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Abstract The tectono-sedimentary evolution of asymmetric extensional systems driven by the activity of
major normal faults or detachments associated with footwall exhumation is often characterized by a
sequence of slower, faster, and ultimately again slower subsidence rates in the center of hanging wall
half-grabens during their synkinematic and postkinematic evolution. We have studied this specific evolution
by the means of 3-D stratigraphic numerical modeling that accounts for the variability of the sediment and
water flux combined with climatic and sea level variations, and sediment compaction. The model setup is
constrained by observations from the Pannonian back-arc basin of central Europe. Our modeling predicts the
formation of low-order tectonic and higher-order sea level and climate-driven transgressive-regressive
sedimentary cycles. Furthermore, we model and analyze the autocyclic nature of the depositional systems.
Retrograding-prograding cycles are visible on the proximal flank of the half-grabens by their different spatial
and temporal expressions, while depocenters record large water depth variations linked to the specific
and episodic activity of normal faults and their migration with time. The application to a system of multiple
half-grabens in the Pannonian Basin, which are activated in different locations, at different times and with
different kinematics, demonstrates a complex interplay between direct sediment sourcing and the
sediments’ ability to bypass trapping subbasins and paleo-reliefs created by eroded footwalls.

Plain Language Summary The formation and evolution of sedimentary basins is of prime interest
as they record different Earth processes. The understanding of rifting mechanics and associated evolution of
extensional sedimentary basins is also important for the assessment of their potential for georesources
including freshwater. The spatial and temporal variabilities of vertical movements in asymmetric extensional
systems control landscape evolution coupled to sedimentary and climatic processes. This paper aims to
quantify the effect of tectonics and climatic variations on the overall architecture of such basins. Our
numerical modeling demonstrates the low-order tectonic and higher-order sea level and climate-driven
influence on the sedimentary transport routes and overall architecture. The application of our model in the
Pannonian Basin of central Europe shows how tectonic inheritance control sedimentary transport routes.

1. Introduction

The evolution of extensional sedimentary basins is driven by a complex interplay between the mechanics of
the system combined with external and internal forcing factors, such as tectonics, climate, source areas, sur-
face processes, geometry of depocenters, and autocyclic sedimentary processes (e.g., Cloetingh et al., 2013).
Current models of synkinematic and postkinematic depositional response to extension are not directly
applicable in places where series of genetically linked half-grabens, bounded by one major normal fault or
detachment, control the coeval sedimentation (Figure 1) (Ellis, Densmore, & Anderson, 1999; Prosser, 1993;
Tirel, Brun, & Burov, 2008; Wernicke, 1992). The spatial and temporal variabilities of vertical movements in
such asymmetric extensional systems are important also for understanding landscape evolution, changes
in the location of depocenters, and stratigraphic architecture (e.g., Andrić et al., 2017; Contreras, Scholz, &
King, 1997; Gupta et al., 1998; Ter Voorde et al., 1997). Observed differential vertical movements are primarily
controlled by patterns of crustal and lithospheric thinning coupled with the evolution of the underlying asth-
enosphere, strongly influenced by rheological composition, amounts of extension, localization, rate, and
variability of strain (e.g., Balázs et al., 2017, and references therein). Furthermore, the tectono-sedimentary
evolution of extensional basins is intrinsically coupled to surface processes in terms of erosion and
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sedimentation, which are controlled also by climatic variations (e.g., Bialas & Buck, 2009; Burov & Poliakov,
2003; Cloetingh & Haq, 2015; Maniatis et al., 2009; Olive, Behn, & Malatesta, 2014). Internal surface
processes, such as footwall erosion and hanging wall sedimentation, enhance and localize vertical
movements (Ellis et al., 1999; Leeder, Harris, & Kirkby, 1998). All these processes create a large spatial and
temporal variability of extensional geometries (e.g., van Wijk & Cloetingh, 2002) that are often associated
with a sequence of slower, faster, and ultimately again slower subsidence rates in the center of half-
grabens during the synkinematic and postkinematic evolution (Figure 1). This subsidence evolution differs
significantly from the rapid synrift followed by decreasing postrift patterns of classical extensional models
(e.g., Balázs et al., 2017; Baur, Sutherland, & Stern, 2014). In back-arc settings, rapid basin subsidence
episodes are associated with variable extensional pulses created by slab roll-back and further mantle
dynamics (Faccenna et al., 2014). In such overall settings, the sedimentary response to extension is not
sufficiently understood.

The sedimentary architecture of half-grabens is the result of a balance between the rate of creating accom-
modation space and the external or internal sediment supply, combined with sedimentary transport pro-
cesses within the basin (e.g., Postma et al., 2008; Schlager, 1993). The sedimentary infill of these
extensional basins is controlled by tectonic subsidence pulses. These pulses create tectonic system tracts,
which are genetically linked depositional systems controlled dominantly by tectonics, bounded by key strati-
graphic surfaces (cf. Prosser, 1993). The geometry and composition of the basin fill are also influenced by
higher-frequency autocyclic processes, such as channel incision, filling and avulsion, lateral migration of
the delta system, and lobe switching, which create onlap surfaces even without changing the overall subsi-
dence or discharge rates (van Dijk, Postma, & Kleinhans, 2009). Different depositional concepts driven by the
interpretation of geological and geophysical data (Figure 2) can be quantitatively tested by recent advances
in 3-D numerical modeling techniques. These 3-D models provide the possibility to simulate sedimentation
and related lithologies at higher resolution, accounting for the influence of tectonic and climatic forcings,
such as variable subsidence and uplift rates, eustatic water-level variations, sediment and water discharge,
and transport processes (e.g., Clevis, De Boer, & Nijman, 2004; Granjeon, 2014).

A probably ideal case for conceptual understanding of sedimentation in asymmetric extensional systems is
the Pannonian back-arc basin of central Europe, where the extended database required tomodel numerically
these concepts and to define generic links between extension and sedimentation is already available
(Figure 2). Here the Great Hungarian Plain recorded the temporal and spatial formation and migration of
half-grabens during the Miocene back-arc extension related to the Carpathian slab roll-back (e.g., Balázs
et al., 2016; Horváth et al., 2015; Matenco et al., 2016), often associated with contrasting patterns of decreas-
ing and subsequently increasing synrift subsidence (Figure 2c). These Miocene subbasins are flanked by
large-offset low-angle normal faults or detachments and are filled by up to 3.5 km of synkinematic sediments,
deeply buried beneath the subsequent late Miocene-Quaternary postrift deposits (Figure 2). The overall total
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Figure 1. Simplified model of half-graben evolution controlled by a large offset listric normal fault with a dip angle of 40°, average hanging wall subsidence of
3–4 km, and flexural uplift and erosion of the footwall. (a) Asymmetric hanging wall subsidence is associated with uplift and exhumation of its footwall.
Differential vertical movements are enhanced and localized by footwall erosion and hanging wall sedimentation. (b) Temporal evolution of depocenter subsidence
(red curve) and paleo-water depth trend (blue area) generalized from half-grabens from the Pannonian Basin, derived from this study and previously published
data (Balázs et al., 2016; Báldi, Benkovics, & Sztanó, 2002; Horváth, Szalay, & Royden, 1988). The continuous blue curve shows the paleo-water depth evolution of the
Szeged subbasin.
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sediment thickness reaches ~7 km in the main depocenters (e.g., Horváth et al., 2015; Tari et al., 1999, and
references therein).

In this study, we investigate the link between tectonics, climate, and sedimentation during the formation and
evolution of half-grabens associated with footwall exhumation by the means of 3-D numerical stratigraphic
forward modeling. We analyze the evolution of one generic half-graben by defining a reference model and
performing a parametric study. Subsequently, the evolution of a system of half-grabens is modeled, with a
structure and sediment flux parameters inspired by the Miocene evolution of the Pannonian Basin. These
parameters have general average values observed in natural examples elsewhere. Therefore, this integrated
approach yields a generic quantitative understanding of the link between tectonics and sedimentation in
asymmetric extensional systems, including lithological distributions and formation of unconformities, and
their connections with the main forcing factors.

Makó Trough Kiskunhalas Trough
Szeged Trough

c

Földeák Trough

b

a

Kiskunhalas sub-basin

Szeged sub-basin

Figure 2. Tectono-sedimentary evolution of the Pannonian Basin based on interpretation of reflection seismic profiles calibrated by high-resolution well data from
the (a) Szeged and (b) Kiskunhalas half-grabens (modified from Balázs et al., 2016) illustrating key features of the conceptual model. In the Szeged subbasin, rift
initiation sediments are overlain by a retrograding-prograding cycle followed by a general retrogradation during late synrift times. In the Kiskunhalas subbasin,
synrift retrograding-prograding cycles are grouped into lower order rifting phases (rift climax). The white arrows indicate Miocene kinematics of faults; the red arrows
show the latest middle–early late Miocene inversion. Locations are displayed in Figure 10. (c) Basement subsidence curves calculated from seismic and well data
in the main subbasins modeled in the Pannonian Basin showing migration of extension and episodes of fast subsidence in time (adopting Paratethys endemic
timescale stages Egg, Eggenburgian; O, Ottnagian; K, Karpatian; Sa, Sarmatian).
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2. Methodology

Numerical forward modeling is particularly well suited to understand facies distribution during the evolution
of sedimentary basins. Two classes of stratigraphic and geomorphologic forward models are commonly avail-
able. Models of the first class solve small-scale physical laws, such as the Navier-Stokes equation to simulate
local and complex interactions between basin deformation, water flow, and sediment transport at high spa-
tial and temporal resolutions (e.g., de Leeuw, Eggenhuisen, & Cartigny, 2016; Griffiths et al., 2001). Models of
the second class follow more regional approaches and usually solve a diffusion equation that enables the
modeling of sedimentary systems at larger spatial and temporal scales, and the integrated analysis of trans-
port processes. Such diffusion laws in various forms are commonly used to represent the large-scale, spatially
averaged sediment transport (e.g., Carson & Kirkby, 1972; Culling, 1960; Granjeon, 1997; Postma et al., 2008).

2.1. Modeling Approach

All numerical experiments were performed with the 3-D deterministic forward numerical modeling software
DionisosFlow (e.g., Granjeon, 2014). The physical equations are solved using a finite-volume implicit numer-
ical scheme (Gervais & Masson, 2004). This model accounts for spatial and temporal variable subsidence and
erosion rates, a sediment influx composed of different sediment classes, compaction, eustasy, water dis-
charge, sediment supply, and transport processes (see the supporting information). The overall conceptual
modeling approach is also described in details elsewhere (e.g., Csató et al., 2013; Granjeon & Joseph, 1999).

The numerical modeling approach combines empirical water and gravity-driven diffusion equations, which
include a slow slope-driven creeping law and a faster nonlinear water-driven and slope-driven diffusion
equation. This approach leads to the following sediment transport equation (Granjeon, 2014):

Qsi ¼ �Ksi S� Kwi Q̂
m
wS

n;where Q̂w ¼ Qw=Qw0 (1)

whereQsi is the flux of the ith sediment class (m2 s�1),Ksi is a creeping diffusion coefficient, S is the local slope
gradient, Kwi is a water-driven diffusion coefficient, Q̂w is a local normalized water discharge with Qw0

= 1 m3 s�1, m and n are power coefficient constants between 1 and 2 (Tucker & Slingerland, 1994), and i is
the index of the grain size fraction.

This transport equation reflects the general depositional process during erosion, transport, and deposition at
basin scale (Burgess et al., 2006). In classical landscape evolution numerical experiments, fluvial water flow is
modeled using a single-direction routing method, where water flows toward the steepest slope (e.g., Tucker
& Slingerland, 1994). The approach of DionisosFlow is different by simulating the behavior of the entire sedi-
mentary basin system at a larger scale. This regional approach uses a multidirectionmethod (Granjeon, 2014),
where water is routed to all local lower neighbors of a given cell following slope ratios, which handles better
diverging flow pattern (Tucker & Hancock, 2010) and is well adapted to simulate overland sheet flow as well
as braided systems (Coulthard, 2001; Murray & Paola, 1994).

In our modeling we use three grain-size fractions: basement-derived pebble, sand, and mud fraction. A wide
range of diffusivity coefficient values (Ks and Kw in equation (1)) were used in previous numerical studies.
These coefficients reflect the ratio of sediment discharge and basin slope, more fine-grained sediments
showing higher values than coarse-grained ones. We used average diffusion coefficients for coarse- and
fine-grained fractions in our modeling scenarios that are similar to previous DionisosFlow models (e.g.,
Gvirtzman, Csató, & Granjeon, 2014), i.e., 80 and 160 km2/kyr and 0.08 and 0.8 km2/kyr for sand and mud
water-driven diffusion coefficients in continental and marine environments, respectively. Each voxel is made
up by a mixture of the above mentioned lithologies that are visualized by the proportion of sand or
basement-derived fractions, in other words, how coarse-grained is a modeled volume. The sedimentation
and erosion rate at each time step is computed from the local sediment flux assuming mass conservation
in the basin. This means that sedimentation occurs in the basin if the transport capacity decreases, in other
words, when the divergence of the flux is negative. On the contrary, erosion occurs if the transport capacity
increases. The erosion rate predicted by the transport equation cannot exceed a maximum mechanical inci-
sion rate. Similar to previous studies, the maximum erosion rate induced by water flow and sediment trans-
port is limited to a value of 0.3 mm/yr, which is a reasonable assumption for Miocene extensional basins, for
instance, in the Pannonian Basin (e.g., Karátson et al., 2006). Compaction of sediments is computed following
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generic lithology-dependent porosity-burial depth curves (see Figure S1 in the supporting information) taken
from borehole measurements from the Pannonian Basin (Szalay, 1982). The calculation dynamic time step is
variable from hundreds of years up to 20 kyr. Therefore, the vertical resolution of our numerical model is
variable from tens of meters up to hundreds of meters, as a function of sedimentation rate.

We interpret our modeling results by comparing the deposition in the proximal, shallow part of the half-
graben overlying the hanging wall flank at far distances from the fault with the sedimentation observed in
the deep, main depocenter. Sediments are classified by using a simplified scheme based on the modeled
lithology that takes into account the ratio of fine- and coarse-grained rocks, the corresponding paleo-water
depth during deposition, and finally, the modeled sedimentary architecture, i.e., horizontal layered, small-
scale oblique or clinoform geometries. Based on these attributes, we made a differentiation between
small-scale coarse-grained deltas on the shelf, sandy lobes in the basin, footwall derived fans in the
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(d) continuous subsidence. (e) Illustration of the assumed eustatic variation that change their time period (T) and amplitudes (A) in different scenarios.
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footwall proximity, and large-scale dominantly muddy shelf-margin slope sedimentation connecting the
sandy-muddy shelf and the deep basin.

2.2. Model Geometries and Boundary Conditions

An area of 40 × 40 km2 is modeled in a first series of experiments, where one half-graben is fed by water dis-
charge and sediment influx defined at the boundary and close to the model corner (Figure 3). We defined a
reference model (Figures 4 and 5) that is subsequently analyzed by the means of a parametrical study, where
the variability of other factors, such as subsidence rates, eustatic water-level variations (Figure 6), and the
boundary water discharge (Figure 7), is tested. The tectonic-induced vertical motions of the basement and
their evolution through time are preimposed in our models (Figure 3). These were defined based on average
observations in natural situations derived from seismic and well data and previous numerical modeling
results (Balázs et al., 2017; Ellis et al., 1999; Maniatis et al., 2009). The tectonic elongation during extension
are simulated by a preimposed progressively increasing distance between the subsiding depocenter and
the uplifting footwall, assuming a fault dip angle of 40° near the surface. Our preimposed tectonic evolution
is similar to many natural scenarios, such as half-grabens of the Corinth Rift (Nixon et al., 2016) or the
Pannonian Basin (Balázs et al., 2016), where 3–4 km of hanging wall subsidence was associated with
kilometer-scale footwall uplift. We note that such geometries approximate the asymmetric extension of inter-
mediate values observed in nature. It is intermediate between a low-offset half-graben and a large-scale
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phases are reflected by a low-order change in paleobathymetry that is superposed over a higher-order change in paleobathymetry, which is driven by a combination
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detachment where normal faults become near horizontal due to progressive tilting, rotations, isostatic
response, or rolling hinges (e.g., Angelier & Bergerat, 1983; Buck, 1988; Spencer, 1984; Wernicke, 1985).

Basin formation is initiated by a pair of antithetic normal faults, with different offsets (Figure 3). This initial
phase simulates the typical geometry of extensional initiation observed in rift basins (e.g., Prosser, 1993).
The larger offset normal fault continues its activity during the later stages of extension. Although the same
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amount of total basement subsidence is applied in all models in the center of the half-graben, three different
subsidence rate scenarios are compared, which assume continuous or episodic basement subsidence pulses
with different subsidence rates at different rifting moments (Figures 3b–3d). The continuous or the episodic
basement subsidence pattern defines phases of sedimentation during the synrift evolution that take place in
all models for a total of 9 Myr. These can be generally grouped into tectonic system tracts, such as rift
initiation, rift climax, and immediate and late postrift periods (cf., Prosser, 1993), although the creation of
these tectonic system tracts is not specifically implied. The overall chosen patterns of basement
subsidence, characterized by a low rate at the onset of rifting, followed by a subsequent gradual
acceleration, are specific to observations in asymmetric extensional systems (e.g., Balázs et al., 2017; Burov
& Poliakov, 2003). The synrift phase is followed by 4 Myr of uniform basement subsidence everywhere in
the model area (Figures 3b–3d), simulating a postrift thermal sag that takes place at a much larger scale
than the one in the half-graben. Different eustatic variation amplitudes and frequencies are simulated to
analyze the influence and interactions between tectonic subsidence and sea level variations (Figure 3e).
The boundary sediment flux is defined as constant for one synrift phase in such a way that a balance is
kept with the rate of creating accommodation space during the same phase. The exception is the last
2 Myr of postrift thermal subsidence, when the sediment supply is significantly increased (doubled when
compared with the rate of previous sedimentation). This increase simulates the final stage of a rapid fill in
extensional basins, when deltaic influxes from major rivers are often recorded (Sztanó et al., 2013; Matenco
et al., 2013). Another important sediment source area is the uplifted and gradually eroding footwall. Water
discharge is set between 50 and 900 m3/s, resembling different climatic conditions. Furthermore, climatic
variations are also simulated by the definition of wet short-term and dry long-term intervals (Figure 8). This
modeling approach assumes that during each time step ~20% of the sediment influx defined at the
boundary of the modeling area is characterized by a higher water discharge value during wet short-term
than during dry long-term intervals. This discharge ratio between dry and wet periods is analyzed in the
parametric study.

Another series of experiments is applied to a larger area (100 × 100 km2) that includes four half-grabens to
simulate the synrift subsidence, erosion, and sedimentation of the Great Hungarian Plain of the Pannonian
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Basin (Figures 9 and 10). Basement subsidence histories derive from available seismic interpretations and
backstripped well data (Figure 2, Balázs et al., 2016). Modeling results are presented at four representative
moments of basin evolution, showing cross sections through the subbasins at the end of the overall synrift
phase at 8.5 Ma. This novel synrift modeling applied to the Pannonian Basin complements and is
calibrated by available postrift stratigraphic modeling studies available in the same region, which use the
same DionisosFlow modeling software (Csató et al., 2013, 2015).

3. Numerical Modeling of Sedimentation in One Half-Graben

The reference model is designed to simulate an asymmetric and variable basement subsidence in the hang-
ing wall depocenter of one half-graben (Figure 3b), associated with synkinematic and postkinematic sedi-
mentation (Figures 4 and 5). The 9 Myr of synrift evolution is subdivided into multiple synrift phases. The
first extensional pulse assumes 2 Myr of moderate basement subsidence rate (~0.25 km/Ma), followed by
3 Myr of zero tectonic subsidence (Figure 3b). In this synrift phase, deposition keeps pace with the tectoni-
cally induced basement subsidence (Figure 4a), the accommodation space is filled by alluvial and shallow
delta sediments, and footwall-derived fans are deposited in its proximity, while the sediment flux and water
flow geometry is conditioned by the opening of the half-graben (Figure 5).

The subsequent 4 Myr contain two rapid pulses of acceleration of the normal fault offset (higher rate of base-
ment subsidence, 0.7 km/Ma) separated by a period of zero subsidence, which simulate a rift climax period
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(t2 and t3 in Figure 3b). The flank of the hanging wall at larger distances from the depocenter is dominated
by alluvial and delta environments. The sediments of clastic lobes are sourced from the hanging wall and by
footwall erosion and are transferred to the narrow and deep depocenter reaching high sedimentation rates
(~3 km/Ma; Figure 5d). In more detail, the second synrift phase results in an overall retrogradation to a
maximum water depth of ~200 m, which is subsequently filled by rapid progradation during regression
associated with the period of zero subsidence. This evolution is repeated during the third synrift phase,
when yet again a rapid retrogradation is recorded to a maximum water depth of ~400 m, followed by
progradation (Figure 4c). In this model setup, this progradation is enhanced by this time with a period of
sea level fall at the end of this synrift phase. A higher-order retrograding-prograding cyclicity of small-scale
delta slopes and lobes is deposited over the hanging wall, controlled by sea level variations and lateral
autocyclic processes affecting the sediment flux (Figure 4c). Interestingly, these variations create moments
when sand lobes are transported into the deeper parts of basin (Figures 5c and 5d). The rapid uplift of
the footwall is only partly accompanied by erosion, which forms a positive topography at the end of the
synrift period. This topography prevents bypass and transfer of sediments from the source area over
the half-graben and deposition over its footwall (see also Sinclair & Tomasso, 2002). At this time the distal
deposition over the footwall is exclusively sourced by its erosion. As the topographic high is progressively
eroded, the sediments ultimately bypass and are deposited over the footwall ~2 Myr after the onset of
postrift times (during late postrift; Figures 5e and 5f).

The 4 Myr period of postrift thermal subsidence (t4 in Figures 3a) marks a change from focused subsidence in
the depocenter of the half-graben to regional subsidence that creates an overall retrogradation over a
marked unconformity at the beginning of postrift times (Figures 4d–4f). This unconformity resembles the
geometry of a breakup unconformity, created at the transition between rifting and drifting during the evolu-
tion of passive continental margins (e.g., Ziegler & Cloetingh, 2004). During this major retrogradation, dee-
pening of the basin occurs, which results in maximum water depths in the order of 600 m located in the
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part that overlies the footwall at far distances from the fault (Figure 4d).
The erosion of the footwall gradually decreases as it progressively sub-
merges to form later a positive seafloor morphology. This morphology
still prevents bypass of coarse-grained sediments. The main sediment
flux is transported in the half-graben depocenter, with only thin sand
lobes deposited over the distal footwall during wet short-term intervals
(Figure 5e). The rapid increase in sediment supply during the last 2 Myr
leads to the formation of a large-scale prograding sequence, where
deposition of slope sediments connects a deltaic environment with
the few hundred meters deep basinal areas (Figures 4e and 4f). The
height of this prograding slope is larger over the underlying half-graben
depocenter due to differential compaction effects added to the overall
basement subsidence. Differential compaction also significantly
decreases the overall thickness of the underlying synrift sediments.
The interplay between the low postrift basement subsidence rate
(~0.22 km/Ma) and sea level variations controls the formation of pro-
grading, aggrading, and/or retrograding clinoform cyclicity (Figure 4f).
During these times, sedimentation rate reaches its maximum at the
slope, while coarse-grained sediments are partitioned between the shelf
and at the toe of slope. Although, there is still minor positive morphol-
ogy over the eroded footwall, the sediment transport, which takes
places by high energy currents, overcomes and the sand lobes can be
deposited at much larger distances that can reach ~25 km from the shelf
edge (Figure 5f).

3.1. Parameter Sensitivity Analysis

In a series of seven experiments we have analyzed the effects of differ-
ent basement subsidence scenarios combined with different eustatic
frequencies and amplitudes on half-graben synkinematic sedimentation

(Figure 6). The first experiment with zero eustatic variations and a continuous basement subsidence pattern
(Figure 3d) shows a gradual increase in water depth toward the half-graben depocenter during the synrift
phase. The minor variation in the proximity of the footwall is the result of local sourcing due to erosion
and redeposition (Figure 6a). In this situation, the late postrift progradation shows a continuous prograding
and aggrading pattern. When sea level variations with amplitude of 70m and period of 700 kyr are added in a
second experiment, high-order retrograding-prograding variations are observed during the entire evolution
in the shallow part of the basin by moments of progradation, aggradation, and retrogradation, which reflect
cycles of transgression, normal and forced regression (Figure 6b). The comparison of these two experiments
shows the impact of high-order sea level variations.

The following four experiments follow the same pattern, analyzing the effects of the two types of episo-
dic subsidence (Figures 3b and 3c). When sea level variations are absent, the rift initiation and the sub-
sequent second rift phase show similar retrogradation-progradation cycles (Figures 6c and 6d). Starting
from this setup, a small modification in the basement subsidence rate at the end of the third rift phase
creates a significant effect (Figures 3b and 3c). In the first scenario (Figure 6c), the rapid basement sub-
sidence during the entire third phase shows a gradual overall retrogradation along the hanging wall fol-
lowed by the onset of progradation during postrift times. In the second scenario (Figure 6d), the rapid
basement subsidence is decreased at the end of the third synrift phase, which creates a
retrogradation-progradation pattern (IIIa and IIIb), followed by one other retrogradation-progradation dur-
ing postrift times. In both scenarios, higher-order retrogradational-progradational cycles visible in the
proximal sedimentation of the hanging wall during the third synrift phase reflect lateral autocyclic pro-
cesses. These autocyclic processes are less visible when sea level variations are present in our models
(Figures 6e and 6f), which create a higher-order retrogradation-progradation cyclicity superposed over
the lower order one induced by the three rift phases. The fact that this higher-order cyclicity is driven
by sea level variations is demonstrated by its dependence on the eustatic frequency, as observed
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when this frequency is changed in a subsequent experiment (higher-frequency and higher-order cycles
in Figure 6g).

The separation between tectonic and eustatic effects is best observed in our models during the third rift cycle
at high sedimentation rates, when the higher-order sea level variations are particularly well visible. Eustatic
effects are superimposed on the low-order tectonic variations (Figure 6g, compare with Figures 6e and 6f).

The influence of external water influx value (Qw) is analyzed in a series of experiments where all other para-
meters are kept identical with the reference model (Figure 7). In our diffusion modeling approach, this dis-
charge value influences the sediment transport distance, with higher discharge values enabling
transportation over larger distances (cf., Gvirtzman et al., 2014). Three models were conducted that simulate
relatively low, medium, and high water discharge values (50, 200, and 800 m3/s, respectively; Figure 7a). This
shows that a higher water discharge value creates a wider shallow-water shelf environment, with a lower dip
angle of the shelf-margin slope and lower water depth averages in the depocenter. This dependence is best
illustrated by the average water depth values of a small volume located in the same area within the deep-
water part of the basin (red square in Figure 7a). This shows a clear correlation between decreasing bathyme-
try with increasing water discharge.

The influence of climate was tested in a series of 10 consecutive models, where the ratio between wet short-
term and dry long-term discharge values (R) is changed (Figure 8). At higher ratios, simulating a gradually
wetter climate associated with a higher water discharge, sediments will be transported at larger distances,
delivering more effectively the sand fraction (Figure 8). At low ratios simulating a balanced, drier climate,
most of the sediments remain near the shelf slope (Figure 8a). The influence of climate in building the clino-
form geometries was studied by the average dip angle of the bottomsets during the postrift phase. The
results show that higher discharge ratios result in more elongated clinoform geometries, characterized by
lower dip angles and more coarse-grained bottomsets (Figure 8b).

4. Synrift Sedimentation in the Pannonian Basin System

The variability of the Miocene extension observed in the Great Hungarian Plain of the Pannonian Basin mir-
rors the evolution of back-arc extension, during the gradual clockwise rotation of the underlying Tisza-Dacia
mega-unit, associated with the Carpathian slab retreat and invasion of its external embayment (Figure 9) (see
Tari et al., 1999, and Horváth et al., 2015, for further details). The result is a gradual activation and evolution of
extensional half-grabens that have different strikes and extensional directions during Miocene times.
Therefore, these differently oriented half-grabens show also diachronous synrift sedimentation and transition
to the postrift phase (Figure 10) (Balázs et al., 2016). In the Great Hungarian Plain, we have selected a model-
ing area of 100 × 100 km that includes the evolution of Kiskunhalas, Szeged, Földeák, and the larger Makó
half-graben (white rectangle in Figures 9 and 10). The subsidence history of these half-grabens (Figure 2c)
and the larger area is constrained by the interpretation of a dense network of seismic and well data
(Figures 2a and 2b) (see also Tari et al., 1999; Pigott & Radivojević, 2010; Balázs et al., 2016). The gradual
Miocene extensional activation constrains the basement subsidence that has an episodic or continuous pat-
tern for each of these half-grabens (Figure 2c). These half-grabens were filled by sediments sourced domi-
nantly from the neighboring orogens, such as the Dinarides, Alps, and Carpathians by fluvial systems
associated, for instance, with the former location of the Danube and Tisza rivers (Magyar et al., 2013).

The modeled retrograding-prograding cyclicity is constrained by recent seismic interpretations analyzing
reflection terminations and the overall distribution of seismic facies units (Balázs et al., 2016). These have
shown, for instance, that the Kiskunhalas half-graben was controlled by a NNW dipping low-angle normal
fault with a highly eroded footwall and was filled with ~3 km lower Miocene synkinematic sediments
grouped into four retrograding-prograding cycles (Figure 2b). This middle Miocene immediate postrift is
separated by a gently folded erosional unconformity from the overlying late Miocene sediments, created
by inversion during latest middle Miocene-earliest late Miocene times. Finally, the Szeged half-graben was
controlled by a low-angle normal fault dipping westward with a highly eroded footwall and 2.5 km of middle
to early late Miocene synrift and late Miocene-Quaternary postrift sedimentation associated with
retrograding-prograding cycles (Figure 2a). All the various half-grabens were subsequently affected by a late
postrift subsidence that took place at the much larger scale of the entire Great Hungarian Plain (see further
details in Magyar et al., 2013; Sztanó et al., 2013; and Csató et al., 2015).
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4.1. Numerical Forward Modeling of Synrift Sedimentation in the Great Hungarian Plain

The onset of modeling at 19Ma (early Miocene) is associated with the start of the basement subsidence in the
NE-SW oriented Kiskunhalas and Földeák half-grabens, which subsequently captured most of the sourced
sediments (Figure 11a). The smaller Földeák half-graben was filled by the end of the early Miocene by
footwall-derived fans and sediments sourced from the north, while the Kiskunhalas half-graben still retained
shallow-water sedimentation (Figure 11b). The shallow-water environment was maintained during the mid-
dle Miocene, when the Kiskunhalas half-graben was filled by immediate and late postrift sediments. At the
same time the onset of extension in the Szeged half-graben was associated with the deposition of a rift
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initiation cycle. The inversion observed in the Pannonian Basin at the transition to the late Miocene (cf.
Figure 2b; ~12–11 Ma (Horváth, 1995)) resulted most likely in exhumation to continental conditions in
most of the modeled area outside the deeper parts of the Szeged half-graben. This short quiescence of
extension was followed by the activation of the Makó half-graben and the regional subsidence in the SE
associated with a transgression (Figure 11c). Eroded and redeposited sediment remnants of the older
Földeák half-graben are overlain by the younger synkinematic deposits of the Makó half-graben. The
synrift deposition continued in the Szeged and Makó half-grabens until ~8.5 Ma. The regional subsidence
and transgression created water depth values exceeding 1 km in these half-grabens (Figure 11d). The
increase of sediment influx sourced by the Alps and Carpathians (Magyar et al., 2013; Sztanó et al., 2013)
filled by progradation this high accommodation space during subsequent postrift times.

Three representative cross sections have been extracted from our 3-D evolutionary model to illustrate the
sedimentary architecture of the half-grabens at the end of the overall synrift extension in the Great
Hungarian Plain (~8.5 Ma; Figures 11e and 11f). In the Kiskunhalas half-graben, the first rift initiation cycle
is overlain by shallow-marine sediments. Similar to the reference model (Figure 4c), prograding-retrograding
shallow delta cycles are deposited over the hanging wall and are controlled by the pulses of fast subsidence
during early Miocene times (Figure 11e, compare with Figure 2b). The inversion and formation of the antifor-
mal geometry followed by the late Miocene transgression create onlaps over its flanks during the increase of
water depth. In the Szeged half-graben, the shallow-water middle Miocene rift initiation cycle is overlain by
one late Miocene retrogradational-progradational cycle above the separating unconformity (Figure 11f). The
subsequent rapid late Miocene subsidence combined with the location of this half-graben at larger distance
from the sediment source with intervening trapping basins results in a general transgression to high water
depths and distal sedimentation in the depocenter (Figure 11f). Similarly, the rapid late Miocene synrift sub-
sidence of the Makó half-graben outpaces the external sediment influx and the one derived from its eroding
footwall (Algyő High), resulting ultimately in high water depth and distal sedimentation (Figure 11g). Similar
with observations (Sztanó et al., 2013), the Algyő High and other eroding footwalls are also flooded after
~8 Ma and the local sediment redistribution ceases.

5. Discussion

Our modeling yields novel insights in quantifying the tectonic and climatic controls on sedimentation in
asymmetric extensional basins and proposes an evolutionary model for the distribution of fine- and
coarse-grained lithologies and sedimentary facies in half-grabens and during the subsequent
postrift evolution.

5.1. Three-Dimensional Evolutionary Model and Facies Distribution During Asymmetric Extension

Initiation of asymmetric subsidence in half-grabens drives a reorganization of sedimentary environments
(Figures 5a and 5b). Even when high sedimentation rate keeps pace with basement subsidence, sediment
routing is concentrated in sourcing hanging wall depocenters, while exhuming footwalls hampers external
transport but feeds internally both the hanging wall and the hinterland of the footwall. This rift initiation
phase contains the largest volumes of gravity-driven redistributed coarse sediments. Due to the asymmetric
geometry of the uplifted footwall, most of the eroded materials is transported towards its hinterland and cre-
ates a low-angle pediment surface. Only one third part of the material sourced by the eroding footwall is
redistributed into the hanging wall depocenter during these times. This is an effect of the asymmetric geo-
metry of the uplifted footwall that controls the drainage divide position (Figure 12). Controlled by the inter-
play between sedimentation rate and relative water-level variations, a rapid transition from alluvial to marine
environment is recorded. Therefore, the footwall-derived sediments can be transported as fan-deltas as early
as the rift-initiation phase, such as is the case of the Middle Miocene Szeged half-graben (Figure 11f).

The subsequent rift phases are primarily controlled by larger fault offsets. Rapid subsidence rates during per-
iods of fault activation result in an overall retrogradation, while periods of tectonic quiescence enable progra-
dation (see also Martins-Neto & Catuneanu, 2010). The flank of depocenters records a higher-order
transgressive-regressive cyclicity, which is superimposed on the lower order tectonic activity, both creating
retrograding-aggrading-prograding delta slopes. Sand lobes can be transported at larger distances into
the half-graben during periods of wet climate (Figures 5 and 8), due to high water discharge values and/or
sediment influx (e.g., Gong et al., 2016) and farther progradation of deltas toward the deep basin (e.g., Kim
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et al., 2013). Active fault offsets are associated with moments of footwall uplift and denudation resulting in
sediment redistribution towards the depocenters. Erosion rates cannot always keep pace with footwall
uplift, and therefore, the deposition of footwall-derived fans may continue during periods of tectonic
quiescence as well (Figure 5).

The regional postrift thermal subsidence progressively buries the half-grabens in our models. The footwall of
the controlling normal fault may remain above sea level during immediate postrift times and source the
depocenter with footwall fans. Subsequently, differential compaction creates gentle syncline geometry
above the former hanging wall and induces normal faulting above the footwall (Figures 6 and 2a). Coarse-
grained sediments cannot initially bypass the positive morphology of the eroded remnant of the footwall
located above or below sea level (Figure 5e). The final bypass and postkinematic fill of half-grabens is only
recorded during the late postrift times, when sedimentation rate finally outpaces the thermal subsidence
and tectonic controls are minor, when compared to climatic, sea level variations or differential compaction
effects. These later effects combined with sediment sourcing influence the sedimentation over the shelf
and transport of coarse-grained material toward the deep basin (Figure 5f).

5.2. Tectonic Versus Climatic Controls on Building the Transgressive-Regressive Cyclicity

A robust feature of our numerical modeling of synkinematic sedimentation in asymmetric extension is the
evolution of sedimentation cyclicity at different orders (Figures 4 and 6). The retrogradation-progradation
pattern observed in our models has obvious coastal onlaps and correlative maximum regression surfaces.
Therefore, the conversion to a transgressive-regressive cyclicity is direct (cf. Embry & Johannessen, 1992;
Helland-Hansen & Martinsen, 1996). Low-order rift cycles are primarily driven by the variable rates of
tectonic-driven subsidence in the half-graben. Moments of active normal faulting result in high subsidence
rates and are associated with rapid transgression. The subsequent evolution at lower subsidence rates
enables the progressive infill of the created accommodation space, resulting in an overall regression (see also
Martins-Neto & Catuneanu, 2010). This means that our rift phases are in fact rift cycles. Such a rift cycle starts
with a rapid flooding and an initial retrogradation followed by a prograding and shallowing sequence, which
drives an initial fining followed by coarsening upward sedimentary cycle.

Higher-order climatic effects and water-level variations are superimposed on this pattern and can be well
observed over the proximal, shallow part of the half-graben. This separation is possible because the rates
of the spatially asymmetric tectonic subsidence over the proximal part are much lower when compared to
the main depocenter (0.6 km/Myr and 1.8 km/Myr, respectively; Figure 1a). Therefore, the shallower deltaic
higher-order transgressive-regressive cycles are better visible over the proximal part. Our models are able
to separate autocyclic processes from sea level variations and tectonically induced cycles (cf. Figures 6c,
6e, and 6g) by their amplitude, time period, and correlation with the source area. This separation can be mis-
leading by analyzing onlaps on 2-D sections only and therefore requires 3-D approach to be able to record
autocyclic processes acting on different scales from cut-and-fill of channels, avulsions of river and delta chan-
nels, and related lobe switching. In the source area, the autocyclic onlaps are directly correlated with the

pediment surface

fluvial channels

deep-water sand lobe

clastic fan

delta slope

Figure 12. Conceptual model of tectono-sedimentary evolution of a half-graben filled with synkinematic sediments shed from an external hanging wall source and
internal footwall erosion displayed at the onset of postrift (IP) time.
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lateral migration of the river and delta system. This becomes clearer when the accommodation space is lar-
ger, such as during our third rift phase that is characterized by a constant, high-rate of basement subsidence
creating a retrogradation of the delta environment by ~20 km landward, which is superimposed by higher-
order eustatic retrogradation-progradation cycles (Figure 6e). Slight variations in the subsidence pattern may
significantly modify the low-order tectonically driven cycles, such as during the third synrift phase, when a
minor decrease in subsidence creates an additional retrograding-prograding cycle (compare Figures 6e
and 6f). The modeling also shows that lateral autocyclic sourcing variations of the feeding delta create even
higher-order cycles both by proximal sedimentation over the flank (Figure 6c) and by deposition of sand
lobes in the deep basin (Figure 5). Obviously, such a discrimination of external and internal driving factors
in sedimentation depends on the chosen sediment influx, the frequencies and amplitudes of sea level and
tectonic variations, and the resolution of our model. For instance, our modeling can simulate the observa-
tions at high sediment flux in the Kiskunhalas half-graben of the Pannonian Basin (Figures 2b and 11e), while
the low sediment flux and high subsidence rates of the Makó half-graben situated at larger distances from
the source area with intervening trapping basins (cf. Sztanó et al., 2013) create distal sediments whose cycli-
city is below the resolution of most seismic observations and numerical models (Figure 11g).

6. Conclusions

By conducting a series of 3-D numerical modeling experiments, we have contributed to the understanding of
sedimentary infill of asymmetric extension in half-grabens controlled by one major listric normal fault or
detachment that drives the sedimentation in hanging walls and the uplift of their footwalls. Observations
in key basins, such as the Pannonian backarc of central Europe, show that the asymmetric nature of extension
drives a specific deformational pattern: footwall exhumation is associated with moments of low subsidence
followed by its acceleration in the center of the half-graben, which are followed by a slower regional thermal
subsidence phase. Our modeling shows that such scenarios are associated with continental alluvial to
shallow-water sedimentation during the early stages of the synrift, followed by rapid deepening during
the subsequent synrift evolution.

Our modeling demonstrates that forcing factors, such as tectonics, sea level variations, or climate, associated
with water and sediment influx, have primary control on the sedimentary architecture and control the varia-
bility of erosion and lithologies inside the half-grabens and neighboring areas. Our modeling shows the abil-
ity to discriminate between the low-order tectonic and higher-order sea level and climatic-driven
transgressive-regressive cycles from the autocyclic nature of the depositional system during multiple stages
of the synrift and postrift evolution. Unconformities separate these various temporal and spatial orders of the
modeled and observed cyclicity. The actual sedimentation rate is linked to tectonics and to climatic variations
controlling the distance and transport processes between the sources and the depocenter. A high sediment
influx and water discharge during wet climate transport sand lobes at large distances in the deep part of the
basin, assisted or not by moments of sea level drop. The depocenter of such extensional structures records
large water depth variations, episodic activity of normal faults, and their migration in time, while the flanks
record the various orders of transgressive-regressive cyclicity.

We have also modeled a system of multiple half-grabens that are activated in different locations, at different
times, and with different kinematics, such as observed in the Great Hungarian Plain of the Pannonian Basin.
Modeling demonstrates the complex interplay between direct sediment sourcing and the ability of sedi-
ments to bypass trapping basins, compaction-induced geometries, and paleo-reliefs created by eroded foot-
wall geometries. Such obstacles in the pathway of the sediment flux create a distal, often pelagic
sedimentation, where our ability to detect moments of activation of various forcing parameters is rather
reduced at the standard seismic or wells observational scale.
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