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Abstract Shoreline trajectories are migration path lines of topset‐foreset rollovers in clinoforms.
Stratigraphic trajectory analysis is largely based on its reflection of historical shoreline positions. However, this
assumption is valid only when the substrate remains stable. In this study, we conducted numerical simulations
and quantitative analyses to investigate the impact of gravity‐driven deformation on shoreline trajectories. In a
simulation with a rigid substrate, the shoreline trajectory initially moved basinward and then retreated landward,
following the theoretical autoretreat in response to steady relative sea level (RSL) rise. In a simulation with a
viscous substrate, the occurrence of syn‐depositional deformation resulted in a much more complex shoreline
trajectory, even with the same sediment supply and sea level rise. Our findings explicitly demonstrate that
shoreline trajectory is not only controlled by the sediment supply and RSL change but also substrate
deformation. Identifying syn‐depositional deformation is critical in reconstructing shoreline evolution and
avoiding misinterpretation.

Plain Language Summary Identifying the migration paths of shorelines within deltaic systems is a
well‐known method for reconstructing ancient sea levels and gaining insights into basinal stratigraphy. A key
step in the analysis of shoreline trajectories is using the ancient shoreline trajectory to reconstruct the shoreline
positions during basin evolution. However, if the substrate beneath the delta deforms during the evolution of the
depositional system, the shoreline trajectories may not accurately represent the actual shoreline migration
process. Here, we explore how changes in shoreline trajectories are affected by a viscous underlying layer. We
find that deformation of the viscous layer disrupts the morphology of the overlying strata and alters the
migration trajectory of the shoreline. Therefore, this study bears important implications for interpreting and
analyzing ancient sea level change in tectonically active regions.

1. Introduction
The shoreline trajectory is the trajectory of the topset‐foreset slope break within basin marginal strata sections and
is an important concept of genetic stratigraphic interpretation (Catuneanu et al., 2009; Helland‐Hansen &
Gjelberg, 1994; Helland‐Hansen & Martinsen, 1996; Henriksen et al., 2009; Mellere et al., 2002) (Figure 1a). The
analysis of shoreline trajectory relies on the assumption that such breaks indicate ancient shoreline positions so
that we can use this as a proxy for RSL evolution. The analysis is the cornerstone of the theory to explain how
strata are stacked in response to RSL change and predicts the associated lithological distribution (Helland‐Hansen
& Martinsen, 1996; Jia et al., 2021; Vail et al., 1977).

For the above assumption to be effective, a necessary condition is that the substrate must be static so that it does
not modify the general geometry of the overlying strata, by which the topset‐foreset rollover correctly records the
ancient shoreline position (Patruno et al., 2015; Patruno & Helland‐Hansen, 2018; Pirmez et al., 1998; Steel
et al., 2008; R. Steel & Olsen, 2002). In tectonically active basins, however, post‐depositional and syn‐
depositional deformation may fundamentally change the rollover geometry thus distorting the real trajectory
migration. For example, some studies have noted that gravity‐driven systems (i.e., gravity spreading and gravity
gliding) with an underlying viscous layer can alter the clinoform morphology (Cohen & Hardy, 1996; Ge
et al., 1997; Minelli et al., 2013; Mourgues et al., 2009; Rojo et al., 2020), leading to the cross‐directional
displacement of the stacking strata. In these cases, existing shoreline trajectories and real shoreline evolution

RESEARCH LETTER
10.1029/2024GL112369

Key Points:
• The shorelines in stratigraphic record

reflect incorrect positions when coeval
gravity‐driven deformation occurs on a
viscous substrate

• Reconstructing real shoreline
trajectories can be very difficult when a
viscous substrate is present

• The geometry of shoreline trajectories
is governed by both the evolution of the
sedimentary system and syn‐
depositional deformation

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
J. Wang and X. Huang,
wangjunhui@cup.edu.cn;
xingguohuang@jlu.edu.cn

Citation:
Li, W., Wang, J., Ge, Z., & Huang, X.
(2025). The topset‐foreset rollover does
not coincide with real Shoreline positions
in clinoforms over substrate deformation.
Geophysical Research Letters, 52,
e2024GL112369. https://doi.org/10.1029/
2024GL112369

Received 8 DEC 2024
Accepted 23 APR 2025

Author Contributions:
Conceptualization: Wei Li, Junhui Wang,
Zhiyuan Ge, Xingguo Huang
Formal analysis: Zhiyuan Ge,
Xingguo Huang
Funding acquisition: Zhiyuan Ge
Investigation: Wei Li, Junhui Wang,
Xingguo Huang
Methodology: Junhui Wang
Project administration: Junhui Wang,
Xingguo Huang
Software: Wei Li
Supervision: Junhui Wang, Zhiyuan Ge,
Xingguo Huang
Visualization: Wei Li
Writing – original draft: Wei Li

© 2025. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution‐NonCommercial‐NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non‐commercial and no modifications or
adaptations are made.

LI ET AL. 1 of 11

https://orcid.org/0009-0007-6066-1352
https://orcid.org/0000-0001-7473-1672
https://orcid.org/0000-0002-6029-5512
https://orcid.org/0000-0001-9719-6297
mailto:wangjunhui@cup.edu.cn
mailto:xingguohuang@jlu.edu.cn
https://doi.org/10.1029/2024GL112369
https://doi.org/10.1029/2024GL112369
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL112369&domain=pdf&date_stamp=2025-05-03


do not coincide. However, how such deformation modifies shoreline positions and trajectories through time and
space and what the main controls remain unclear.

Here, we aim to study the influence of viscous substrate on the overlying shoreline position by using the
autoretreat deltaic systems as an example. With the numerical finite element method, we simulate two deltas
without and with viscous substrate during steady sea level rise, respectively. We then quantitatively analyze the
impact of the viscous substrate before discussing how the viscous substrate results in a variation between the
apparent shoreline trajectory and the real shoreline trajectory. This study thus provides a reference for using the
apparent shoreline trajectory to reveal the evolution of clinoforms in tectonically active regions.

2. Methods
2.1. The Theory of Shoreline Autoretreat

We use the shoreline autoretreat model (Muto & Steel, 1992) as a base model (Figure 1a), which captures the
shoreline trajectory in a constant sea level rise scenario (Kim et al., 2006). The theory of shoreline autoretreat
predicts that for an alluvial‐deltaic system growing with a steady RSL rise and a constant sediment supply, the
shoreline initially advances basinward and then inevitably retreats landward in an overall upward trend (Muto &
Steel, 1992). The shoreline trajectory of any such system is deterministic with given rates of sea level rise (Rbl)
and sediment supply (qs), as well as slope parameters including the hinterland slope (γ), the basin floor slope (ϕ),
the topset slope (α) and the foreset slope (β) (Figure 1b). In a two‐dimensional X‐Z coordinate system (the
intersection point of the hinterland basement and the basin floor is set as the original point, where X is positive
basinward and Z is positive upward) relative to the initial position of the shoreline (0, 0), when the forcing is
steady (i.e., Rbl = constant > 0, qs = constant > 0), the shoreline trajectory of the autoretreat delta can be predicted
using the following equations:

x = ( tan ϕ)− 1 × (− y +
̅̅̅̅̅̅̅̅
czD

√
) (1)

c = 2( tan β − tan α) ×
tan ϕ − tan α

tan β
× (1 −

tan α
tan β

)

− 1

(2)

where D =
qs
Rbl

control the potential growth rate of the delta, z is the height attained of shoreline and its equivalent
to the product of Rbl and the time elapsed. Therefore, Equation 1 also describes the relationship between the
migration of the shoreline (x) and time (t) (Muto, 2001).

This study integrates previous research and natural cases to deploy a set of typical parameters for the autoretreat
model. The rate of sea level rise is typically less than 10 mm/yr (Kopp et al., 2009), we adopted a conservative
value of Rbl = 2.2 mm/yr. In our model, sea level is treated as an independent variable, unaffected by either
tectonic deformation or sediment input (Rovere et al., 2016). We estimate the sediment supply as qs = 3.6 m2/yr
using aggradation and progradation rates reported in previous studies, which typically fall within the values
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Figure 1. Illustration showing the shoreline trajectory and shoreline autoretreat. (a) Shoreline trajectory and the process of
autoretreat. Different periods of rollover point connect sequentially to form a shoreline trajectory, which can be used to
analyze the timing of autoretreat and autodrowning. (b) The sediment distribution pattern of shoreline autoretreat model. The
intersection of the topset and the foreset indicates the shoreline position. α is topset slope, β is foreset slope, Rbl is relative sea
level rise rate, Δt indicates a particular time interval, and qs1

and qs2
are sediment supply during Δt (i.e., qs1

= qs2
= qs × Δt)

(Adapted from Wang et al., 2020, 2024).
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between 0.1 and 10 m2/yr (Chamberlain et al., 2018; Jenkins, 2018; Ritchie et al., 2004; J. Wang & Muto, 2021).
The topset angle is small, while the foreset angle largely depends on the sediment composition and is typically less
than 30° (Patruno & Helland‐Hansen, 2018; Prather et al., 2017). The selection of high‐angle slopes (α = 1° and
β = 15°) contributes to the occurrence of autoretreat and triggers gravitational instability (Swenson et al., 2000;
Vendeville, 2005).

2.2. Numerical Modeling

To simulate the process of substrate deformation, we utilized a finite element numerical approach, which has been
successfully tested for studying the dynamic interaction between sediments and salt flow (Albertz & Ings, 2012;
Goteti et al., 2012; Hamdani et al., 2021; Ings & Beaumont, 2010; Pichel et al., 2024). In this study, the finite
element method is based on Underworld2 (Beucher et al., 2019; Mansour et al., 2020). The modeling foundations
of geodynamics and the mathematical theory of the Underworld can be found in Moresi et al. (2003, 2007). We
conducted a series of models (Models Sr1‐Sr2 and Models Sv1‐Sv5, in supporting Information S1) to test the
relative importance of various parameters (e.g., sedimentation rate, salt thickness, salt viscosity, and basement
tilting) before constructing two two‐dimensional models (Models 1 and 2) with and without a viscous substrate
layer. The two models using the same input parameters (Table S1 in supporting Information S1), physical scales,
and simulation times. In Model 1, the delta undergoes autoretreat on a static substrate without deformation. In
Model 2, the substrate is viscous which is modeled by salt of 150 m thickness (hsalt).

Both finite element models are set 8 km in length and 1.5 km in height and consist of 800 and 200 regular meshes,
respectively. For Model 1, the material composition is a 1,180 m air layer, and a 320 m rigid layer for deltaic
sedimentation (Figure 2a). Model 2 contains a 1,180 m air layer, a 20 m initial overburden (Brun & Fort, 2011), a
150 m salt layer, and an undeformed basement (Figure 2b). The gray line used to represent topset and foreset in
Figures 2a and 2b indicates the location of the supplied sediment as it progresses from landward to basinward.
Note that the different sediment filling pattern between Model 1 (Figure 2c) and Model 2 (Figures 2d and 2e) is
due to accommodation variation in the proximal part of the model. The deformation of the model is solely driven
by sediment overburden added during the numerical simulation (Table S2 in supporting Information S1).

As sea level rose for 400 kyr (Figure 3), both models generated two kinds of shoreline trajectories, namely the real
and apparent ones (Figure 4). For the real shoreline position, we recorded the real‐time shoreline position of the
delta every 10,000 years during model evolution. These recorded positions were then connected chronologically

Figure 2. Illustration of the numerical model setup. (a) Model 1 has a rigid substrate layer. (b) Model 2 has a viscous substrate
layer. The boundary velocity of both models is zero, indicating that there are no external extensional or contractional tectonic
forces. Note the initial condition of the viscous salt is horizontal and has a uniform thickness. (c) Sketch showing the
sediment filling pattern without a viscous layer, as in Figure 1b. (d, e) Illustration of sediment filling pattern of Model 2. As
gravity‐driven deformation starts with sediment loading, the topsets deform and eventually trap most of the sediments. Thus,
the position of the sediment toe progrades forward and retreats backward when the deformation is mild and strong,
respectively. The position of the sediment toe, effectively depends on the degree of deformation of the overlying strata (and
substrate).
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showing the real shoreline trajectory (Figures 4a and 4b). After the simulation, following the traditional clinoform
analysis, we identified slope breaks from the final evolutionary profiles of the two models (Figures 4a and 4b),
which we referred to as apparent shoreline trajectories. We also recorded the movement trajectory of the first
shoreline position through time in Model 2 (Figure 4b).

We use Root Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE) to assess the degree of
discrepancy between different trajectories (the closer to 0, the smaller the difference). In addition, we use Pearson
correlation coefficient (PCC) and Spearman correlation coefficient (SCC) to evaluate the similarity of the
changing trends between different trajectories (the closer to 1, the higher the similarity) (Das et al., 2023).

3. Results
3.1. Pilot Models and Sensitivity Tests

We conducted seven pilot models to show that salt thickness and viscosity are the most important parameters for
the overlying strata to deform (Figures S1–S6 in supporting Information S1). Specifically, thicker (≥150 m) and

Figure 3. Stratigraphic configuration and strain rate in Model 1 and Model 2 at selected times. (a–d) Modeling results of
Model 1 showing the process of shoreline autoretreat at 100, 200, 300, and 400 kyr. During the process of shoreline retreat,
the topset became narrower and eventually was submerged as the foreset became longer and the buried shoreline trajectory
remained unchanged. (e–h) Strain rate of the Model 1 corresponding stratigraphic configurations of a–d. The rigid substrate
was not deformed and no faults developed on the slope. (i–l) Modeling results of Model 2 at 100, 200, 300, and 400 kyr. In
the early stages (i, j), the deformation of the underlying viscous layer was mild and shoreline autoretreat took place. From
(k) to (l), as more sediments accumulated to drive deformation, the viscous substrate flowed faster toward the basin. As a
result, the overlying strata were deformed and the foreset toe was pushed basinward. (m–p) Strain rate of the Model 2
corresponding to i–l. The deformation in the viscous layer was intense and faults grew over the delta slope. Note the strain
rates in Model 2 are 2–3 orders of magnitude higher than that in Model 1.
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less viscous (≤1018 Pa · s) salt can facilitate the syn‐depositional deformation and influence the modification of
the autoretreat system. Other parameters, such as basement tilting, only have secondary controls on model be-
haviors, with minor variations observed between the real and apparent shoreline trajectories in the associated
models (Models Sv1 and Sv4).

3.2. Model 1: Rigid Substrate

In Model 1, the process of shoreline autoretreat was successfully modeled. During the first 40 kyr of 400 kyr
simulation time, the shoreline advances basinward. From 50 kyr onward, the shoreline retreated landward while
aggrading for the next 350 kyr until the topset was totally submerged at 400 kyr (Figures 3a–3d). In addition, there
was no deformation or fault growth on the overlying strata and static substrate (Figures 3e–3h), as the substrate
was stable so that the geometry of the overlying strata remained undeformed during the whole simulation.
Therefore, the final position of topset‐foreset rollover records the historical shoreline positions, suggesting that
the real and the apparent shoreline trajectories are identical (Figure 4a).

3.3. Model 2: Viscous Substrate

In Model 2, unlike the real shoreline trajectory, the apparent shoreline trajectory had been strongly modified by
gravity‐driven deformation (Figures 3i–3l). The overburden began to deform soon after sediment deposition as
faults nucleated and grew within the sediment wedge (Figures 3m–3p). This is revealed by the continuous
seaward movement of the first shoreline position (Figure 4b). From 50 kyr, the real shoreline trajectory exhibited
an accretionary transgressive pattern, and continued until 390 kyr when the topset was submerged. During the
process, until 220 kyr, the apparent shoreline trajectory showed a similar trend as the real shoreline from
ascending regression to accretionary transgression, because the shoreline was on the tilted frontal slope of the
sediment wedge where no fault occurred (Figures 3i and 3j). However, the tilted depositional slope pushed the
apparent shoreline trajectory slightly downward compared with the real one due to the basinward extension and
depletion of viscous salt underneath (Figure 3j). From 230 kyr onwards, as the real shoreline retreated to the
extensional domain of the sediment wedge, the normal fault F1 started to modify the apparent shoreline trajectory
by forcing it to transgress accretionary (Figure 3k). This modification only stopped at 310 kyr when the real
shoreline position moved away from the fault‐influenced region (Figure 3l), and the apparent shoreline started to

Figure 4. The real and apparent shoreline trajectories for the two models and two natural examples. (a) Model 1, with the
stable substrate, the real shoreline trajectory and the apparent shoreline trajectory are identical. (b) Model 2, significant
discrepancies exist between the real and apparent shoreline trajectories. The triangle indicates the historical positions of the
first shoreline position, which moved from X = 1.11 km at the beginning to X = 1.89 km at the end of the simulation.
(c) Comparison of the real shoreline trajectory between Model 1 and Model 2. (d) and (e) are the interpreted seismic sections,
located in the Norwegian Barents Sea. (d) The clinoforms without an active viscous substrate, and the rollover point exhibits
a single raised trajectory. (e) The clinoforms develop over the salt layer, where the migration direction of the rollover curve
has changed several times (Adapted from Rojo et al., 2020).
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transgress accretionary again (Figure 4b). However, the apparent shoreline trajectory continued to be lower than
the real one due to continuous salt depletion underneath (Figure 4b). After 300 kyr, upstream sediment supply to
the delta toe ceased (Figures 3k and 3l), leading to topset drowning at 390 kyr (e.g., Figure 2f).

4. Similarity Analysis Between the Real and Apparent Shorelines
The trajectory variations can be further validated using quantitative metrics. For Model 1, RMSE and MAPE of
the apparent shoreline trajectory relative to the real shoreline trajectory are 0% and 0%, respectively (Table S4 in
supporting Information S1), and PCC and SCC values are both one in the X and Z directions, indicating that the
two curves are identical. For Model 2, RMSE and MAPE of the apparent shoreline trajectory relative to the real
shoreline trajectory are 0.3984 km and 38.26%, respectively (Table S4 in supporting Information S1), indicating
strong modification of shoreline positions by the viscous substrate. Moreover, although the two trajectories
exhibit very similar changing trends, the PCC values in the X and Z directions are 0.9982 and 0.9409, while the
SCC values are 0.9994 and 0.9750 (Table S5 in supporting Information S1). These values suggest the salt layer
exerts a more pronounced influence in the vertical direction (Figure S8 in supporting Information S1), as both
PCC and SCC values are smaller in the Z direction. This effect is primarily due to shoreline modifications induced
by the normal fault F1 in the model.

In addition, we analyzed the real shoreline trajectories in the two models. RMSE and MAPE of Model 2 relative to
Model 1 are 0.0241% and 6.01%, respectively (Table S4 in supporting Information S1). PCC values in the X and Z
directions are 0.9997 and 1.0000, while SCC values are 0.9999 and 1.0000 (Table S5 in supporting Informa-
tion S1). These values suggest that the two real shoreline trajectories maintain close spatial proximity and strong
correlation, yet are different in essence due to the syn‐depositional deformation involved in Model 2.

5. Discussion
5.1. Difference Between the Real and Apparent Shoreline Trajectories

Previous studies focusing on tectonically active basins have recognized that structural evolution has a direct
impact on stratigraphic stacking patterns (Hampson et al., 2009; Patruno & Helland‐Hansen, 2018; Rojo
et al., 2020; R. Steel & Olsen, 2002). Our study confirms that the syn‐depositional deformation can modify the
rollover geometry of the apparent shoreline (Figure S7 in supporting Information S1), but has limited impact on
the real shoreline trajectory. In Models 1 and 2, both real shoreline trajectories have very similar lengths and
trends that characterize a typical autoretreat pattern, indicating that the gravity‐driven deformation has little
influence on the real shoreline trajectory. In contrast, the syn‐depositional deformation alters the apparent
shoreline position, as recorded by the time series curve of the first shoreline position in Model 2 (triangle in
Figure 4b). Notably, the apparent shoreline trajectory retreated downward from 230 to 310 kyr, when the
shoreline migrated over the normal fault F1 and moved along with its subsiding hanging wall, reversing the
upward trend of the real shoreline positions observed in Model 2 (Figures 3k and 3o). This phenomenon is also
supported by the quantitative analysis as the smaller values of the Pearson and Spearman correlation coefficients
of the Z axis indicate more pronounced salt influences along the vertical direction (Figure S8 in supporting
Information S1).

The deformation occurred in Model 2 is thin‐skinned and gravity‐driven, controlled by differential sediment
loading of the delta (Cobbold & Szatmari, 1991; Fort et al., 2004; Rowan et al., 2004). Specifically, as the
sediment accumulates over the viscous layer, the inclined topset and foreset (i.e., clinothem) generate a pressure
head gradient, by which the viscous salt flows from high to low pressure regions (Fort et al., 2004; Rowan
et al., 2004; Vendeville & Jackson, 1992). Such pressure distribution forms a linked deformation system of
landward extension and basinward contraction with a transitional domain in between (Ge et al., 1997; Vende-
ville, 2005). The apparent shoreline maintained a similar retreating trend as the real one when it was in the
transitional domain of the front slope, where no significant deformation was observed. When the shoreline
retreated to the area of the extensional domain, the apparent shoreline trajectory was effectively controlled by the
normal fault F1 (Figures 3k and 3l). Such strong modification of the apparent shoreline suggests a direct structural
control on the stratigraphic evolution. This phenomenon is comparable to the stratigraphic stacking pattern
observed in rifts where shoreline trajectories are dominated by faulting style and associated fault growth
(Gawthorpe et al., 1994). However, the shoreline trajectory in our model is much more complex because the
deltaic sedimentation and syn‐depositional deformation are deeply coupled. The resulting variation between real
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and apparent shoreline trajectories is governed by the feedback mechanism between sedimentation and gravity‐
driven deformation.

5.2. Influence of Syn‐Depositional Deformation on Real Trajectory Reconstruction

The quantitative analysis reveals the presence of the viscous layer also leads to discrepancies in the real shoreline
trajectories between Model 1 and Model 2, despite the overall similarity between the two curves (Figure 4c).
Compared to Model 1, Model 2 developed an extension in its topset. allowing the stretching of the topset strata. In
general, the effect of a longer topset benefits the occurrence of autoretreat as more sediments are trapped in the
topset (Tomer et al., 2011). During the early stages of Model 2, the delta is inadequately scaled to instigate
noticeable salt flows. Thus, the delta growth and shoreline migration are largely controlled by RSL change and
sediment supply with limited structural disruption. Only after 230 kyr, when the accumulated extension was
strong enough, the real shoreline trajectory of Model 2 was significantly lower than that of Model 1, which ul-
timately resulted in the early drowning of the topset. Interestingly, Model Sv3 of the sensitivity tests also shows
that the thicker viscous layer allows the topset to drown even earlier, indicating a faster sediment subsidence and
stronger salt flow (Figure S3 in supporting Information S1).

Tectonic induced topographic relief can fundamentally change the sediment partitioning within the sedimentary
system, which has been amply demonstrated in extensional as well as contractional regions (Burbank et al., 1996;
Jordan & Flemings, 1991; Liesa et al., 2006). The impact of such alternation has mixed influences on sediment
stacking pattern in Model 2. On one hand, the syn‐depositional deformation increased the ability of accommo-
dating sediments in the topset, thus reduced the sediments propagating seaward. On the other hand, the subsidence
rate of the topset exceeded its vertical growth rate and resulted in early drowning. This observation suggests that
reconstructing the real shoreline or clinoform evolution can be very difficult, if not impossible, with syn‐
depositional deformation influencing contemporary deposition.

Another important corollary is that sediment accumulation can introduce isostatic subsidence and deformation
because the lithosphere rests on a layer of low‐viscosity and plastic asthenosphere (Conrad & Behn, 2010; Zhang
et al., 2024). Our model only assumes a constant sediment supply rate for a typical deltaic clinoform which is a
few tens of kilometers in length and up to a few hundred meters in thickness (Budai et al., 2021; Patruno &
Helland‐Hansen, 2018; Steel et al., 2024). Such depositional systems have a minor impact on isostatic balance due
to the limited thickness. However, the isostatic force of another type of clinoform, the shelf‐edge and continental
margin clinoform, cannot be neglected, because such clinoforms usually extend across the margin with hundreds
of kilometers in length and have sediment accumulated up to 10 km (Anell, 2024; R. Steel & Olsen, 2002). In a
similar manner as our Model 2, the isostatic subsidence associated with shelf clinoforms can alternate the real
clinoform trajectory. Unlike our simple system, natural sediment supply for such large sedimentary systems tends
to vary significantly through space and time (Steckler et al., 1999; R. Steel & Olsen, 2002), which complicates
base‐level reconstruction quantification. Thus, trajectory analysis and base‐level reconstruction for large‐scale
clinoforms may have some fundamental issues without considering isostatic balances.

5.3. Applications to Natural Systems

Traditional trajectory analysis provides a reliable reference for exploring RSL curves and associated clinoforms
(Mikeš et al., 2015). In contrast, we cannot readily equate the apparent shoreline identified from the final profile
of the trajectory to be the real shoreline if syn‐depositional deformation exists. A notable example occurs in the
Finnmark platform of the Barents Sea and its neighboring Tiddlybanken Basin (Gernigon et al., 2018; Paoletti
et al., 2020; Rojo et al., 2020), where the former is not affected by salt‐related deformation and the latter is a salt‐
bearing basin. Within the Finnmark platform, the rising basinward rollover trajectory shows a typical response to
a continuous RSL rise (Figure 4d). In the Tiddlybanken Basin, the rollover trajectory migrated basinward during
the same period, with a trend of going upward, downward, and upward again (Figure 4e). This variation in
rollover trajectory has been interpreted as a result of local sea level variations associated with salt tectonic
deformation, although the authors also suspected the clinoform trajectory might have been modified by salt
tectonics after sediment deposition (Rojo et al., 2020). Given the Finnmark platform and its neighboring Tid-
dlybanken Basin are only 100 km apart and were both in a marine dominant environment from Aptian times
(Heiberg, 2018), they tend to have the same RSL rise during the clinoform formation. Therefore, we suggest that
the apparent rollover trajectory in the Tiddlybanken Basin is more likely to be primarily controlled by syn‐
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depositional deformation associated with salt tectonics rather than the local sea level changes. The slight
downward movement of the rollover trajectory in the Tiddlybanken Basin can be interpreted as a part of the
subsiding depocenter near the salt diapir (Figure 4e).

Observations from modern analogues also support the modification of rollover trajectory from deformation
associated with an underlying viscous layer. For example, the Quaternary Acheloos delta in the Gulf of Patras,
Greece has underlying Triassic evaporites and exhibits ongoing salt tectonic activity (Stathopoulou et al., 2025).
The delta foreset displays upturned flaps flanking induced by salt diapir uplift, resulting in discrepancies between
real and apparent shoreline trajectories, as suggested by our Model 2 (white box in Figure 3l).

The trajectory of topset‐foreset rollover not solely reflecting shoreline history may be more common in nature
than thought. Many other salt‐bearing basins may also experience similar situations. For example, in the circum‐
Nile deformation belt or the Scotian Basin, the progradation of the clinoform sedimentary system drives the salt
basinward (Albertz et al., 2010; Loncke et al., 2006), which can also hide the real shoreline trajectory. Moreover,
many other kinds of substrate, such as shale and anhydrite, can facilitate gravity‐driven deformation along basin
margins (Cohen & Hardy, 1996; Dinc et al., 2022; Mourgues et al., 2009). Margin tilting associated with thermal
subsidence also triggers gravity deformation (Ge et al., 2019; Karlo et al., 2014; Rowan et al., 2004). In addition,
lithological variations inherent in basin margin strata can also induce differential compaction, leading to the
reorientation of clinoform trajectories during syn‐depositional deformation processes (Beelen et al., 2019). In
these settings, distinguishing the real and apparent shoreline is important as they are vital to improving the ac-
curacy of RSL interpretation and paleogeographic reconstructions. Although structural control is important, it
does not change the significant effect of the interaction between sediment supply and RSL change on shoreline
trajectories. For example, the wave‐dominated deltas of the Fulmar Formation in the North Sea basin (Hampson
et al., 2009), the shelf‐edge delta of southern Wyoming (Carvajal & Steel, 2006), and the Rhône deltaic system of
the NW Mediterranean (Berné et al., 2007) are all controlled by the imbalance between these two factors.
Therefore, reconstructing real shoreline trajectory from sedimentary records needs to consider the combined
influences from sea level change, sediment supply variation as well as syn‐depositional deformation.

6. Conclusions
We use numerical models and quantitative analysis to investigate the effects of viscous substrate on shoreline
trajectories and the mechanisms of gravity‐driven deformation that lead to variations between the real and apparent
shoreline trajectories. Our results show that when a viscous substrate is present, sedimentation can drive substrate
movements and alter the post‐depositional shoreline position thus conceal the real shoreline trajectory. This
alteration not only results in the shoreline position recorded by the apparent rollover trajectory not being real but
also constantly changes sediment dispersal thus also affecting the position of real shorelines. Therefore, both
sedimentary system evolution and syn‐depositional deformation exert fundamental controls on the geometry of
shoreline trajectories. This study suggests that the variations between the apparent and real shorelines have
important implications for stratigraphy analysis and RSL reconstruction, particularly in tectonically active regions.
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