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Displacement-distance diagrams are valuable for studying fault interactions and growth. Examples of displace-
ment patterns for faults that underwent multiple reactivation events are limited. This study presents along-strike
and along-dip displacement-distance diagrams for nine basin-scale faults from the West Netherlands Basin, which
has experienced multiple phases of displacement. The diagrams were derived from 3D seismic reflection data,
covering 2300 km? and 6 km in depth. Due to the dataset size, we developed a semi-automated workflow to map
faults, reduce noise, and generate displacement-distance diagrams. To determine the effects of both multiphase
rifting and transpressive basin inversion on fault growth, we studied four faults only recording extensional events
and five faults that also experienced inversion. We observed distinctive along-dip displacement patterns, char-
acterized by piecewise curves, identifying pre-, syn-, and post-rift phases of fault growth, as well for a later
inversion event. The shape of lateral displacement patterns suggests quasi-fixed lateral fault tips throughout the
fault’s history and faults developing their lateral lengths early, with later reactivation mainly increasing their
vertical extent while accumulating displacement. In addition to improving our understanding of how faults grow
through multiple reactivations, these results may provide insights into the growth-history of faults in other
inverted rift basins world-wide.

1. Introduction

Fault displacement patterns provide valuable insights into the
behaviour of faults (e.g., Walsh and Watterson, 1988, 1989; Hedlund,
1997; Nicol et al., 2017, 2020 and references therein), making them
essential in structural geology, earthquake geology, seismology, and
resource exploration (e.g., Hughes and Shaw, 2014; Michie and
Braathen, 2024). Among other aspects, they provide insights into the
growth of individual faults (Nicol et al., 2017; Torabi et al., 2019; Nicol
et al., 2020 and references therein) and how they interact with adjacent
faults in terms of fault displacement accumulation (Marchal et al., 2003;
Agosta and Aydin, 2006; Kristensen et al., 2008; Tondi et al., 2012;
Nixon et al., 2014; Seebeck et al., 2015; Nicol et al., 2017; Childs et al.,
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2017; Lapadat et al., 2017; Delogkos et al., 2020; Roche et al., 2021;
Deng et al., 2020; Alghuraybi et al., 2023; Camanni et al., 2023a).

In 3D, an ‘ideal’ isolated dip-slip fault cutting through pre-kinematic
layers produces concentric, nearly elliptical displacement contours
(Fig. 1a), with the largest fault throw situated at the centre of the fault
plane, radially diminishing towards the fault tips (Rippon, 1984; Barnett
et al., 1987; Walsh and Watterson, 1988; Nicol et al., 1996; Needham
et al., 1996). Strike and dip sections through these elliptical contours
produce triangular- or bell-shaped graphs, where the slope of the curve
(s) corresponds to the gradient of diminishing displacement toward the
fault tips (Walsh and Watterson, 1989); these gradients are particularly
high across fault relay zones (Camanni et al., 2023b and references
therein), where displacement is transferred between adjacent fault
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segments (e.g., Peacock and Sanderson, 1991; Childs et al., 1995; Nicol
et al., 2017; Delogkos et al., 2020).

The complexity of displacement-distance diagrams increases when
initially isolated, adjacent fault segments become linked during growth
and form throughgoing structures. In these cases, saddles on the
displacement profile for the final throughgoing fault and at segment
boundaries have been used to discriminate between two models of fault
growth: the isolated model and the constant-length (or coherent) model
(Childs et al., 1995, 2017; Walsh et al., 2002; Giba et al., 2012; Nicol
et al., 2017, 2020; Rotevatn et al., 2019). In the isolated model, faults
originating as separate segments eventually link as they grow, due to an
increase in both length and displacement. The isolated model results in a
displacement minimum in the displacement profile of the throughgoing
fault (Fig. 1b). In contrast, the constant-length (or coherent) model in-
cludes faults that reached their full length early on, and with further
growth they exclusively accumulate displacement, without extending in
length. The constant-length model is generally not associated with a
displacement minimum in the displacement profile of the throughgoing
fault.

Displacement patterns can be further complicated when syn-
kinematic sedimentation and/or erosion occur, both on isolated and
linked faults, as it causes a significant increase in displacement on along-
strike and along-dip diagrams at the base of the syn-kinematic interval.
On growth faults, for example, displacement is expected to be distrib-
uted asymmetrically on the fault surface(s) and on along-dip slip pro-
files, with maximum slip values being located near the base of the
faulted sequence, generally diminishing upward (e.g., Giba et al., 2012;
Jackson et al., 2017, Fig. 1c).
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Even more complex is the situation where faults are reactivated
multiple times, in some situations even with opposed senses of move-
ment (e.g., extensional faults inverted during basin inversion). In the
latter cases, discriminating between the different processes that shaped
the displacement-distance diagram is challenging, and, to date, only a
few examples are reported in the literature (Tvedt et al., 2013; Duffy
et al., 2015; Deng et al., 2017; Reilly et al., 2017; Torabi et al., 2019).
This study aims to enhance the understanding of fault growth by
providing examples of distinctive, first-order features that facilitate the
identification of these complex scenarios on displacement-distance di-
agrams. Hence, we aim to improve the accuracy of translating along-dip
and along-strike displacement-distance diagrams into the vertical and
lateral growth modes of polyphase faults.

This study provides new insights into fault growth and presents a
time-efficient workflow for the creation of displacement-distance dia-
grams. The workflow integrates manual and automatized steps and is
calibrated to consider uncertainties linked to basin-scale fault mapping,
ensuring data quality. We believe that such a workflow could be applied
to industrial projects, where it would represent a more efficient alter-
native to standard solutions.

Using a 3D seismic reflection dataset, we show the along-strike and
along-dip displacement-distance patterns for nine faults in the West
Netherlands Basin (WNB). With a poly-phase tectonic history, at least
two rifting phases and one positive inversion event are recognized in the
WNB (e.g., Weert et al., 2024). Specifically, four of the nine studied
faults experienced only (multiphase) extensional activity, while the
other five also underwent reverse reactivation (i.e., inversion). These
faults permit the study of the effects of multiple extensional phases on
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Fig. 1. Three scenarios for faults: (a) An isolated single fault with pre-kinematic sedimentation; (b) Two linked faults that developed after sedimentation; (c) Three
connected faults that developed during sedimentation of the orange layer. All three scenarios show, from top to bottom: a structural contour map, an along-strike
displacement distance diagram, a schematic section across-dip in 2D, and an along-dip displacement distance diagram. The displacement distance diagrams show the
relationship for each sedimentary layer (pink, orange and blue). For the along-dip diagram, the white dashed layers are included in their displacement distance
diagram. The pink line on the structural contour map and in the 2D schematic section indicates the transect illustrated on the displacement-distance diagrams. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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fault displacement patterns and also to discriminate the effects of sub-
sequent positive inversion. The key features observed in this study are
also expected to be applicable in explaining the growth history of faults
in other inverted rift basins worldwide.

2. Geological setting

The West Netherlands Basin (WNB) is situated below the western
part of the Netherlands (Fig. 2). The basin developed on a former
Paleozoic basin, inheriting its NW-SE elongated structural trend
(Ziegler, 1992; van Balen et al., 2000; Worum et al., 2005) and under-
went a complex, multiphase evolution during the Mesozoic (van Wijhe,
1987; Racero-Baena and Drake, 1996; van Balen et al., 2000; Weert
et al., 2024). Initial opening likely occurred in the Triassic under a
NE-SW extensional regime, resulting in the development of
NW-SE-elongated fault-bounded horst-and-grabens. The last, and
strongest, rifting pulse occurred during the Late Jurassic and Early
Cretaceous under an ENE-WSW extensional regime; the
horst-and-grabens evolved into narrow lozenge shaped half grabens,
bounded by NW-SE and NNW-SSE striking faults (Weert et al., 2024).
Successively, the African-European convergence induced a compres-
sional tectonic regime by the Late Cretaceous (Kley and Voigt, 2008),
strongly affecting the WNB. The pre-existing normal faults became
inverted, characterized by reverse oblique-slip senses of movement
(Racero-Baena and Drake, 1996). In some circumstances, buttressing
occurred and caused general uplift and erosion, increasing in magnitude
towards the NE part of the basin (Worum and van Wees, 2017; Weert
et al., 2024). Inversion-related compression would continue until the
Miocene, further uplifting the NE sector of the WNB and causing general
erosion of the entire basin (Worum and Michon, 2005; Kley, 2018; Weert
et al., 2024).

This study focuses on the Jurassic-Cretaceous faulted, sedimentary
cover (Fig. 3). The succession includes the open-marine deposits of the
Early to Middle Jurassic Altena Group, the fluvial-deltaic sediments of
the Late Jurassic to Early Cretaceous Nieuwerkerk Formation, the
coastal to open-marine clastics of the Early Cretaceous Rijnland Group,
and the marine carbonates of the Late Cretaceous Chalk Group (van
Adrichem Boogaert and Kouwe, 1993; TNO-GDN, 2024).

3. Data

This work is based on publicly available 3D depth converted seismic
reflection cubes (L3NAM2012AR and L3NAM2016CR), downloaded
from https://www.nlog.nl/datacenter/(last accessed on February 5,
2024). The datasets cover a total of 2300 km? from the on- and offshore
WNB (Fig. 2), and extend to a depth of 6 km. Both datasets are reproc-
essed from the LANAM1990C 3D seismic survey, and have a continuous
numbering in inlines and crosslines. LANAM2016CR covers inlines
1430-3210 and crosslines 2300-3980, and L3NAM2012AR includes
inlines 2500-5178 and crosslines 2273-3987. Inlines 2500-3210 are
present in both datasets, facilitating a smooth interpretation of analo-
gous horizons across datasets. More technical details and information
about the reprocessing can be found in the public processing reports that
accompany the 3D seismic datasets on nlog.nl.

4. Methods

Structural analysis was built upon seismic interpretation performed
in Petrel 2020.3 software. We used a standard workflow for interpreting
seismic datasets in extensional settings (e.g., O’Sullivan et al., 2022).
The faults’ and horizons’ reconstruction is based on the seismic inter-
pretation done for the L3NAM2012AR seismic cube, published and
described by Weert et al. (2024), and extended for the LBNAM2016CR
seismic dataset (Fig. 3). A 25x25 grid of cross-lines and inlines was used
to guide mapping and ensure geological consistency. In detail, five su-
perposed seismic horizons were mapped for both datasets, selected for
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their distinct seismic facies or notable tectono-stratigraphic character-
istics, such as unconformities. The base of the Late Cretaceous Chalk
Group is marked by a bright, clearly trackable peak. It lies mostly
conformable on underlying strata, with some local unconformities. The
base of the Early Cretaceous Rijnland Group is defined by a minor, less
distinct peak. Within the sub-basins, well tops were used to interpret the
base of the Rijnland Group, as indicated in Weert et al. (2024). The base
of the Late Jurassic Nieuwerkerk Formation is a bright, trackable trough,
which lies conformably on the Altena Group, though some local un-
conformities are present. The bases of the Middle Jurassic Posidonia
Shale Formation and Early to Middle Jurassic Altena Group are easily
recognizable bright troughs (Fig. 3).

After producing the surfaces from the mapped horizons, the edge
detection surface attribute in Petrel was used (Fig. 4). This attribute
detects surface areas with a subtle change in elevation, aiding in the
identification of distinct sharp edges (e.g., Daniilidis et al., 2016),
returning values ranging between 0 and 100%. Importantly for this
work, areas with a value below 20% were recognized as fault planes and
removed from the original surfaces, resulting in a surface with gaps
corresponding to locations of the fault surface. In the case of the base of
the Chalk Group, which is mostly unaffected by faults, the edge detec-
tion surface attribute does not allow to distinguish between steeply
dipping monoclines and fault planes.

For the along-strike fault displacement analysis, the surfaces were
converted into a dense point mesh (roughly 74 points/km?) and im-
ported into Petroleum Experts Move 2017.2 software (Fig. 4). Here, the
point mesh was turned back into a surface using the Delauney triangu-
lation method for surface creation, which, given the absence of steeply-
dipping to overturned strata, returned a smooth and reliable surface. In
the surfaces produced by Move, the earlier created gaps for the fault
planes are fixed, and the fault planes are stripped from noise and sec-
ondary structures. From these new surfaces, individual fault plane sur-
faces were produced for the selected nine faults. To generate the along-
strike displacement-distance diagrams, both the surfaces and fault
planes were inserted in Move’s Fault Analysis module (Fig. 4). As the
surfaces now have smoothed fault planes, the Fault Analysis tool can
quickly identify the footwall and hanging wall cut-off lines, from which
the along-strike displacement-distance diagrams are derived. The strip
close to the fault is excluded from the analysis, wherefore the cut-off
lines are obtained by extending the strata from a certain distance as a
straight line. Such a procedure has the advantage of capturing the total
displacement, which includes both discrete and continuous deformation
(i.e., folding, dragging, and bed rotations; Nicol et al., 2002; Delogkos
et al., 2017). This semi-automatic method generally overestimates the
stratigraphic elevation of the upper tip of the faults, which has the
advantage of incorporating folding ahead of the fault into the
displacement-distance diagrams. For example, manual seismic inter-
pretation of inverted faults shows the presence of the upper fault tip
below the base of the Chalk Group (Fig. 3), whereas the presented
method here extends the upper fault tip upward, up to the base of the
Chalk. The produced patterns were visually checked for inconsistencies,
comparing them with the seismic display of the fault in Petrel. Artifacts
were edited manually, securing the best representation of each fault.

To enhance the interpretation of the along-strike displacement-dis-
tance patterns, along-dip displacement-distance diagrams were pro-
duced for locations within the along-strike diagrams that show a
displacement maxima. These along-dip displacement-distance diagrams
illustrate how fault displacement (throw) changes along the vertical
length of a fault. The diagrams represent proxies for the accumulation of
displacement through time, which is indicated by the displacement
gradient. The diagrams show the distance from the fault tip to specific
layers in the hanging wall or footwall on the x-axis, and the fault throw
on the y-axis. In the seismic data, the upper fault tips are better visible
and the hanging wall generally has a thicker sediment stack. Therefore,
the displacement gradient was obtained by measuring the distance from
the upper fault tip to each selected horizon in the hanging wall. The fault
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Fig. 3. Lithostratigraphic chart of the West Netherlands Basin, showing a simplified stratigraphy, a section of inline 3230, the interpreted horizons and their age, and
studied faults 1 and 2. All horizons, except the black dotted line of the base North Sea Supergroup, were used for the construction of the displacement-distance
diagrams. The white dotted horizons show the additional horizons used for the along-dip diagrams (Figs. 7 and 9). The seismic display also shows a pop-up
structure in the SW, above Fault 1, and a gentle fault-propagation fold towards the NE, above Fault 2. This figure is based on Weert et al. (2024).

throw values were obtained from the along-strike diagrams and cross-
checked in both Petrel and 3D Move. The horizons incorporated in the
along-dip diagrams comprise the earlier mentioned bases of the Chalk,
Rijnland and Altena groups and the Nieuwerkerk and Posidonia Shale
formations. To increase the datapoint density, six additional horizons
were interpreted in the proximity of the studied faults and analysed to
obtain their fault throw value and their distance to the upper fault tip.
For the faults that only experienced extension, the base of the Early
Cretaceous Rodenrijs Claystone Member and four ad hoc mapped hori-
zons in between the regionally mapped surfaces were added to the
interpretation (pink and white dotted horizons, Fig. 3). For the faults
that also experienced transpressional inversion, the base of the late Early
Cretaceous Holland Formation was included as well (Fig. 3). The base of
the Chalk Group was not included in the along-dip diagrams, as that
surface is overlying the fault tips.

5. Results

In this section, the along-strike and along-dip displacement-distance
diagrams (DDD) of the nine studied faults are described. Faults F3, F4,
F5, and F9 are located in the southern part of the study area (Fig. 5),
where transpressive inversion is negligible (these faults are hereafter
called ‘extensional faults’). This is in agreement with the mapped sur-
faces for the base of the Rijnland and Chalk groups, which display

negligible inversion-related deformation (i.e., folding) above these
faults (Fig. 5a). Therefore, only the Jurassic sedimentary succession is
included in their along-strike and along-dip diagrams. Conversely, faults
F1, F2, F6, F7, and F8 experienced fault inversion (hereafter called
‘inverted faults’), wherefore the diagrams of these faults include both
the Jurassic and Cretaceous sedimentary succession.

5.1. Extensional faults

Faults F3, F4, F5, and F9 generally strike NW-SE (Fig. 5). Specifically,
the majority of F3, F5, and the northern part of F4 strike NNW-SSE. F9
and the southern sections of F3 and F4 strike NW-SE. The northwestern-
most tip of F9 extends just outside the study area, while F3, F4, and F5
are fully included in the dataset. The Jurassic sedimentary succession in
the dataset’s southern half shows non-deposition and erosion near the
basin edge, leading to the absence of the Posidonia Shale Formation at
the basin’s margins. Consequently, the dark blue layer is missing for
parts of F3, F5, and F9, near the basin’s edge (Fig. 6).

The along-strike DDDs display fully connected and partly uncon-
nected bell-shaped patterns. Partly unconnected displacement patterns
feature overlapping or underlapping fault segments, yet, the resolution
of the data is too low to discriminate between overlapping and under-
lapping features. Therefore, for the faults showcasing separate segments,
the possible relationship is indicated by dashed lines in the along-strike
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tance diagrams.
DDDs.

5.1.1. Fault 3

The seismic depth maps of the Altena Group (Fig. 5¢) and Nieu-
werkerk Formation (Fig. 5b) show two segments for F3. On the along-
strike DDDs, the two fault segments are indicated by two displacement
maxima with a bell-shaped distribution, which is more pronounced for
the Altena Group (purple horizon) than for the Nieuwerkerk Formation
(light blue horizon). Since the Posidonia Shale Formation (dark blue
horizon) is eroded towards the south, it is only present as a dark blue
displacement maxima on the right side of the diagram. Possible linkage
between the two maxima is indicated by the dashed lines in the purple
and light blue horizons. Thus, we identified three key markers: two
marking the lateral tips of F3 (T1 and T2) and one marking the
displacement low or ‘saddle’ between the faults’ segments (S1, Fig. 6).
At T2, the three horizons are all superposed at the same lateral distance.

F3 is intersected by two along-dip DDDs, F3-1 and F3-2 (Figs. 6 and
7), both located in the right displacement maxima, as the dark blue
horizon is eroded in the left maxima and layer correlation across the
fault is elusive. Both diagrams consist of three displacement gradients,

that are connected by kink points (KP) in displacement (KP1 and KP2 for
F3-1, and KP3 and KP4 for F3-2) (Fig. 7). The displacement gradient in
F3-1 is similar before and after KP1 and KP2, while in between both KPs
it displays a decrease. In F3-2, the displacement gradient decreases
upward (Fig. 7).

5.1.2. Fault 4

Between the fault tips of F4 (T3 and T4, Fig. 6), four connected
displacement maxima are visible, linked by displacement lows (S2, S3,
and S4, Fig. 6), which is consistent with the seismic depth maps,
showing one continuous fault (Fig. 5b and c). The pattern is consistent
across all three horizons, except for the dark blue horizon on the left side
of the diagram, where it is eroded. Also here, at T4, the three horizons
are all superposed at the same lateral distance. The difference in fault
throw value between two horizons, or displacement ratio, is variable
along the length of the fault. The along-dip DDD for F4 shows two trends
in displacement gradients linked by KP5 for F4-1, and three trends
divided by KP6 and KP7 for F4-2. Here, the fault gradient is similar
before KP6 and after KP7, displaying a decrease between KP6 and KP7
(Fig. 7).
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referred to the Web version of this article.)
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5.1.3. Fault5

The seismic depth maps display two fault segments for F5, with
overlapping segments with a relay ramp at the depth of the Altena Group
(Fig. 5c¢), and one continuous fault at the depth of the Nieuwerkerk
Formation. Here, only the northern segment is reactivated, while the
southern segment shows minor displacement (Fig. 5b). On the along-
strike DDD, the fault is characterized by three displacement maxima
between its fault tips (T5 and T6, Fig. 6). The northern segment contains
a displacement low at marker S5 on all horizons. The low at S6 repre-
sents the possible linkage between the northern and southern segments,
indicated by dashed lines for the dark blue and purple horizons. As the
southern segments only show minor displacement at the level of the
Nieuwerkerk Formation, its possible throw is indicated by a dashed line.
Located between markers T5 and S5, along-dip DDD F5-1 and F5-2 show
three trends in displacement gradients separated by KP8, KP9, KP10,
and KP11 (Fig. 7). Here, the displacement gradient is similar before KP8
and KP10, and after KP9 and KP11, displaying a relatively high gradient.
In between KP8 and KP9, and KP10 and KP11, the gradient shows a
decrease. Located between S5 and S6, F5-3 displays a high displacement
gradient before KP12, which decreases afterwards. F5-4 shows high
displacement gradients before KP13 and between KP14 and KP15, and a
decreasing gradient between KP13 and KP14, and after KP15 (Fig. 7).

5.1.4. Fault 9

F9 shows two fault segments at the depth of the Altena Group
(Fig. 5¢) and a single fault at the level of the Nieuwerkerk Formation
(Fig. 5b). On the along-strike DDD, only the southeastern fault tip (T7) is
visible, as its northwestern tip is located outside the study area. The
pattern is characterized by three displacement maxima that are con-
nected by two displacement lows (S7 and S8), with the low at S8 being
present in all horizons (Fig. 6). The dark blue horizon displays only two
maxima, as it is eroded towards the northwest. The minima at S7
represent the possible linkage of the two segments, interpreted by
dashed lines. Here, the dark blue and purple horizons likely show no
displacement and the light blue horizon a possible linkage. Along-dip
DDD F9-1 is composed of three trends in fault gradients; a high
displacement gradient before KP16 and after KP17, and a decreasing
gradient between KP16 and KP17. F9-2 and F9-3 show four trends; a
high gradient before KP18 and KP21, between KP19 and KP20, and
between KP22 and KP23. Between KP18 and KP19, between KP21 and
KP22, and after KP20 and KP23, a decrease in displacement gradient is
observed (Fig. 7).

5.1.5. Summarizing faults 3, 4, 5, and 9

In summary, F3, F4, F5, and F9 show no evidence for transpressional
inversion, and their DDDs display evidence of the accumulation of
displacement during the two extensional events. The seismic depth maps
show single faults (F4) and faults composed of two segments (F3, F5, and
F9). These segmented faults are distinct at the depth of the Altena Group
(Fig. 5¢), with unclear possible linkage at the level of the Nieuwerkerk
Formation, due to multiple small-scale faults (Fig. 5b). The along-strike
DDDs feature displacement maxima that are approximately located
close to the centre of the fault or fault segment, which are connected by
displacement lows or ‘saddles’. Possible linkage between fault segments
is indicated by dashed lines in the along-dip DDDs (e.g., F3, F5 and F9,
Fig. 6). The displacement maxima of the patterns vary, with the purple
horizon ranging from two to four times the size of the light blue, which is
an indication for multi-phase rifting. F3 and F4 show superposed hori-
zons at the same lateral distance at their fault tips (T2 and T4), indi-
cating that the fault tips stayed fixed during the reactivation events. In
the along-dip DDDs, three patterns are observed: displacement gradient
trends that are either linked by one, two or three KPs. Generally, the
DDDs show alternating high gradient and low gradient trends (Fig. 7).
These high gradient trends generally appear at the level of the Nieu-
werkerk Formation and lower part of the Altena Group, while the lower
trends are observed around the depth of the Posidionia Shale Formation
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and below the Altena Group. Yet, the exact depths seem to vary from
fault to fault. For example, F5-1 and F5-2 shows two trends with a high
gradient separated by a low displacement gradient, F5-3 shows a
gradient that is decreasing upwards, and F5-4 also shows two trends
with a high gradient, intertwined by two trends with a low gradient. This
corresponds with the along-strike DDD of F5, where the purple horizon
displacement maxima is twice that of the light blue on the left side of the
diagram (at F5-1 and F5-2), three times larger in the middle (at F5-3),
and four times larger on the right side (at F5-4). This might suggest
multiple phases of syn-sedimentary activity for F5-1, F5-2 and F5-4,
separated by quieter periods.

5.2. Inverted faults

The faults that experienced positive, transpressive basin inversion,
F1, F2, F6, F7 and F8, are located in the northern half of the dataset
(Fig. 5). In the central part of the dataset, F7 and F8 strike NNW-SSE, and
F1 and F6 strike NW-SE. Further towards the northeast, F2 strikes WNW-
ESE. On its northwestern segment, F1 displays a sinistral displacement
by F2 (Fig. 8). This strike slip displacement is most distinct at the depth
of the Altena Group (Fig. 5¢), but is also recognizable higher up in the
stratigraphy (Fig. 5b). As the two segments of F1 have been displaced
and were once continuous, both fault segments are treated as one fault.
Erosion of the Chalk Group towards the northeast (Fig. 5a) means that
the light green horizon is absent on the right side of the along-strike DDD
of F2 (Fig. 8). The bases of the Rijnland and Chalk groups show non-
deformation for parts of F2 and F6 (Fig. 5a), making the Rijnland
Group missing in the eastern segment of F2 and the Chalk Group missing
in the southern segment of F6 (Fig. 8).

The along-strike diagrams of F1, F2, F6, F7, and F8 feature both the
Jurassic sequence (purple, dark, and light blue horizons) and the
Cretaceous sequence (dark and light green horizons) (Fig. 8). The
Cretaceous sequence was deposited after the basin’s extensional phase,
so before or during the inversion-related buttressing. Representing
reversed motion, its throw values are negative. As the Jurassic sequence
has undergone the same reversed motion, some fault tips display
negative values. Examples are found in F1 (purple horizon at TO and
light blue horizon at S1) and F8 (dark blue horizon at T8 and T9, Fig. 8).

5.2.1. Fault 1

F1 is composed of two individual fault segments that are sinistrally
displaced by F2 on seismic depth maps of the Altena Group and Nieu-
werkerk Formation (Fig. 5b and c). At the top of the sequence, the Chalk
Group shows folding, where the fold crest seems to increase in elevation
away from the fault tips (Fig. 5a). The along-strike DDD of F1 is char-
acterized by two separate fault segments, with two fault tips (TO and T1)
and a gap (S1, Fig. 8). S1 represents the location where F1 is displaced by
F2. At both TO and T1, superposed horizons for both sequences at the
same lateral distance are observed. Both fault segments exhibit
displacement maxima, with the maxima on the left fault segment having
an approximately bell-shaped profile, while the maxima in the right
fault segment has an approximately plateau-shaped profile. The maxima
are observed both in the Jurassic and Cretaceous sequences, with the
Jurassic showing higher throw values then the Cretaceous. The
displacement ratio varies, particularly within the Jurassic sequence.
Here, the dark blue horizon moves between the purple and light blue
horizons. In the Cretaceous sequence, the light green horizon shows
more displacement than the dark green between S1 and T1, and at TO. In
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Fig. 7. Along-dip displacement-distance diagrams for F3, F4, F5 and F9. The kink points linking different linear trends are indicated by kink points (KP).

these areas, seismic data reveals a positive flower or pop-up structure (e.
g., Fig. 3).

The along-dip DDDs of F1 reveal three to four KPs per profile. Each of
the four diagrams show a consistent decreasing, negative displacement
gradient for the Cretaceous sequence, which shifts to an increasing,
upward trend after KP1, KP4, KP8, and KP12, all situated at the strati-
graphic level of the base of the Rijnland Group. This increasing trend
then transitions to a gentler curve after KP2, KP5, KP9, and KP13, at the
depth of the Rodenrijs Member. Subsequently, in the Jurassic sequence,
only F1-1 shows one KP with a displacement gradient that is decreasing
upwards, while F1-2, F1-3, and F1-4 show two KPs, with alternating
high gradient and low gradient trends (Fig. 9).

5.2.2. Fault 2

On the seismic depth maps of the Altena Group and Nieuwerkerk
Formation, F2 is characterized as a single fault with a topographic low at
the location where it displaces F1 (Fig. 5b and c). Above, the Chalk
Group only shows significant folding in the faults’ west northwestern
domain, being eroded towards the east-southeast (Fig. 5a). On the along-
strike DDD, the fault shows two displacement maxima connected by the

mentioned displacement low (S2) between its fault tips (T2 and T3,
Fig. 8). Superposed horizons at the same lateral distance are observed at
both fault tips of F2. The maxima are more pronounced in the Jurassic
sequence, with larger displacements compared to the Cretaceous hori-
zons. Again, a varying displacement ratio is observed for the Jurassic
sequence. Within the Cretaceous sequence, the dark green horizon forms
two small displacement maxima, with their unconnected tips aligning
with the Jurassic displacement low at S2. This suggests that F2 reac-
tivated as two separate faults during the Cretaceous. On the left side of
the diagram, the light green horizon plots within the left dark green
horizon maxima, while on the right it is eroded. Here, the dark green
pattern is absent due to non-deformation.

The along-dip DDD of F2-2 follows a similar pattern as the DDDs of
F1, where the Cretaceous sequence first shows a decreasing negative
trend that increases above KP20. In contrast, F2-1 and F2-3 show only a
constant increasing trend in displacement gradient that becomes steeper
after KP16 and KP24. For the Jurassic sequence, F2-2 and F2-3 show two
trends with a constant high gradient that are interrupted by a low
gradient trend. F2-1 shows a similar trend, but with an additional
decreasing upward trend after KP19 (Fig. 9).
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5.2.3. Fault 6

The seismic depth maps of both the Altena Group and Nieuwerkerk
Formation show two possibly linked fault segments for F6 (Fig. 5b and
). Only the northwestern fault segment displays folding for the Chalk
Group (Fig. 5a). The along-strike DDD of F6 consists of two approxi-
mately plateau-shaped displacement maxima between its fault tips (T4
and T5), that are possibly linked by a displacement low (S3, Fig. 8).
Again, superposed horizons at the same lateral distance are observed at
the fault tips. Like F3, F5, and F9 (Fig. 6), the displacement low of F6
corresponds to an area with multiple small-scale faults (Fig. 5b and c),
likely making the cumulative displacement non-zero, here indicated by
dashed lines. Variations in the displacement ratio are observed in the
Jurassic sequence. In the right bell of the Cretaceous sequence, the light
green horizon displays more displacement compared to the dark green
horizon. Similar to F1, seismic data reveals a pop-up structure here. On
the left side of the diagram, the light green horizon shows no defor-
mation and is therefore absent.

With the Cretaceous sequence being absent, the along-dip DDD for
F6-1 resembles those of the extensional faults, with alternating high
gradient and low gradient trends between KP27 and KP28, and after
KP29 (Fig. 9). The other three diagrams are similar to those of F1 and F2-
2, featuring a decreasing, negative trend for the Cretaceous sequence
that turns into an increasing trend after KP30, KP34, and KP38. F6-2 and
F6-3 then shows alternating high gradient and low gradient trends be-
tween KP32 and KP33, and KP36 and KP37. F6-4 shows a decreasing
upward trend for the Jurassic sequence (Fig. 9).

5.2.4. Fault 7
F7 is characterized as one single fault on the seismic depth maps
(Fig. 5). It is bordering two faults on its northeastern side (Fig. 5¢) and
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shows folding (Fig. 5a). The along-strike DDD consists of two displace-
ment maxima connected by a displacement low (S4) between its fault
tips (T6 and T7, Fig. 8). The peaks of the maxima correspond to the
locations where the neighbouring faults are bordered. While the maxima
display similar patterns for both the Jurassic and Cretaceous sequences,
variations in displacement ratio are observed. In the Jurassic sequence,
the right maxima exhibits bigger displacement than the left, whereas in
the Cretaceous sequence, this pattern is reversed with the left maxima
showing bigger displacement. The along-dip DDDs of F7 (F7-1 and F7-2,
Fig. 9) display a declining, negative trend in the Cretaceous sequence
that shifts to a steep upward trend after KP41 and KP46. The displace-
ment gradient then shows alternating high gradient and low gradient
trends for the Jurassic sequence in both DDDs (Fig. 9).

5.2.5. Fault 8

F8 is located close to F3, being composed of a single fault (Fig. 5). It
borders a stratigraphic high, clearly visible at the depth map of the
Altena Group (Fig. 5¢) and shows folding (Fig. 5a). Its along-dip DDD is
characterized by a single displacement maxima (between T8 and T9,
Fig. 8). At both T8 and T9, superposed horizons for both sequences at the
same lateral distance are observed. Only for T9 the light green horizon
extends beyond the fault tip. Seismic data indicates a significant fault-
propagation fold above the fault tips, over the entire length of FS8,
stretching out towards the southeast. (e.g., Fig. 3, but with a higher
elevation). Here, the light green horizon shows a higher displacement
than the dark green horizon. Within the Jurassic sequence, displacement
ratios vary as well, with the dark blue horizon shifting between the
purple and light blue horizons. The along-dip DDDs of F8 reveal a similar
trend for the Cretaceous sequence as seen in F1, F2-2, F6, and F7.
Subsequently, all three diagrams show alternating high gradient and low
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Fig. 9. Along-dip displacement-distance diagrams for F1, F2, F6, F7 and F8. The kink points linking different linear trends are indicated by kink points (KP).

gradient trends, scattered across the Jurassic stratigraphy (Fig. 9).

5.2.6. Summarizing faults 1, 2, 6, 7, and 8

Summarizing, F1, F2, F6, F7, and F8 show clear evidence for trans-
pressive inversion. The seismic depth maps mainly show single faults at
the depth of the Altena Group and Nieuwerkerk Formation, where only
F6 is composed of two possibly linked segments (Fig. 5b and c). The
depth map of the Chalk Group shows folding above the faults, in
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response to reversed reactivation (Fig. 5a). In the DDDs, inversion is
characterized by negative throw values (i.e., reverse displacement) at
the Jurassic fault tips and in the Cretaceous sequence. Interestingly, the
tips of both the extensional and inverted horizons, i.e. the Jurassic and
Cretaceous sequences respectively, show no lateral propagation, with
the fault tip locations remaining fixed. Transpressive inversion-related
structures, such as positive flowers and major fault-propagation folds,
are recognized in the seismic data and the along-strike DDD, where they
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are indicated by larger amplitudes for younger layers (e.g., F1, F6, and
F8, Fig. 8). In the along-dip DDDs, the values of the positively inverted
horizons plot below zero, showing an increasing trend towards the fault
tips (Fig. 9).

The Jurassic sequence exhibits signs of multi-phase rifting. The
along-dip DDDs show a similar behaviour as observed for the exten-
sional faults: displacement gradients that show alternating trends with a
consistent high displacement gradient and a decreasing gradient. Also,
in the along-strike DDDs, multiple rifting events can be recognized by
interpreting the varying displacement ratios between the different pat-
terns. For example in F1, where the left displacement maxima in the
along-strike DDD shows the purple horizon’s displacement is a half time
larger than that of the light blue, with F1-1 displaying only a decreasing
upward trend for the displacement gradient of the Jurassic sequence.
Going to the right displacement maxima, the purple horizon is up to
twice the size of the light blue horizon. Here, F1-2, F1-3, and F1-4 show
two trends of consistent high displacement gradients for the Jurassic
sequence, indicating two syn-sedimentary phases of faulting separated
by less active periods. These less active periods are illustrated by near-
horizontal, or decreasing trends for the displacement gradient, for
example between KP6 and KP7 in F1-2. In the along-strike DDD of F1,
the purple and dark blue horizons show similar displacement at F1-2,
where the along-dip DDD shows a near-horizontal trend. A similar
trend is observed at F1-3 and F1-4, where the dark and light blue ho-
rizons show a similar displacement, with their along-dip DDD displaying
a near-horizontal trend at these depths. Consequently, where the hori-
zons have different displacements, such as at F1-1, no near-horizontal
pattern is observed in the along-dip DDD. Thus, pre- and post-rift pe-
riods are likely identified by horizons with similar displacements in the
along-strike DDDs and near-horizontal curves in the along-dip DDDs.
Another example of pre- and post-rift periods can be observed on F8,
which also illustrates that the periods of syn-kinematic sedimentation
can vary along the length of a fault. On the left side of the along-strike
DDD, syn-sedimentary activity is seen during the Late Jurassic and

a) Inversion
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Early Jurassic rift

Pre-/Post-rift
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Triassic (F8-1), while on the right side (F8-3), the activity shifts to the
Early Jurassic and Triassic.

5.3. Correlation diagrams

Different features are observed on the DDDs of the nine faults ana-
lysed. Specifically, the throw or displacement gradients in the along-dip
DDDs show clear evidence of the activity of the faults during the rifting
events. Faults active during both rifting events are characterized by a
near-horizontal trend, or low displacement gradient, between two seg-
ments with a steep trend, or high displacement gradient. To explore
potential correlations, the displacement gradients of the segments (that
are divided by KPs) were measured. For example, in F2-2, a high
displacement gradient of 54° is observed between KP21 and KP22, fol-
lowed by low gradient with an angle of 13° between KP22 and KP23,
and a high gradient of 34° from KP23 onwards (Fig. 9).

When plotting the displacement gradients in a histogram, a clear
division is observed (Fig. 10a). The tectonic quiescent periods, inter-
preted as pre- and post-rift periods, show gradients between 0° and 40°.
The majority of the fault segments active during rifting show gradients
between 30° and 60°, with the Early Jurassic rift event showing a peak
between 30° and 50°, and the Late Jurassic rift event peaks between 45°
and 60°. The gradients for the inverted fault segments, measured be-
tween the bases of the Rijnland Group and Rodenrijs Claystone Member,
show values between 60° and 90°. The diagram shows that fault seg-
ments with the lowest amount of reactivation typically have the lowest
displacement gradients, followed by segments that experienced a single
rift event, those that underwent two rifting events, and finally, segments
that also experienced reversed reactivation, exhibiting the highest gra-
dients. This might suggest that each event of fault reactivation increases
the displacement gradient.

To explore the possibility of a correlation between the rifting events,
the displacement gradients for the Early and Late Jurassic rifting events
were plotted against each other (Fig. 10b). The majority of the faults
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experienced both rifting events (blue dots), but for the ones that only
experienced the Late Jurassic rift event (pink dots), the displacement
gradient for the Early Jurassic rift was measured between the base
Posidonia Shale Formation and base Altena Group. The diagram clearly
demonstrates that there is no correlation between the gradients from
both events. This suggests that the growth mode, particularly the up-dip
propagation of the fault tip, is not sensitive to fault inheritance from the
first event.

6. Discussion

A detailed analysis of the displacement-distance diagrams (DDDs) for
nine basin-scale faults in the West Netherlands Basin (WNB) showcases
the complex interplay of Jurassic multi-phase rifting and Cretaceous
basin inversion on fault evolution. The faults in the southern half of the
dataset (F3, F4, F5, and F9) experienced at least two extensional events,
showing different modes of fault propagation. Additionally, the faults in
the northern half (F1, F2, F6, F7, and F8) show signs of transpressive
inversion, evidenced by the presence of pop-up structures and fault-
propagation folds.

6.1. Fault evolution

The along-strike DDDs indicate variations in displacement along the
faults, showing displacement maxima separated by displacement lows
or ‘saddles’ (Figs. 6 and 8). With the maxima representing fault segments
and the lows indicating fault linkage, two general patterns are observed;
patterns where all maxima and lows are connected (F1, F2, F4, F7, and
F8), and unconnected fault segments (F3, F5, F6, and F9). Generally, the
resolution of the seismic depth maps is not sufficient to distinguish be-
tween overlapping and underlapping fault segments. The exception is
F5, which displays a relay zone at the depth of the Altena Group
(Fig. 5c¢). The architecture of possible linkage remains unclear, espe-
cially at the level of the Nieuwerkerk Formation, mainly due to the
presence of multiple small-scale faults (Fig. 5b and c).

After initiation, the faults in this study propagated upward rather
than laterally throughout their life. This is indicated by the superposed
fault tip locations up through the faulted succession, as indicated in the
along-strike DDDs (e.g., F1, F2, F3, F4, F6, and F8). Here, the tips of the
fault all plot at the same distance, including the layers that underwent
transpressive inversion. Over time, the faults had fixed lateral tips, not
propagating laterally, both during extension and inversion, which
resulted in primarily sub-vertical, lateral tip-lines with an upward-
moving upper tip line. This suggests rapid fault length development
early in their history, with later reactivation events only increasing the
faults’ throw along the fault plane (Walsh et al., 2002; Childs et al.,
2017). Therefore are the faults in this study most aligning with the
constant-length coherent model (Walsh et al., 2002; Childs et al., 2017;
Nicol et al., 2020), which is generally used to interpret the growth of
individual faults during a single extension event. Interestingly, the faults
in this dataset show that even during multiple extensional reactivation
events and an inversion event, the lateral tips of the faults remain fixed
and do not propagate laterally.

The fault growth interpretation for the faults in the WNB is further
supported by two distinct along-strike DDD patterns. First there are
approximately bell-shaped displacement maxima, indicating lateral
fault growth in areas without pre-existing faults. Examples are F3, F4,
and at the locations of F1-1 and F5-3, where the DDDs reflect only the
effect of the Late Jurassic rifting event. Secondly, there are approxi-
mately plateau-shaped displacement maxima, reflecting rapid initial
fault propagation, followed by displacement accumulation. These pat-
terns occur where older faults accommodate faster propagation, as
observed at F1-2, F1-3, F1-4, F5-1, F5-2, F6-1, and F6-2, where the DDDs
show the influence of both the Early and Late Jurassic rifting events.
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6.2. Multi-phase rifting

Multi-phase rifting is indicated by combining observations from the
along-strike and along-dip DDDs. The along-dip DDDs illustrate the
faults’ vertical displacement profile, where kink points (KPs) mark
different trends in displacement gradient, which indicate changes in the
rate of displacement accumulation on the fault movement. A consis-
tently high displacement gradient, or steep trend, in these diagrams
indicates a rifting phase, while near-horizontal trends, or decreasing
displacement gradients, suggest tectonically less active periods. For the
Jurassic succession, three general patterns are observed in the along-dip
DDDs: (1) decreasing upward trends with only one KP and no alternating
near-horizontal trends, indicating one rifting event (e.g., F1-1, F4-1, and
F5-3, Fig. 11a); (2) diagrams with two trends of a consistent high
displacement gradient that are intertwined by a decreasing trend that is
marked by two KPs, indicating two separate rifting events (e.g., F2-2, F6-
2, and F9-1, Fig. 11b and c); and (3) diagrams with more than two KPs,
where trends of consistent high displacement gradients and by near-
horizontal trends alternate, indicating at least two rifting phases and
more than one less active period (e.g., F5-4, F7-2, and F9-3, Fig. 11d). In
the along-strike DDDs, the previously mentioned approximately bell or
plateau shapes of the lateral displacement pattern can indicate rifting as
well (Fig. 11). Generally, bell-shaped displacement maxima are
observed for fault segments that only experienced one rift event, while
the plateau-shaped displacement maxima are observed for some of the
faults that underwent multiple rifting events. For these reactivated
faults, a viable explanation is a mechanism of rapid fault surface prop-
agation in the upper part of the sequence, while maintaining the lateral
fault tips approximately fixed. Additionally, tectonically less active pe-
riods are clearly reflected by overlapping horizons. For instance, in F8,
at location F8-1, the purple and dark blue horizons display a similar
displacement, corresponding to a near-horizontal curve in the along-dip
DDD. The same accounts for location F8-3, where a similar displacement
is observed for the dark and light blue horizons (Fig. 8).

F8 also illustrates that various extensional events can occur along the
length of a single fault. Notably, the timing of the tectonic quiet period
changes from the Early Jurassic at F8-1 to the Late Jurassic for F8-3
(Figs. 8 and 9). Additionally, two rifting events can be observed in the
along-dip DDD of F8-1 (between KP52 and KP53, and after KP54), while
only one is observed for F8-3 (between KP61 and KP62, Fig. 9). Similar
observations are made in F1, F3, F4, F5 and F6 (Figs. 7 and 9). By
integrating the lateral DDDs with the seismic depth maps, it becomes
evident that fault segments that only record the Late Jurassic rifting
event are consistently oriented NNW-SSE. Yet, fault segments that
recorded both the Late Triassic to Early Jurassic and Late Jurassic rifting
phases strike both NNW-SSE and NW-SE. As a result, a single fault with
internal bending can contain different segments that have undergone
one and multiple reactivation events. This is in line with the concept that
the underlying structural framework can modulate the segmentation of
normal faults (Lao-Davila et al., 2015; Manatschal et al., 2015; Brune
et al., 2023). In the WNB, the Late Triassic to Early Jurassic rift phase
developed upon the pre-existing NW-SE oriented structural framework,
forming NW-SE-oriented faults. The subsequence Late Jurassic rift likely
inherited the pre-existing NW-SE-oriented faults, which were more
prone to failure and tended to localize deformation (e.g., Henza et al.,
2010, 2011; Withjack et al., 2017; Zwaan and Scheurs, 2017; Wang
et al., 2021; Zwaan et al., 2021; Osagiede et al., 2021; Kolawole et al.,
2021; Bonini et al., 2023; Brune et al., 2023). As the extensional stress
field rotated from NE-SW to ENE-WSW by the Late Jurassic (Weert et al.,
2024), additional NNW-SSE striking faults were formed.

The alternating depths for the various events in the along-dip DDDs
illustrate that rifting in the WNB was a continuous process, with cul-
minations in the Early and Late Jurassic. Generally, there is a period of
tectonic quiescence, a post-rift phase, around the depth of the Posidonia
Shale Formation. Yet, the depth of the corresponding sub-horizontal
trend in displacement gradient varies between the base of the
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structure, and (g): with the development of a large-scale fault-propagation fold.

Nieuwerkerk Formation (e.g., F2-2 and F6-2) and base of the Altena
Group (e.g., F1-2 and F8-1). Furthermore, some along-dip DDDs show
another quiescent period, likely a pre- or post-rift phase, below the
Altena Group (e.g., F5-4 and F9-2), while others record rifting at this
time (e.g., F1-4 and F3-1). This shows that the rotation of the tectonic
stress field in the Jurassic was a gradual process.

6.3. Basin inversion

Reversed fault reactivation is characterized by negative values in the
DDDs (Figs. 1, 8 and 9e, f, and g). In the Jurassic sequence, reversed
reactivation caused negative values at the fault tips in the along-strike
DDDs (at TO, S1, T8 and T9 in Fig. 8 and illustrated in Fig. 11e). Pop-
up and significant fault-propagation folds are identified in the Creta-
ceous sequence. In these areas, the younger pattern of the Chalk Group
shows a bigger displacement than the older Rijnland Group. While pop-
up structures only tend to show this pattern in the middle segments of
the faults (e.g., F1 and F6 in Fig. 8 and illustrated in Fig. 11f), fault-
propagation folds cause this pattern to be present over the total length
of a fault (e.g., F8 in Fig. 8 and illustrated in Fig. 11g). Here, the fold
affects an area longer than that of the underlying fault, as evidenced by
the longer displacement pattern of the Chalk Group.

Transpressive inversion gives a distinct negative trend for the
displacement gradient in the along-dip DDDs (Fig. 1le, f, and g).
Starting at the upper fault tip, represented by zero, then decreasing into
negative values, due to compressional tectonics. A general turning point,
where the decreasing displacement gradient becomes increasing, can be
found around the depth of the base of the Rijnland Group. This turning
point is interpreted to mark the change from net compression to net
extension. Interestingly, F2-1 and F2-3 do not show this turning point for
the measured depths in the Cretaceous sequence. Likely, it is recorded
higher up in the stratigraphy, caused by a weaker effect of inversion on
F2.

Transpressive inversion is more pronounced in faults striking NNW-
SSE and NW-SE, characterized by higher throw values and the presence
of pop-ups and fault-propagation folds (e.g., F1, F6, F7, and F8). In

contrast, F2, which strikes WNW-ESE, shows less distinct effects of
inversion. For F2, this can be attributed to the steep dip of 75° and the
faults’ strike-slip component, making it more difficult to invert (Lowell,
1995; Bonini et al., 2012; Zwaan et al., 2022 and references therein).
While this may explain F2, it does not fully account for the basin’s trend.
Indeed, most transpressive inversion structures are NNW-SSE and
NW-SE elongated, but WNW-ESE striking structures also appear in the
depth map of the Chalk Group (Fig. 5a). The occurrence of these
structures can be attributed to the angle between the shortening direc-
tion and elongation of the pre-existing faults (Lowell, 1995; Bonini et al.,
2012; Zwaan et al., 2022 and references therein). The shortening di-
rection during the Late Cretaceous is presumed to be SSE-NNW (Kley
and Voigt, 2008), which is perpendicular to the WNW-ESE elongated
faults, and subparallel to the NNW-SSE and NW-SE striking faults.
Lowell (1995) suggested that faults with a 90° angle between their strike
and the shortening direction, have a less favourable azimuth for fault
reactivation than faults with an angle between 45° and 70°. This is due
to the transpressional nature of basin inversion, where a 90° angle can
cause the fault to ‘lock’. In the WNB, the presence of inversion-related
structures suggests a stronger compressional component over
strike-slip, allowing minor inversion on high-angle faults. This also ex-
plains why later inversion was less strong in the WNB. The shortening
direction changed to N-S during the Paleocene (Vandycke, 2002),
lowering the angle for the majority of the faults, making them less prone
to reactivation. Around early Miocene times, the stress field rotated to
attain a NW-SE direction (Dezes et al., 2004; Bourgeois et al., 2007),
which is parallel to the basins’ elongation, thus accommodating the
tectonic stability up till today.

Apart from the mechanisms driving transpressive inversion, the ar-
chitecture of the underlying extensional system also plays an important
role (e.g., Cooper and Warren, 2020; Richetti et al., 2023; Vasey et al.,
2024). When removing the bulk effect of inversion by flattening for the
base Cretaceous in Petrel, it appears that the majority of the
inversion-related structures are located on top of Triassic structural
highs. Here, fewer Jurassic syn-kinematic sediments are present, making
these areas weaker zones in the basin that are more prone to inversion
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(e.g., Ziegler, 1989; Pinto et al., 2010; Richetti et al., 2023; Cooper and
Warren, 2020).

7. Conclusions

Lateral (along-strike) and vertical (along-dip) displacement-distance
diagrams produced for nine basin-scale faults in the WNB highlight key
features for fault growth and displacement accrual in poly-phase
settings.

Vertical displacement-distance diagrams reflect displacement gra-
dients over time. High gradients indicate rifting phases, while low gra-
dients mark pre- and post-rift periods. Transpressive basin inversion
shows negative displacement gradients, that decrease from the fault tip
to a turning point, whereafter the gradient increases. This turning point
marks the change from net-compression to net-extension.

Lateral displacement-distance diagrams highlight throw patterns
that distinguish tectonic phases. They indicate that faults reached their
lateral lengths early in their growth history, with later reactivation only
determining upward propagation of the fault plane while accumulating
displacement. This is suggested by fixed fault tips, and the shape of the
displacement maxima. Approximately bell-shaped displacement max-
ima were formed during initial lateral growth and are observed in faults
active during a single rifting event. The bell-shaped maxima evolved
into plateau-shaped displacement maxima after multiple phases of
extensional activity. Basin inversion is marked by negative throw values.
Here, younger horizons displaying higher displacement maxima than
older ones indicate the presence of transpressional inversion-related
structures, such as pop-ups and fault-propagation folds. Folds are
evident, with longer lateral displacement in the folded horizons than in
the faulted horizons.

This study demonstrates the value of displacement-distance dia-
grams for analysing fault growth and tectonic processes in complex
geological settings, such as inverted rift basins. The proposed workflow
and interpretation guide can be broadly applied to study the evolution of
normal faults in similar geological settings worldwide.
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