rate of organic matter
accumulation in terms of the rate of sea-level rise Z = dZ/dt and the production of in
situ organic matter P as follows:

Uorg = max (O,(Z, P)) 3)
When the rate of sea level rise Z is larger than the rate of plant production P, riverine
sedimentation inundates the resulting space if available; otherwise SH transgression takes
place. In contrast, when the rate of sea level rise Z is below the rate of plant production P,
then the organic sediment excess rapidly decays via aerobic respiration, and only the
subaqueous portion of the organic sediment contributes to the sedimentary volume.
We determine the rate of erosion of organic matter based on the geometry of the problem

as follows:
. ds .
Verp = Max (O,Z —a- E) Cri () )]
where Cy; is the carbon fraction of the top sediment layer deposited at time t*, which

matches the current time ¢ when there is no prior topset erosion. We define the

instantaneous carbon fraction Cf; at any point in time t as follows:

_ f: Yorg-dx
Cfl B din + f:ﬁorg'dx (5)
Additionally, we compute the average carbon fraction Cf, as follows:
H([59,pgdx)-dt
Cf, = st ©)

- t t( S
Jy @in -dt+ [ (fR ﬁorg-dx)-dt
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Figure 2: Panel A shows the idealized geometric delta profile with main parameters.
Panel B shows shoreline transgression after sea-level fall with topset degradation. Panel

C depicts shoreline regression after sea level rise.

4. A DIMENSIONLESS FORM
We rewrite the use dimensionless variables in order to reduce the number of
controlling parameters. For dimensions with length, we use a characteristic basin length /
of 100 km. For the slope of the basement £, and the topset a, we use realistic ratios found

in the field. Our dimensionless variables are:



(7)

“n
*
I
~1u
N
*
I

With the definitions in (7), and dropping the * superscript for convenience of notation,

the dimensionless governing equation under sea-level cycles becomes:

v _ g

s s
— + [ Oorg - dx + [ ero - dx (8)

Tables 1 and 2 are lists of the state variables and their dimensions with associated
dimensionless symbol and the input parameters for the numerical model. Values of 4 are
dimensionless amplitudes which can range from 0 to 1, which relate to sea-level
amplitudes of 30 m to 100 m in amplitude. We use a dimensionless frequency B value of

1 which corresponds to a period of 100,000 years.

Table 1

State Variables and their Dimensions

Symbol Units Description

t T Time

X L Horizontal distance
R L Alluvial-basement

transition horizontal
distance from origin

S L Shoreline horizontal
distance from origin

n (eta) L Sediment height above
basement

Vin L? Volume of inorganic
sediment supply

Vorg L2 Volume of organic
sediment supply

Z L Sea-level curve

Table 2

Input parameters and their dimensionless symbols

| Symbol | Units | Description




qin 2 Inorganic sediment
flux at ABT

- Basement slope
Topset slope

L/T Rate of plant
production

N R[>

5. MODEL SOLUTION
We discretize in space using » nodes with a uniform step size Ax, where i=1 represents
the most landward node, and i=n represent the most seaward node. We discretize time
with a uniform time step of Az, where t; = jAt. The sedimentary wedge develops from
the origin x=0, which we have chosen to be the initial intersection of the base-level with
the non-erodible basement. The origin is at the interface of two nodes in the center of the

domain.

At =0, we set the initial ABT and SH conditions to be at the origin, i.e., R(0) = S(0) =0.
Our model determines the ABT and SH trajectories at each time step by making an initial
estimate of the SH location, and then updating this estimate to ensure that mass is
conserved in the delta. In more detail, at a given time step # > 0, we select a guess for the

SH location as:
S] = S]'—l + Ax (9)

Using our linear geometry, we can calculate the ABT location R(j) as:

— X (A _ (2
B=-%a ( B ) (,B) (10)
We can then calculate the total sedimentation deposited within our domain in each cell,

through time



Z+a(5—xl)+xl,8, R]>xl>S] 1
Tj+1 n;j, otherwise (b
Then the estimated total volume of the sedimentation in the system is
Vi = Ax X1 (12)

In order to ensure the mass is conserved at every time step, we compare the numerically
calculated volume of the delta with the expected analytical volume (V; and V). If the
difference between these two values is within a certain tolerance, then the model moves
onto the next time step. Otherwise, we use the difference between the two volumes to
update the guess of the SH location as:

si=s;+0-Vr(t;) — V) (13)
where @ = 0.005 is a relaxation parameter. With a new guess for the SH location we can
follow again the steps described by equations above. We repeat this sequence until we

converge to a solution in which the difference between V- and V; is below 1073,

We plot the ABT and SH over dimensionless time in the vertical and a dimensionless

distance in the horizontal axis, shown in Figure 3a.

6. MODELING BEHAVIORS AND VALIDATION

10
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Figure 3: ABT and SH trajectories over sea level cycles with Z = A sin (B - t). Onlap
occurs when the ABT migrates left of the origin (landward), and offlap occurs when the
ABT migrates right of the origin (seaward). SH transgression and regression occurs when
the SH migrates right of the origin (seaward) and left of the origin (landward)

respectively.
a. Deltaic evolution not accounting for organic sediment dynamics

In order to determine how the sedimentary prism behaves under sea-level cycles
without the addition of in situ organic matter, we analyze how the trajectories of the ABT

and the SH behave with respect to sea level variations and a sloped fluvial surface. The

11



main external factors that influence onlap and offlap are sediment supply, the length of
the fluvial topset and the topset slope. In figure 3, we see that the modeling behaviors
suggest that the response of the ABT is susceptible to time lags during sea-level cycles,
particularly during sea-level fall, where the ABT can continue to undergo coastal onlap
for a portion of the sea-level fall phase. This occurs when the sloped length of the fluvial
topset is long enough and that the effect of sea-level fall does not instantaneously affect
the moving boundary. This suggests that without organic sediment dynamics, the onlap
and offlap patterns can cause a discrepancy from stratigraphic interpretation since the
movement of the ABT is not directly related to the instantaneous change in sea-level..
The migration of the SH is also affected, although not as much as the ABT by sea level
cycles. The onset of SH transgression occurs at the end of the highstand phase until the
start of the lowstand phase, and the onset of SH regression occurs at the start of the
highstand phase as shown in Figure 3.

b. Deltaic evolution accounting for organic sediment dynamics

Figure 4 highlights the different ABT and SH trajectories of a deltaic prism with
inorganic sedimentation and a deltaic prism with the inclusion of organic sedimentation.
There is an asymmetry of organic sediment accumulation and degradation over time,
which alters both the responses of the ABT and SH. The response of the ABT is
amplified, and the SH is dampened. The additional sedimentation from organic matter
production results in accumulation and preservation if conditions allow, which
contributes to the overall volume. This influx of organic sedimentation creates a larger
delta during the topset aggradation phase and allows for further progradation of the SH

during a sea level rise phase. The length of the fluvial surface increases in response to the

12



increase in sedimentation. This progradation of the SH is extended due to the
accommodation being filled in by both the in situ plant production on the fluvial surface,
and the inorganic sediment flux to the foreset region thus the combined volume allows
the SH to keep pace with sea-level rise for longer than a scenario with no organic matter
sedimentation. During a transgression, the vertical aggradation is larger due to the in situ
organic sedimentation, which produces a slower migration of the shoreline landward, and
a further migration of the ABT landward as a result of the lengthening of the fluvial
topset. The amplification of the ABT response to sea-level changes when P*increases is
caused by the accumulation of organic matter during topset aggradation, and the
reduction of organic matter during topset degradation. Given additional sediment via
organic matter, the deltaic fluvial length expands further.

In the case of topset degradation, any exposed organic sedimentation is either
exported from the system or decomposed. Therefore, the ABT undergoes coastal offlap
and migrates further seaward compared to a scenario with no organic matter
sedimentation. Degradation of the fluvial surface also causes a faster decrease in overall
deltaic volume and a shortening of the length of the fluvial topset, since inorganic
sedimentation is preserved within the geometry under sea-level fall but organic
sedimentation is not. Therefore, the trajectory of the ABT is amplified as we increase

P* as shown in Figure 4.

13
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Figure 4: ABT and SH trajectories over time with P*=0 in the solid lines and P*=0.5 in

dashed lines. Cf; and Cf, values when P*=().5.
c. Connecting model results with field observations

We calculate the instantaneous and average carbon fraction, explained above to
compare to coal literature in order to validate our model outputs. Coal geologists have
noted that the most significant coal accumulation occurs when the ratio of the rate of
accommodation via base-level 4 is close to the rate of in situ plant production P (Bohacs
and Sutter, 1997). In figure 4, we calculate the instantaneous carbon fraction Cf; and

average carbon fraction Cf, over sea-level cycles. The values of Cf; are related to the rate

14



of change in sea-level and the ratio of the in situ plant production and total sedimentation
(organic and inorganic) at every time step. In the plot above we have the rate of plant
production at P*=().5 and the rate of accommodation of 4=/, where we observe the
peaks in Cf; when the rate of accommodation is near the rate of plant production (0.5).
When the rate of sea-level rise is at its highest, the Cf; values plateau since the limiting
factor is the rate of plant production, and its inability to keep pace with the increase in
accommodation space. During phases of sea-level fall, we see Cf; values of 0 since there
is no accommodation available in the subaqueous region. We also calculate the average
carbon fraction Cf, which looks at the bulk ratio of the instantaneous carbon fraction
over time. Since this is accounting for previous deposits of organic material, the Cf,
values do not reach 0 during sea-level fall. During the sea-level rise phases, the peak of

Cf, values are towards the end of the highstand phase.

7. IMPLICATIONS FOR SEA LEVEL RECONSTRUCTION

15
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Figure 5: Panel 1 — ABT and SH trajectories of three model runs of variety of P* values.
a deltaic prism with P*=0.2, P*=(0.5 and P*=0.8. Panel 2 — The values of y/AZ for each
run with varying P* values. The red shaded region shows when there is an
underestimation (> /) of sea-level change when using onlap patterns and the white region

shows an overestimation (</) of sea-level change when using onlap patterns.

In this section we quantify the error between the magnitude of coastal onlap/offlap

vertical change y relative to the magnitude of sea-level change AZ (Figure 5). In

16



particular, we plot the ratio y/AZ and the ABT and SH trajectories for different rates of
plant production P*. We find using onlap/offlap patterns tends to overestimate the
magnitude of sea-level change (i.e., y/4Z > 1), but underestimations can also occur (i.e.,
vy/AZ < 1). Moreover, the tendency to overestimate the amplitude of sea-level
oscillations increases as we increase P*.

These results imply that sea-level reconstructions based on coastal onlap/offlap
patterns (Vail 1977, and Haq 2014) of periods associated with high rates of coal
accumulation such as the Carboniferous or the Cretaceous can significantly overestimate
the amplitude of the sea-level oscillations. These results are consistent with recent
compilations of sea-level reconstructions over the Cretaceous (e.g., Simmons et al. 2020),
which include estimates from Haq et al. 2014 with amplitudes ~130meters, substantial
larger than the rest (e.g., Miller et al. 2005, with amplitudes ~40 meters).

Overall, this work emphasizes the importance of accounting for organic sediment
dynamics on the evolution of fluvial-deltas. Future work will aim to more directly couple
the modeling framework and results presented here with field data from different periods
in the geologic past, from high to low rates of organic matter accumulation, to better

understand the effect of organic sediment dynamics on paleo sea-level reconstruction.
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