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Abstract. The tectonic history of the Upper Rhine Graben (URG) is still unclear, despite decades of research. This is because
of the lack of good quality 3-D seismic data to investigate the subsurface. We reconstruct the tectonic evolution of the central
northern Upper Rhine Graben (NURG) by analyzing a 3D seismic survey that covers approximately 300 km? between Worms
in Rhineland-Palatinate and Darmstadt in Hesse, Germany.

We aim to understand the interactions between the faults, the sedimentation pattern near the fault areas, their evolution in
relation to the major structures of the URG, and to deduce the associated stress regime. Seven of the largest normal faults
were selected (five strike NNW-SSE and two strike WNW-ESE), and the sediment thickness maps in each stratigraphic zone
were generated using interpreted seismic horizons. Based on the thickness maps and the syn-sedimentary fault activity, the
normalized Expansion Index (EI) was calculated. The analysis indicates that NNW-SSE fault activity was dominant pre-24 Ma,
while the fault activity of WNW-ESE faults became more prominent post-24 Ma. Independent structural evidence, including
the geometrical refraction of fault intersection traces (attributed to the reactivation of inherited Variscan basement trends) and
the unilateral southward migration of displacement maxima, physically documents the rotation from E-W extension to NW-SE
transtension. We postulate that all seven faults are active to the present day, as they can be traced seismically to the near surface.
Recently acquired geophysical data (including shear-wave seismics) by our research group confirms recent activity on two of
these faults.

We conclude, based on the seismic interpretation of our study area and the derived results, that URG underwent through two
distinct tectonic phases: 1) a pre-24 Ma rifting stage and 2) a post-24 Ma transtensional stage that has lasted to the present-day.
This finding aligns with other recent studies on the tectonic evolution of the URG. Rift systems evolving under variable stress
regimes can develop complex fault architectures as changing stress orientations reactivate inherited structures and redistribute
strain through time. Our results show that such stress-field changes can transform initially simple extensional fault systems into
more segmented and interacting networks, where older rift faults and newly activated transfer structures jointly control fault

propagation, basin subsidence, and sedimentation patterns.
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1 Introduction

The Upper Rhine Graben (URG) is a prominent part of the European Cenozoic Rift System (ECRIS), which extends from
the western Mediterranean Sea to the southern North Sea (Ziegler, 1992; Dezes et al., 2004). Subsidence of the URG started
in Eocene times and continues, interrupted by phases of non-deposition and erosion, until the present day (Sissingh, 2003).
The current active tectonic setting of the approximately 300 km long URG is documented by earthquake activity as well as
by uplift of the rift shoulders and subsidence of the basin floor (Dézes et al., 2004; Cardozo and Behrmann, 2006b). The rift
basin is characterized by a complex network of faults that has not only played a pivotal role in its formation but is also relevant
for ongoing geothermal exploration (Beccaletto et al., 2010), among other things. Various hypotheses, ranging from a rather
uniform to a multi-stage geodynamic evolution, involving significant temporal variations in the orientation and magnitude of
the regional stress field since Eocene times, have been put forward to explain the preserved sedimentary record as well as
spatial variations in uplift and subsidence patterns (Schumacher, 2002a; Rotstein et al., 2005; Cardozo and Behrmann, 2006b).

A Quaternary sediment cover fills the graben, rendering outcrops of Paleogene to Neogene age rare. Therefore, geophysical
approaches are the methods of choice when attempting to image the subsurface of the URG. Valuable information about paleo-
stress orientations and tectonic regimes is recorded by syn-sedimentary fault activity and by lateral thickness variations of
individual stratigraphic units. However, borehole and 2D seismic data can only provide an incomplete picture of the interplay
between fault activity and contemporaneous sedimentary processes. Therefore 3D seismic surveys are required to untangle the
complex fault structures, quantify the distribution of sediments, and determine fault activity. Given the active tectonics and high
earthquake density in this densely populated region, obtaining these datasets is critical to understand both geological evolution
and associated hazards. The 3D seismic survey analysed in this work was primarily designed for exploration of hydrocarbons.
It is the first dataset in the area to be released for research purposes. It covers part of the central northern Upper Rhine Graben
(NURG), an area that shows the highest subsidence rates in Quaternary times (Ellwanger et al., 2005; Gabriel et al., 2013) and
neotectonic fault activity (Peters and van Balen, 2007; Barth et al., 2015; Mair et al., 2025).
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1.1 Geological Setting
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Figure 1. Location map of the Upper Rhine Graben and the study area (dotted black rectangle). Modified after Schumacher (2002a): a)

simplified geological map of the URG, showing major bounding faults as red lines and transfer zones in grey slanted lines (Derer et al.,

2005). b) Location of the 3D seismic survey (dashed magenta polygon). The position of the inlines and cross-lines shown in Figure 3 are

marked in solid black line. Basemap Sources: Esri, TomTom, Garmin, FAO, NOAA, USGS, ©OpenStreetMap contributors, and the GIS

User Community | Powered by Esri.

The crystalline basement of the URG was formed during the Late Paleozoic by the Variscan orogeny (Franke, 2000).

This pre-existing structural grain, oriented predominantly NE-SW to NNE-SSW, has significantly influenced the Permian

Rotliegend troughs as well as subsequent Mesozoic and Cenozoic evolution of the region (McCann et al., 2006).

1.2 Stratigraphy of the Northern Upper Rhine Graben

The stratigraphic succession in the NURG encompasses a wide range of lithologies, reflecting changes in depositional environments

throughout the Cenozoic (Fig. 2). Units below the base of the Paleogene succession vary laterally and longitudinally, including
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basement and Rotliegend successions (Sissingh, 1998). Overlying sequences comprise fluvial, lacustrine, brackish, and marine

deposits. The stratigraphy described here focuses on the main lithostratigraphic units.
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Figure 2. Chronostratigraphic and lithostratigraphic framework of the NURG, modified after Reinhold et al. (2016) and showing the position

of the interpreted horizons.

55

arid conditions, predominantly characterized by fluvial and aeolian facies (Schwarz and Henk, 2004; Becker et al., 2012).

exhibit marked lateral and vertical facies variations (Grimmer et al., 2017; Derer, 2003; Doebl and Teichmueller, 1979).

60 The seismic top is named as T Base.

in local wells, but correlations from geophysical logs suggest its possible presence (Straub, 1962).

Basement rocks: Coarse-grained granodiorites of the Bergstrier-Odenwald Group form the Paleozoic basement. These
hard, low-carbonate, medium-grey rocks were encountered in the Stockstadt-33R well at approximately 2244 m (MD).

Rotliegend: Composed of sandstones and siltstones, the Rotliegend represents a pre-rift unit formed under arid to semi-

Eocene Basal Clays (Eoziner Basiston): These red, highly weathered clays are associated with the early basin fill and

Lymnae Marl (Lymnéen Mergel): Known from the western NURG, this marl sequence was not directly encountered

EGUsphere\
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Pechelbronn Formation (Pechelbronn-Schichten — PBS): A sequence of Late Eocene to Early Oligocene fluvial to
lacustrine sediments, subdivided into Lower, Middle, and Upper intervals, reflecting environmental changes during basin

development.

— Rupelian Clay (Rupelton — RT): Representing a transgressive event during the Late Rupelian, this open-marine shale

is a prominent marker horizon (Reinhold et al., 2016).

— Coloured Niederroder Beds (Bunte Niederrodern Schichten — BNS): Chattian limnic-fluviatile sediments that

document further shift towards a terrestrial depositional environment.

— Corbicula Beds (Corbicula-Schichten — CBS) and Hydrobia Beds (Hydrobia-Schichten — HYS): Oligocene to
Miocene deposits ranging from marine to brackish. They are further subdivided (e.g., Lower and Upper Hydrobia Beds,

UHY and OHY, resp.) which reflect environmental gradients.

— GroB-Rohrheim Formations (''Jungtertir I'', JTI): Burdigalian freshwater sediments that indicate a predominance

of fluvial depositional systems.

— Iffezheim Formation (''Jungtertir IT', JTII): Pliocene sands representing continued sedimentation in predominantly

continental settings.

Quaternary deposits, which reach thicknesses of up to 300 m near Heidelberg, consist mainly of fluvial sediments derived
from the Neckar, Rhine, and Main rivers (Gabriel et al., 2013; Becker and Reischmann, 2021; Hoselmann and Lehné, 2012).

These young deposits reflect ongoing sediment supply and basin fill under current environmental conditions.
1.3 Structural Framework

The URG is a prominent, north-northeast-trending segment of the ECRIS, extending from Basel in the south to Frankfurt in
the north (Schumacher, 2002a; Derer et al., 2005; Frey et al., 2022b, a; Grimmer et al., 2017; Rotstein et al., 2005, 2008).
The graben is typically subdivided into southern, central, and northern segments, with the NURG defined as the region north
of the Ludwigshafen hinge zone (Bauer et al., 2025). Variations in sediment thickness and facies distributions are common
and are influenced by local accommodation space and substrate properties. Growth faults and associated fault-block rotations,
as identified in seismic data, delineate the internal configuration of the NURG and provide a framework for the observed
sedimentary units (Rotstein et al., 2005).

The structural architecture of the NURG is the result of the interaction of pre-existing basement fabrics with subsequent
rift-related deformation. The study area is located in the NURG in Germany (Fig. 1). While the structural complexity and fault
network of the URG are partially well documented, interpretations of stress history and deformation phases vary. Some studies
favour a long-lived sinistral transtensive regime (Cardozo and Behrmann, 2006b), while others propose multiple stress phases
that have influenced fault patterns and basin geometry (Schumacher, 2002a; Rotstein et al., 2005; Frey et al., 2022b). Details

of these interpretations are subject to ongoing research and will be addressed in the discussion section.
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2 Data and Methods

The interpretation and modeling were carried out using the Petrel software of SLB. A Petrel project incorporating 3D seismic
data, a velocity model, and the available well data was created. The interpretation was carried out with the Seismic Interpretation

module, and the geological model was built using the Structural Framework module.
2.1 3D Seismic Data and Well Data Integration

The 3D seismic survey covers an area of approximately 10 km x 30 km between Worms in Rhineland-Palatinate and Darmstadt
in Hesse, Germany. It was acquired by Rhein Petroleum GmbH between October 2011 and March 2012 for petroleum
exploration. The data have only recently been made public under a new German law and are available via the Hessian Agency
for Nature Conservation, Environment, and Geology (HLNUG). The seismic survey employed a 10-96 Hz sweep, with a shot
and receiver spacing of 40 m, a sample interval of 2 ms, and a record length of 6 seconds. Since a proprietary velocity model
was not available, interval velocities (V;,,;) were derived directly from the provided time-migrated and depth-converted horizon
grids. For the target stratigraphic interval between the Upper Hydrobia Beds (OHY) and the Corbicula Beds (CBS), calculated
interval velocities range from 2006 m/s to 2230 m/s. Based on these local velocity constraints and a dominant frequency of
~ 60 Hz, the theoretical vertical resolution (A/4; (Yilmaz, 2001)) is estimated at 8.3 m to 9.3 m. Consequently, our stated
horizon picking uncertainty of 10 m is a conservative estimate that accounts for the derived nature of the velocity field
and local variations in signal-to-noise ratio. Lateral resolution is improved by migration, which collapses the Fresnel zone to
approximately A/2, resulting in a lateral resolution of roughly 30 m (Brown, 2011; Yilmaz, 2001). Crucially, the Expansion
Index (EI; see below) analysis is a ratio of thicknesses (Town/Twup), Meaning systematic velocity errors largely cancel out.
This makes the derived tectonic growth histories robust, even in the absence of a proprietary velocity model.

Pre-stack, time-migrated seismic data were used to interpret nine main seismic horizons corresponding to the key stratigraphic
units described in the previous section (see Fig. 2). These horizons were correlated with well markers from the gas fields of
Wolfskehlen, Stockstadt (STO33R), and Héhnlein. The interpreted horizons in time were then converted to the depth domain
for geological modeling.

Well STO33R provides critical stratigraphic and lithological information. According to the well report, approximately
500 m of Rotliegend sediments (comprising conglomerates, sandstones, and claystones) were drilled, with the granodiorite
basement encountered at 2244 m (MD). The Tertiary Base represents an unconformity, and the upper Rotliegend was not
identified, likely due to erosion. Stratigraphic markers from well STO33R were used to calibrate seismic interpretations and
enhance stratigraphic correlations across the study area. The correlation of lithostratigraphic markers with seismic horizons
—particularly along Inline IL-1150— improved the accuracy of horizon picking and fault mapping. In a non-faulted section,
well STO-M1, a deviated well, located approximately 3 km northwest of STO33R, was used to validate the correlation of CBS
and BNS. The thicknesses of the CBS and BNS horizons were derived from well markers (185 m and 338 m, respectively) and
correlated with depth thickness maps. Well STO-M1 is shown on the UHY depth structure map, and its well path is projected
on to IL-1150 and XL-250 (see Fig. 3a).
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Table 1 summarizes the interpreted seismic horizons and their picking characteristics.

Table 1. Summary of Interpreted Seismic Horizons and Picking Characteristics.

Horizon Description Picking Characteristics
JTII Top and JTI Top Tops of the "Jungtertér II" and "Jungtertéir I" formations. Picked along troughs.
OHY Top Top of the Upper Hydrobia Beds, marking a homogeneous unit. | Picked along peaks.
UHY Top Top of the Lower Hydrobia Beds, near the Ruingen Formation; | Picked along peaks.
characterized by a bundle of reflectors due to low-porosity
dolomites.
Top CBS Top of the Corbicula-Beds. Picked along peaks.
Top BNS Top of the Bunte Niederrodern Beds, appearing as a bundle of | Picked along troughs.
bright reflectors below the UHY horizon.
RT Top Within the Rupelian Clay, affected by tuning effects; serves as | Picked along peaks.
a key seismic reflector.
Base Paleogene (T Base) = Top Rotliegend | Marks the unconformity at the base of the Tertiary sequence. Picked at zero-crossings.
Top Basement Difficult to identify due to weak seismic response. Not prominent.

Three representative seismic sections in the depth domain (inlines IL-1150 and IL-1400, and crossline XL-250) show the
subsurface structure and fault geometries (Fig. 3c, d, e). Well STO33R intersects inline IL-1150, permitting direct correlation
between lithostratigraphic markers and seismic horizons.

In this study, seven faults were examined in detail and grouped into two main sets based on their orientation: a predominantly
NNW-SSE striking set and a WNW-ESE striking set (Fig. 3a). The NNW-SSE striking set comprises five faults (labeled 1A
to 1E, with 1A being the southernmost). Within this set, faults 1D and 1E are the two main structures, with lengths exceeding
15km and 10km, respectively. They subdivide the northern part of the study area into three main blocks—western, central,
and eastern. The other faults in this set (1A, 1B, and 1C) are shorter (5-10km) and are arranged in an en-échelon pattern in the

southern part of the area. The WNW-ESE striking set includes two faults, labeled 2A and 2B, with 2A being the southernmost.
2.2 Geological Modeling and Thickness Mapping

Using the interpreted depth horizons and faults, a geological model was constructed to represent the subsurface architecture.
The model accounts for stratigraphic relationships between horizons and their interactions with faults. True vertical thickness
maps of the stratigraphic units were generated to analyze variations in thickness and their relationship to fault activity. The
mapped units correspond to the intervals between interpreted horizons (e.g., JTI Top to OHY Top, OHY Top to UHY Top,
etc.), as illustrated in Fig. 4. These thickness maps help identify areas of differential subsidence and sedimentation associated

with fault movement.
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2.3 Geometrical Fault Shape Analysis

Fault surfaces were exported from Petrel as GoCAD triangulated surfaces (.ts files) to facilitate comparisons. In the Move suite
from Petex, the strike and dip of the surface triangles were calculated and stored as attributes. The poles to these triangles were
then plotted on a contoured equal-area stereographic projection with isolines at 1% of the uniform distribution density. The

outlines of the 1% isolines for all faults were combined into a single stereographic projection (Fig. 3b).
2.4 Expansion Index and Activity Analysis

To quantify syn-sedimentary fault activity, we calculated the Expansion Index (EI), which is the ratio of the hanging-wall strata
thickness (Tyown) to that of the footwall (Ty,):

_ Taown

EI
Tup

For a normal fault, an EI greater than one indicates differential subsidence and active faulting, while a value close to one
implies limited or no syn-sedimentary fault movement (Childs et al., 2003; Pochat et al., 2009; Omosanya et al., 2015).

Uncertainty in the EI was calculated using standard error propagation, assuming a picking error of 10 m for the thickness
of each seismic horizon. This method accounts for the fact that the calculated uncertainty is largest for intervals with thin
sedimentary thickness.

To compare fault activity both in terms of magnitude and timing, two metrics were visualized for each fault: the absolute
EI and a normalized EI. The absolute EI allows for a direct comparison of the magnitude of activity between different faults.
The normalized EI is used to compare the temporal evolution of activity, independent of magnitude. This normalization was
achieved by dividing a fault’s entire EI profile by its own lifetime maximum EI value, scaling its period of peak activity to 1.0.

All computations and visualizations were performed using Python-based workflows to ensure reproducibility. Both the
absolute and normalized EI are presented as step plots versus age, with the calculated uncertainty shown as horizontal error

bars. Scripts are available on GitHub repository (Mair, 2024).
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3 Results
3.1 Fault Mapping and Seismic Cross-Sections

The interpretation of the 3D seismic data resulted in the identification and mapping of several faults within the study area. A
fault overview map at the top of the Lower Hydrobia Beds (UHY) was generated (Fig. 3a) to display the interpreted faults. The
faults are predominantly oriented in two main strike directions (one striking NNW-SSE and the other WNW-ESE).

Seismic cross-sections reveal that all identified faults exhibit normal displacement with varying throws across different
stratigraphic levels. The faults extend from the basement through the Cenozoic sediments, indicating long-lived tectonic
activity. The stereographic projection (Fig. 3) shows two predominant fault sets and the spread of strike and dip of individual

faults.
3.2 Thickness Variations and Sedimentation Patterns

Analysis of sediment thickness maps (Fig. 4) reveals a general trend of increasing thickness from NW to SE, with significant
local variations controlled by fault activity. These observations are quantitatively supported by the Expansion Index (EI)
calculations for individual faults (Fig. 6).

JTI Top (14 Ma) — OHY Top (18 Ma): For this interval, thickness varies between 100m and 210 m (Fig. 4a). A thicker
accumulation is observed in the eastern fault block and notably in the southwest (hanging wall of Fault 1A). This corresponds
to relatively low tectonic activity, with EI values on the major faults (1D, 1E) averaging ~ 1.12 (Fig. 6d, e). This indicates that
while sedimentation was continuous, differential subsidence across the major NNW-SSE faults was minor during this phase.

OHY Top (18 Ma) — UHY Top (21 Ma): Thicknesses range from 300 m to 660 m, averaging about 500 m (Fig. 4b). A
prominent depocenter is evident near the eastern hanging wall (eastern fault segment of Fault 1E) . This asymmetry is captured
by the EI analysis, where Fault 1E shows a distinct increase in activity, reaching an EI of =~ 1.25 (Fig. 6e), effectively confirming
that the eastern block was subsiding 1.25 times faster than the footwall.

UHY Top (21 Ma) — CBS Top (24 Ma): Thickness ranges between 300 m and 550 m (Fig. 4c). The eastern block dominance
intensifies, with thickness increasing gradually toward the south. This interval marks the onset of significant extension, with
EI values on Fault 1E rising to =~ 1.60 (Fig. 6e), indicating that syn-sedimentary faulting was controlling nearly 40% of the
accommodation space creation.

CBS Top (24 Ma) — BNS Top (26.5 Ma): In this interval, sediment thickness varies significantly (250-520 m), with notable
“bullseye” maxima located directly adjacent to Faults 1D and 1E (Fig. 4d). This strong fault control corresponds to the peak
of the rifting phase. Fault 1E records its maximum activity during this time, with a peak EI of 1.86 (Fig. 6¢), while Fault 1D
reaches an EI of ~ 1.40 (Fig. 6d). This confirms that during the Chattian, the basin subsidence was primarily driven by the
mechanical growth of these NNW-SSE faults.

BNS Top (26.5Ma) — RT Top (30.5 Ma): Thickness ranges from 300 m to 500 m (Fig. 4e), with local thickening patterns
similar to the overlying CBS interval. This is reflected in the EI analysis, where high EI values (>1.5) persist on the major

faults, marking the early established phase of the graben subsidence.

10
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Figure 4. Thickness maps of various stratigraphic intervals. Note the increased sediment thickness (depocenters) in the hanging-walls of
Faults 1D and 1E starting from the OHY interval (b). A southward migration of the maximum thickness is observed in the youngest interval

(JTI, a), coinciding with the lateral propagation trends shown in the fault throw profiles.

3.3 Fault Throw Analysis

Fault throw profiles reveal that displacement is primarily concentrated on the major NNW=SSE striking faults (1D and 1E),
while intersecting faults create zones of reduced throw, indicative of displacement transfer.

Fault throw measurements (Fig. 5) document vertical displacement along fault surfaces at various seismic reflector levels
(see Fig. 3). While displacement was predominantly vertical during the early rifting stage, the profiles indicate a significant
shift in growth style over time. Specifically, the NNW-SSE striking faults (1A, 1B, and to a lesser extent 1D/1E) exhibit

a southward migration of displacement maxima in post-rift sequences. This transition from bell-shaped (radial) growth to

11
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Figure 5. Fault throw profiles vs. strike length. Note the transition from bell-shaped (radial) growth in early stages to unilateral southward
propagation in younger intervals. The profiles show a hard-linked splay on Fault 1A (at =~ 4 km), merging with Fault 1B at the RT Top. Faults
1D and 1E also exhibit converging throw distributions at the RT Top level, consistent with the merging observed in seismic section IL-1150.

Significant throw reductions are observed at fault intersections (e.g., Fault 1D/2B).

unilateral southward propagation suggests a directional “unzipping” of faults, consistent with the imposition of a sinistral shear
component.

Crosscutting relationships further complicate the structural framework, where crosscutting interactions are marked as black
lines in Fig. 5. Fault 1A is crosscut by Fault 1B; Fault 1D is dissected by Faults 2A and 2B; and Fault 1E is offset by Fault 2B.
Notably, the intersection of Fault 1E and 2B exhibits a distinct “zig-zag” geometrical refraction with an offset of approximately
1 km. Further structural complexity is observed centrally, where Fault 1D coalesces with Fault 1E at the BNS stratigraphic level.
Additionally, Fault 1A displays a hard-linked splay at approximately 4 km along its strike. Intersecting faults consistently
reduce the throw on the host fault at the point of intersection; this effect is most pronounced where Faults 2A and 2B crosscut
Fault 1D, and where Fault 2B crosscuts Fault 1E (Fig. 5).

Faults 1D and 1E record the largest cumulative vertical displacements. In contrast, Faults 1 A—1C display smaller displacements
and gradually change strike from N-S to NW-SE with depth (Reinhold et al., 2016). Stereographic projection analysis (Fig. 3b)

confirms that Faults 1 A—1C vary in strike orientation while maintaining consistently steep dips, i.e., they are helicoidal in shape.
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3.4 Expansion Index and Fault Activity Timing

The temporal evolution of fault activity was analyzed using histograms of the Expansion Index (EI) versus stratigraphic

age (Fig. 6). The Absolute EI (top panels, Fig. 6a—g) highlights the hierarchy of fault magnitude. The major NNW-SSE

220 trending faults, 1D and 1E, accommodated the bulk of the extension, reaching peak EI values of approximately 1.86 during the

deposition of the BNS and CBS units (Oligocene). In contrast, the minor NNW-SSE faults (1A—1C) and the WNW-ESE faults

(2A, 2B) show significantly lower displacement magnitudes, with EI values rarely exceeding 1.25. While Fault 1A shows a
decrease in activity toward the OHY horizon before reactivating, Fault 1C displays consistently low activity throughout.

The Normalized EI (bottom panels, Fig. 6h—n) decouples timing from magnitude to visualize the relative activity history.

225 The quantitative implications of these trends are discussed in Section 4.2.
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Figure 6. Temporal evolution of fault activity quantified by the Expansion Index (EI). (Top) Absolute EI (blue profiles) indicates that the
major NNW-SSE boundary faults (1D and 1E) accommodated the majority of strain, peaking during the BNS and CBS intervals. (Bottom)
Normalized EI (green profiles) reveals a clear kinematic decoupling: NNW-SSE faults peak during the early rifting stage (pre-24 Ma),
whereas WNW-ESE faults (2A, 2B) show increased relative activity during the transtensional stage (post-24 Ma). This temporal divergence

documents the activation of the transverse shear system.
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4 Discussion

The integrated analysis of seismic data, thickness maps, and fault throw measurements reveals a complex tectonic history in the
NURG. This history is characterized by the simultaneous activity of multiple fault sets, consistent fault propagation, significant
fault interaction, and a marked tectonic regime shift (Cardozo and Behrmann, 2006b; Behrmann et al., 2005; Schumacher,

2002a). These factors have collectively influenced sedimentation patterns and the structural evolution of the basin.
4.1 Fault Propagation and Growth Histories

Faults within the study area exhibit consistent propagation styles throughout their history. They predominantly display normal
faulting mechanisms from initiation to the present day, indicating that the basin underwent a prolonged extensional tectonic
regime. Faults such as 1D and 1E demonstrate significant vertical displacement. Their early evolution appears consistent
with the constant-length fault model (Childs et al., 2003), characterized by rapid establishment of fault length followed by
displacement accumulation. However, the southward migration of displacement maxima observed in Faults 1A and 1B (see
pronounced asymmetry in Fig. 5f, g) indicates a departure from this model during the Miocene. This unilateral southward
propagation suggests that the imposition of the NW-SE transtensional regime facilitated the lateral *unzipping’ of faults towards

the south, modifying their original geometries.
4.2 Fault Interaction and Structural Relationships

The contemporaneous activity of both NNW-SSE and WNW-ESE striking fault sets is a notable feature of the NURG tectonic
evolution. Faults 1D and 1E (NNW-SSE striking) and faults 2A and 2B (WNW-ESE striking) crosscut and were, for the most
part, concurrently active, as evidenced by their throw patterns and structural relationships. We hypothesize that the minor faults
2A and 2B served as transfer structures up to the CBS horizon (~24 Ma), accommodating displacement between the larger
faults and facilitating strain transfer under extensional stresses.

The structural map of the UHY horizon (Fig. 3a) visually captures the interaction between the two tectonic phases. A
prominent WNW-ESE structural high (characterized by shallow depths of -800 to -950 m) marks a distinct accommodation
zone defined by Faults 2A and 2B. Crucially, the major NNW=-SSE rift faults (1D and 1E) do not cross this zone undeflected;
instead, they exhibit sharp geometrical refractions and terminations at this boundary. This spatial pattern confirms that the
WNW-ESE faults were not merely passive pre-existing fabrics, but became kinematically active post-24 Ma, effectively
dissecting the earlier rift geometry and forcing the NNW-SSE faults to kinematically reorganize under the new transtensional
stress regime, as described by Bauer et al. (2025).

After deposition of the CBS, a shift in the tectonic regime led to a change in fault activity. Faults 2A and 2B began actively
operating in parallel with the major faults, reflecting a reorientation of the stress field and a significant tectonic adjustment
that influenced fault kinematics and interactions, while maintaining a normal fault regime. The distinct geometrical refraction
(’zig-zag’ pattern) observed at fault intersections (e.g., Fault 1E and 2B) is interpreted as a mechanical response to this stress

rotation. This refraction is not merely a passive geometrical feature; it is kinematically expressed by the increased activity
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of the transverse faults. Quantitatively, this is evidenced by the distinct kinematic divergence between the two fault sets: The
NNW-SSE striking faults (1A-1E) consistently exhibit their peak relative activity (Normalized EI ~ 1.0) during the older,
rift-dominated intervals (Oligocene to pre-24 Ma), whereas the WNW-ESE striking faults (2A and 2B) display a reverse trend,
reaching their peak relative activity in the younger Miocene intervals (post-24 Ma; Figs. 6m, n). This temporal shift provides
quantitative evidence that the WNW-ESE structures, while originating as passive transfer zones (Schumacher, 2002b; Derer
et al., 2005), became kinematically active elements during the transition to the Miocene transtensional regime (Sissingh, 1998;
Cardozo and Behrmann, 2006a).

Structurally, this segmentation is clearly visible in the seismic profiles (Fig. 3c—e), where the steep N-S faults are observed to
mechanically link with the WNW-ESE segments, forming a continuous but refracted displacement surface that accommodates
the oblique extension. We also note that Fault 1D and Fault 1E exhibit a complex interaction, effectively merging into a single
kinematic linkage at the BNS/CBS stratigraphic level (approx. 3400 m distance). This merging coincides with a marked change
in fault geometry closer to the basement, particularly for Fault 1D, where the deep (Tertiary) section is spatially decoupled from
the shallow cover (offset by > 1km). This decoupling further implies that the pre-rift structural grain exerted a strong control
on the initial fault nucleation, which was arguably disparate, before the individual fault segments coalesced during the main
extensional phase.

The seismic data reveals a significant structural transition at the RT Top level, where previously simple, basement-seated
faults begin to diverge into complex splay systems (Fig. 3c—e). We interpret the Rupelian Clay (RT) as a critical rheological
boundary within the Cenozoic succession (Cardozo and Behrmann, 2006b; Derer et al., 2005). Due to its ductile nature as
an open-marine shale, the RT likely functioned as a mechanical decoupling layer (décollement). This rheological contrast
allowed the high-magnitude strain localized on ancestral basement structures to be partitioned and distributed into multiple
splay-like geometries within the overlying, more brittle stratigraphic units (Cardozo and Behrmann, 2006a; Bauer et al., 2025).
The convergence of throw values for Faults 1D/1E and 1A/1B at this specific horizon (Fig. 5) physically documents this
depth-dependent shift in deformation style (Mair et al., 2025).

4.3 Tectonic Regime Shift and Its Implications

We observe two distinct tectonic phases in our data, shown in Fig. 7: 1) pre-24 Ma, 2) post-24 Ma to the present-day. This
concurs with other authors, such as Bauer et al. (2025); Cardozo and Behrmann (2006b); Behrmann et al. (2005); Schumacher
(2002a).

4.3.1 Phase 1: Pure Rifting (Pre-24 Ma)

At the beginning of graben growth (pre-24 Ma), NNW-SSE striking faults (1D, 1E) prevailed with mainly normal displacement
during BNS and CBS deposition. Syn-sedimentary thickness variations (250-520m, 1:1.65 ratios near NNW-SSE faults)
support this extensional model (Buchner, 1981; Behrmann et al., 2005). The regional stress field at that time showed a normal

faulting regime with the maximum horizontal stress oriented NNE-SSW (Fig. 7).
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Figure 7. Tectono-sedimentary evolution model of the Northern URG. Left (Pre-24 Ma): Pure rifting stage. Strain is localized on N-S
boundary faults (1D, 1E) under E-W extension (o3). Right (Post-24 Ma): transtensional stage. Rotation of o5, to a NW-SE orientation
triggers the activation and increasing kinematic relevance of WNW-ESE transfer faults (2A, 2B). The interaction between these sets creates
the observed “zig-zag” geometrical refraction, where strain is partitioned between reactivated basement trends and new structures. Green

shading highlights the locus of active subsidence derived from the EI analysis.

4.3.2 Phase 2: Transtension (Post-24 Ma)

After CBS deposition (~24 Ma), the tectonic regime underwent a significant shift. Schumacher (2002a) have documented an
anticlockwise stress-field rotation during this phase, which leads to a strike-slip regime with the maximum horizontal stress
oriented NW-SE (Fig. 7). This is evidenced in our data by the activation of WNW-ESE oriented faults (2A, 2B) and the
increase in their crosscutting behaviour with the earlier NNW-SSE structures. The observed “zig-zag” geometric refraction
at the intersection of Fault 1E and 2B provides structural evidence for this stress rotation at approximately 24 Ma, marking
the transition from pure extension to transtension. This fault geometry is characterized by a strong transversal shift at the
southern end of Fault 1E, illustrating that the fault plane is more extended at the deeper section and changes shape significantly
closer to the basement. This sharp geometrical change after the CBS horizon implies that the fault experienced at least two
distinct episodes of movement. While such a strong offset forces a re-evaluation of simple planar geometry, it strongly supports
the hypothesis of a separate, strike-slip-dominated movement phase that mechanically deformed the southern fault tips. The
emergence of activity on these WNW-ESE faults reflects an increasing transtensional component, consistent with regional
models that propose the Upper Rhine Graben acted in a sinistral fashion from the Pliocene onward, e.g. (Sissingh, 1998). This

reorientation introduced strike-slip components to the previously dominant normal faulting regime.
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While the major shift to transtension is often associated with the post-24 Ma interval, our data suggest that the Rupelian (RT)
may mark the incipient phase of this reorganization. The onset of Alpine far-field stresses during the Middle Oligocene could
have primed the existing N-S faults for the subsequent "unzipping’ process. The RT Top thus represents a structural ’datum’
where the transition from deep-seated, simple faulting to a more distributed, transtensional fault network is first recorded.

In the modern configuration, the current stress regime (Dézes et al., 2004), is characterized by simultaneous activity of both
fault sets (Fig. 6; (Mair et al., 2025)). Vertical displacement acceleration since the Aquitanian (~21 Ma) and the coexistence
of extensional and strike-slip components highlight the influence of uplift and force redistribution tied to Alpine orogenic
processes. These processes have modified fault kinematics and sedimentation patterns, culminating in the basin’s complex

structural framework.
4.4 Influence of Fault Activity on Sedimentation Patterns

Active faulting has significantly influenced sediment deposition in the NURG. The quantitative correlation between fault throw
and sediment accumulation provides conclusive evidence for syn-sedimentary tectonic control (Childs et al., 2003; Omosanya
et al., 2015). While the PBS interval (pre-RT) shows relatively uniform thicknesses (80-100 m) with low EI values, the post-
RT intervals (OHY and UHY) exhibit a dramatic increase in accommodation space. Specifically, sediment thicknesses escalate
to over 600 m in the hanging walls of Faults 1D and 1E, directly coinciding with the peak Expansion Index (EI) values
exceeding 1.60 (Mair et al., 2025). This simultaneous acceleration of vertical displacement and sediment flux confirms that the
development of splay systems post-24 Ma was the primary driver for basin subsidence in the NURG (Kércher, 1987; Bauer
et al., 2025).

These thickness variations indicate differential subsidence and sedimentation patterns influenced by tectonic activity and
fault movement. The presence of depocentre and local thickness maxima near faults suggests that faulting has played a

significant role in controlling sediment accommodation space and deposition rates.
4.5 The URG as a Natural Laboratory for Oblique Rifting

While the sediment distribution confirms local subsidence trends, as described by Kércher (1987) and Bauer et al. (2025), the
structural observations from this 3D seismic volume have broader implications for rift mechanics globally. The NURG serves
as a high-resolution natural laboratory for understanding how continental rifts respond to stress field rotation and structural

inheritance.
4.5.1 Mechanical Response to Stress Rotation

Geometrical refraction—or “zig-zag” fault patterns—observed at the intersection of NNW-SSE and WNW-ESE faults is
not unique to the Rhine Graben. This geometry is characteristic of “strain partitioning” in oblique rift settings, where new

extensional stresses must be accommodated by reactivating older, misaligned basement fabrics.
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Similar “zig-zag” boundary faults and distinct transfer zones have been documented in the East African Rift System (EARS),
specifically where Cenozoic rifting interacts with Precambrian shear zones (e.g., Morley et al., 1990). However, unlike the
EARS, where observations are often limited to 2D seismic or surface mapping, our 3D data physically resolves the linkage
geometry at depth. We demonstrate that these “zags” (WNW-ESE faults) are not merely passive transfer zones but become

active kinematic elements as the stress field rotates to transtension.
4.5.2 Spatial Evidence for the Unzipping Model

Our "unzipping’ model is spatially validated by the observable change in fault linkage between the southern and northern parts
of the study area (Sissingh, 1998; Mair et al., 2025). In seismic section IL-1150 (south), Faults 1D and 1E are observed in
close proximity, effectively merging at the RT Top level into a single kinematic zone (Fig. 3c). Conversely, section IL-1400
(north) illustrates a distinct lateral separation, where 1D is significantly reduced in throw and 1E remains as the dominant,
isolated structure (Fig. 3d). This transition from merged linkage in the south to structural divergence in the north represents a
"frozen’ record of the northward-opening fault system. This structural trend is further corroborated by the southward migration
of sediment depocenters observed in the JTI thickness map (Fig. 4a), marking the late-stage activation of the southern fault tips

under the Miocene stress regime (Bauer et al., 2025).
4.5.3 TImplications for Multiphase Rifts

Consequently, the NURG model—characterized by early radial growth followed by late-stage unilateral propagation and
geometrical refraction—offers a predictive template for other multiphase rift basins. It highlights that “complex” fault networks
in the North Sea or Atlantic margins may not represent random fracture sets, but rather a deterministic mechanical response to

rotating stress fields acting upon inherited crustal heterogeneity.
4.6 Present-Day Tectonic Activity and Implications

The basin remains tectonically active, with shear-wave seismic data documenting Quaternary base offsets exceeding 30 m (Mair
et al., 2025). This high level of recent deformation contrasts with our Expansion Index analysis, which indicates a waning of
fault activity toward the Late Miocene. This discrepancy suggests that the fault system did not follow a linear decline; instead,
it underwent a distinct phase of tectonic acceleration or reactivation during the Quaternary. Consequently, the modern stress

distribution is likely driven by this renewed pulse of activity rather than a continuation of earlier transtensional trends.
4.7 Implications for Geothermal Exploration and Natural Hazards

Understanding fault activity and sedimentation patterns is critical for geothermal energy exploration and seismic hazard
mitigation. Active faults influence subsurface permeability and fluid flow, affecting the performance of geothermal reservoirs.
Knowledge of fault growth histories and their spatial distribution can guide the optimal placement of geothermal wells while

minimizing risks associated with fault reactivation. Furthermore, identifying regions of ongoing tectonic activity is essential
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for seismic hazard assessments, as differential movement of fault blocks can increase the likelihood of ground deformation and

365 seismic events.
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5 Conclusion

The integrated analysis of 3D seismic data, fault throw measurements, and sediment thickness mapping in the NURG reveals
a complex Cenozoic tectonic evolution. Our findings identify a fundamental structural transition at the Rupelian (RT) level,
where deep-seated, basement-linked faults splay into a more distributed network. This depth-dependent geometry defines the
Rupelian Clay as a critical rheological decoupling layer that facilitated strain partitioning as the tectonic regime evolved.

The transition from pure rifting to transtension is structurally recorded by the geometrical refraction of fault intersection
traces (the "zig-zag" effect) and the onset of unilateral southward fault propagation. This "unzipping" mechanism is physically
evidenced by the spatial divergence of fault linkage, transitioning from merged fault zones in the south (e.g., IL-1150) to
separated segments in the north (e.g., IL-1400). These 3D geometrical features provide robust physical evidence for the
rotation of the regional stress field to a transtensional regime with the maximum horizontal stress oriented NW-SE post-24 Ma,
corroborating the quantitative sedimentary evidence derived from the Expansion Index.

Episodic phases of enhanced fault activity during the Chattian and Miocene generated substantial accommodation space,
creating localized depocenters. These results advance the understanding of Cenozoic fault dynamics in the Upper Rhine
Graben and provide a structural framework for geothermal reservoir characterization and seismic hazard assessment. Future
research incorporating high-resolution near-surface geophysical data is required to bridge the gap from the mid-Miocene to the
documented Quaternary offsets.

Overall, the structural evolution of the Northern Upper Rhine Graben shows how rift systems respond to changes in regional
stress fields over time. Our results indicate that the basin initially developed during a phase of pure extension, where NNW-SSE
striking normal faults formed and accommodated most of the displacement during Oligocene rifting. Around ~24 Ma, a
rotation of the regional stress field led to the activation of WNW-ESE oriented faults, which had previously acted mainly
as transfer structures. These faults became increasingly important and interacted with the earlier rift faults, producing the
observed zig-zag fault geometries and a more complex fault network. At the same time, mechanical layering within the
stratigraphy, particularly the ductile Rupelian Clay, influenced how deformation was distributed between deeper basement
faults and shallower splay structures. Together, these results show that the evolution of rift basins is strongly controlled by
stress field changes, pre-exisiting structures, and stratigraphic mechanical contrasts, which together shape fault growth and

basin architecture through time.
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Code Availability

The Python scripts used for the Expansion Index analysis and fault throw calculations are available in the GitHub repository (Mair, 2024).

Data Availability

The 3D seismic reflection data used for this study is available upon request under the respective German law (“Geologiedatengesetz”) from
the Hessian Agency for Nature Conservation, Environment and Geology (HLNUG).

However, the interpreted fault surfaces and key stratigraphic horizons in the depth domain have been deposited in the GitHub repository

(Roy, 2024) to ensure the reproducibility of the structural model as well as the verification of the reported fault intersection traces ("zig-zag"

patterns) and throw profiles.
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