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Abstract During dyke intrusion, tensile stresses concentrated within the overlying rock may
lead to the formation of normal faults. These faults typically form graben-bounding pairs that are
sub-parallel to, and dip toward, the upper tip of their underlying dyke. Many studies use geomet-
ric properties extracted from the surface expression of such dyke-induced faults to estimate the
geometry of subsurface dykes. These methods assume dyke-induced faults are planar and nu-
cleate at the surface. However, recent seismic reflection-based investigations of the 3D structure
of dyke-induced faults confirm they can be non-planar and have complex growth histories. Here,
we use 3D seismic reflection surveys from offshore NW Australia to: (1) examine how the surface
expression of dyke-induced faults relates to subsurface dyke geometry and depth; and (2) test
whether subjective bias may influence the quantitative analyses of dyke-induced faults using seis-
mic reflection data. We show displacement and dip vary across dyke-induced faults, supporting
previous suggestions that faults nucleate between dyke upper tips and the free surface. We also
find that prediction of dyke upper tip depths using graben width and area of loss methods are
sensitive to fault dip variations and interpretation biases, but often still produce similar results to
measured dyke depths. Both measured and predicted dyke depths vary by several hundred me-
tres along-strike, which we relate to the preservation of dyke heads, segmentation, and/ormagma
density changes. Overall, we show reflection seismology provides a better understanding of the
3D structure of dyke-induced faults and their relationship to the geometry and emplacement dy-
namics of their causal dykes.

1 Introduction

Igneous dykes facilitate magma transport and their
intrusion generates both extensional and compres-
sional stresses (Figure 1A) (e.g., Rivalta et al., 2015; Ru-
bin, 1993). Within the upper crust, dyke intrusion and
opening is expected to concentrate tensile stresses
above the dyke upper tip and in two elongate, sub-
parallel zones at the free surface (Figure 1A) (e.g.,
Koehn et al., 2019; Pollard et al., 1983; Rubin, 1992; Ru-
bin and Pollard, 1988). Shear failure within this ex-
tensional stress field produces graben-bounding nor-
mal faults that strike sub-parallel to the underlying
dyke and which extend from the dyke’s upper tip to
zones of maximum tensile stress at the surface (Fig-
ure 1A) (e.g., Pollard et al., 1983; Trippanera et al.,
2015a). In many active and ancient volcanic systems,
on Earth and other planetary bodies, we can examine
the surface expression of such dyke-induced faults
and quantify their geometry, displacement, and kine-
matics (e.g., Perrin et al., 2022; Pollard et al., 1983;
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Rivas-Dorado et al., 2021; Trippanera et al., 2015a; Wil-
son and Head, 2002; Xu et al., 2016). We expect these
fault properties to relate to the location, size, shape,
and intrusion dynamics of the underlying dyke (e.g.,
Drymoni et al., 2023; Dumont et al., 2017; Rivas-Dorado
et al., 2021; Trippanera et al., 2015a). Studying dyke-
induced faults thus allows us to infer the structure
and dynamics of subsurface dykes, which is crucial to
understanding volcanic activity and the role of dyking
in crustal extension (e.g., Dumont et al., 2015; Rivas-
Dorado et al., 2021; Tibaldi et al., 2022; Trippanera et al.,
2015b; Wilson and Head, 2002; Xu et al., 2016).

Several previous studies have used the width of
dyke-induced graben and fault heaves to estimate
the depth to dyke upper tips and dyke thickness, re-
spectively (e.g., Hjartardóttir et al., 2016; Perrin et al.,
2022; Rivas-Dorado et al., 2021; Rubin, 1992; Rubin and
Pollard, 1988; Trippanera et al., 2015b). These pre-
dictions assume that dyke-induced faults are planar
and project down-dip to intersect at the dyke up-
per tip (Figure 1A), and that their cumulative heaves
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Figure 1 – (A) Schematic 3D block diagram showing the modelled stress distribution around an opening dyke, and the
location of expected dyke-induced faults (based on Rubin, 1992). (B) 3D seismic reflection data from the Chandon 3D seis-
mic survey, offshore NW Australia, detailing the seismic expression of dykes and dyke-induced faults (based on Magee and
Jackson, 2020). Fault dip and displacement variations are shown on the opposing faults

are broadly equivalent to dyke thickness (e.g., Magee
and Jackson, 2021). Physical, numerical, and analyt-
ical models support these assumptions (e.g., Hardy,
2016; Koehn et al., 2019;Mastin and Pollard, 1988; Pol-
lard et al., 1983; Trippanera et al., 2015b), but it is dif-
ficult to test their validity because: (1) we lack field
exposures that reveal the 3D structure of dyke and
dyke-induced fault systems; and (2)models of ground
movement related to active dyke-induced faulting are
typically non-unique (e.g., Wright et al., 2006).

Reflection seismology allows us to image entire
dyke and dyke-induced fault systems in 3D at a
decametre-scale (Figure 1B) (Bosworth et al., 2015;
Magee and Jackson, 2021, 2020). For example, using
seismic reflection data from offshore NW Australia,
Magee and Jackson (2021) show that fault displace-
ment, heave, and dip varied laterally and vertically
across two buried dyke-induced faults (Figure 1B):
dyke-induced faults are thus not always planar, as
is commonly assumed, and their surficial heave may
not fully reflect the extension the faults accommo-
date. These findings question the accuracy of dyke lo-
cations, sizes, and shapes estimated from the surface
expression of dyke-induced faults (Magee and Jackson,
2021). However, extracting quantitative data (e.g.,
dyke-induced fault properties) from seismic reflec-
tion data is subject to several objective and subjec-
tive sources of uncertainty (e.g., Alcalde et al., 2017a;
Bond et al., 2007; Dimmen et al., 2023; Faleide et al.,
2021; Wilson et al., 2019). We thus need to establish
how sources of uncertainty may affect interpretation
of dyke-induced fault data extracted from seismic re-
flection volumes, if we are to have confidence inmod-

els derived from these data.

Here, we use two 3D seismic reflection datasets
from offshore NW Australia to extend the study of
Magee and Jackson (2021). We specifically test: (1) if
other dyke-induced fault pairs in the region show sim-
ilar variations in displacement and dip across their
surface (e.g., Figure 1B) (Magee and Jackson, 2021);
(2) the reliability of different methods for estimat-
ing dyke upper tip depths, which we refer to as top-
dyke depths, from dyke-induced graben geometry
(e.g., Pollard et al., 1983; Rivas-Dorado et al., 2021;
Trippanera et al., 2015b); and (3) how sources of un-
certainty affect variations in measured or calculated
fault, graben, and dyke properties (e.g., Bond et al.,
2007; Faleide et al., 2021). To achieve our aims, we
compile and calculate fault property data from foot-
wall and hanging wall cut-offs mapped by four in-
dividuals from the same faults. We present data
for dyke-induced fault pairs above three dykes and
show displacement and dip is variable across them
all, consistent with the findings of Magee and Jackson
(2021). Although interpretation bias can introduce
measurement errors, consistency between datasets
produced by different individuals suggests we can, at
least to a first order, relate the surface expression
of dyke-induced faults to dyke geometry (cf. Magee
and Jackson, 2021). However, it seems that build-
ing confidence in estimating dyke parameters from
related ground deformation requires knowledge of
how fault properties, particularly dip, change with
depth. Unfortunately, this subsurface information is
rarely available for active volcanic settings or other
planetary bodies, but we suggest empirical data and
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relationships derived from reflection seismic data
could help reduce uncertainty.

2 Geological Setting

The Northern Carnarvon Basin, located offshore NW
Australia, developed during several phases of rift-
ing between Australia and Greater India in the Late
Carboniferous-to-Early Cretaceous (Figure 2) (e.g., Di-
reen et al., 2008; Stagg et al., 2004; Tindale et al., 1988).
Within this basin, the Exmouth Plateau is located to-
wards the south-west and marks a region of <10 km
thick continental crust overlain by a <18 km thick sed-
imentary sequence (Figure 2C) (e.g., Exon et al., 1992;
Karner and Driscoll, 1999; Pryer et al., 2002). Rifting
of the Exmouth Plateau began in the Late Triassic-to-
Jurassic, forming an array of ~N-S striking, large (of-
ten >1 km throw) normal faults within pre-rift, fluvio-
deltaic sedimentary rocks of the Mungaroo Forma-
tion (Figure 2B and C) (e.g., Bilal and McClay, 2022;
Bilal et al., 2018; Stagg et al., 2004). The Exmouth
Plateau was sediment-starved during this phase of
rifting, so contains a relatively condensed (≲100 m
thick), late Triassic-to-Early Jurassic marine succes-
sion (e.g., Figure 2B and C) (e.g., Exon et al., 1992;
Karner and Driscoll, 1999). This latest Triassic-to-Early
Jurassic strata is separated from the Late Jurassic, ma-
rine Dingo Claystone by the end Callovian regional
unconformity (Figure 2B) (e.g., Bilal et al., 2018; Tin-
dale et al., 1988; Yang and Elders, 2016). Tectonic
faulting reduced or ceased in the Late Jurassic across
the North Carnarvon Basin, but renewed after for-
mation of the Base Cretaceous unconformity (latest
Tithonian; ~148 Ma) and during deposition of the
Tithonian–Valanginian (~148–138 Ma), marine Bar-
row Group (Figure 2B) (e.g., Gartrell et al., 2016; Pau-
mard et al., 2018; Reeve et al., 2016). This renewed
faulting produced N-S to NE-SW-striking, low-throw
(<0.1 km) normal faults (e.g., Black et al., 2017). Conti-
nental break-up eventually occurred along the west-
ern and southern margins of the Exmouth Plateau
in the Early Cretaceous (Valanginian–Hauterivian;
~135–130 Ma), followed by thermal subsidence and
passive margin development (Figure 2B and C) (e.g.,
Direen et al., 2008; Reeve et al., 2021; Robb et al., 2005).

2.1 The ExmouthDyke SwarmandDyke-
Induced Faults

Seismic reflection data reveal a swarmof sub-vertical,
low-amplitude zones that disrupt stratigraphic reflec-
tions within (and below) the Mungaroo Formation
across the Exmouth Plateau (e.g., Figures 1B and
3) (Magee and Jackson, 2021). Borehole data con-
firm these vertical zones of disruption correspond to
dykes, each likely 10’s of metres thick, belonging to
the Exmouth Dyke Swarm (Magee and Jackson, 2021).
These dykes are 10’s–100’s km long and appear to ra-
diate outwards from focal area within the CuvierMar-
gin, fromwhich they likely propagated laterally north-
wards (e.g., Figure 2A) (Magee and Jackson, 2021). A
series of graben occur directly above and along the

dykes, with the oppositely dipping faults intersect-
ing at the dyke upper tips (e.g., Figures 1B and 3);
these have been interpreted as dyke-induced faults
(Magee and Jackson, 2020, 2021). The dyke-induced
faults offset siliciclastic Triassic-to-Jurassic strata, and
terminate upwards at the Base Cretaceous uncon-
formity, which is inferred to mark the free surface
at the time of faulting and dyking (e.g., Figure 3A
and B) (Magee and Jackson 2020a; Magee and Jack-
son 2020b). Within the dyke-induced graben are nu-
merous pit craters, which extend from dyke upper
tips or dyke-induced fault planes up into the Upper
Jurassic Dingo Claystone (e.g., Figure 3B) (Magee and
Jackson, 2020, 2021).Seismic reflection data reveal a
swarm of sub-vertical, low-amplitude zones that dis-
rupt stratigraphic reflections within (and below) the
Mungaroo Formation across the Exmouth Plateau
(e.g., Figures 1B and 3) (Magee and Jackson, 2020).
Borehole data confirm these vertical zones of disrup-
tion correspond to dykes, each likely 10’s of metres
thick, belonging to the Exmouth Dyke Swarm (Magee
and Jackson, 2020). These dykes are 10’s–100’s km
long and appear to radiate outwards from focal area
within the CuvierMargin, fromwhich they likely prop-
agated laterally northwards (e.g., Figure 2A) (Magee
and Jackson, 2020). A series of graben occur directly
above and along the dykes, with the oppositely dip-
ping faults intersecting at the dyke upper tips (e.g.,
Figures 1B and 3); these have been interpreted as
dyke-induced faults (Magee and Jackson, 2020, 2021).
The dyke-induced faults offset siliciclastic Triassic-to-
Jurassic strata, and terminate upwards at the Base
Cretaceous unconformity, which is inferred to mark
the free surface that was concurrent with fault and
dyke activity (e.g., Figure 3A and B) (Magee and Jack-
son, 2020, 2021). Within the dyke-induced graben are
numerous pit craters, which extend from dyke upper
tips or dyke-induced fault planes up into the Upper
Jurassic Dingo Claystone (e.g., Figure 3B) (Magee and
Jackson, 2020, 2021).

3 Data and Methods

3.1 Data

We use the Chandon and Glencoe 3D seismic reflec-
tion surveys to analyse dyke-induced faults above
three dykes (dykes B, D, and E; Figure 3). Both seismic
surveys are time-migrated, processed to zero-phase,
and have bin spacings of 25m; Chandon has a record
length of 6 seconds two-way time (s TWT), whereas
Glencoe extends down to 8 s TWT. The Chandon 3D
survey has a SEG reverse polarity, whereby a down-
ward increase in acoustic impedance corresponds to
a trough (black) reflection and a downward decrease
in acoustic impedance is marked by a peak (white) re-
flection (Figure 3A). Conversely, the Glencoe 3D sur-
vey has an SEG normal polarity (Figure 3B).

To constrain the age and lithology of mapped re-
flections, we tied four and five different boreholes
to the Chandon and Glencoe 3D surveys, respec-
tively (Figure 3C). Checkshot data from these bore-
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Figure 2 – (A) Map of offshore NW Australia highlighting principal tectonic elements: ExSB = Exmouth Sub-basin, BSB =
Barrow Sub-basin, DSB = Dampier Sub-basin, CAP = Cuvier Abyssal Plain, GAP = Gascoyne Abyssal Plain, AAP = Argo Abyssal
Plain, CRFZ = Cape Range Fracture Zone. Elevation data are based on the 2009 Australian Bathymetry and Topography grid
(Geoscience Australia). The Exmouth Dyke Swarm is also shown (Magee and Jackson, 2021). (B) Tectono-stratigraphic column
for the Exmouth Plateau (based on Hocking et al., 1987;Magee and Jackson, 2021; Longley et al., 2002; Tindale et al., 1988). (C)
Uninterpreted and interpreted 2D seismic line across the Exmouth Plateau and Exmouth Sub-basin showing the upper part
of the sedimentary sequence (modified from Norcliffe et al., 2021).

holes allowed us to establish time-depth relation-
ships for the two seismic surveys (Figure SI-1 and Ta-
ble SI-1, in Supporting Information), which we use to
depth-convert measurements from TWT to metres.
With these time-depth relationships and dominant
frequencies of ~40–30 Hz within the interval of inter-

est, we estimate the limits of separability and visibility
for both datasets to be ~20±4 m and 3±1 m, respec-
tively. The limit of separability defines the smallest
vertical distance between two boundaries for them
to be expressed in the data as discrete reflections
(e.g., Brown, 2011). Acoustic energy reflected from
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boundaries separated by vertical distances less than
the limit of separability, but greater than the limit of
visibility, merges on their return to the surface and
cannot be deconvolved; this produces a tuned reflec-
tion package, as opposed to two distinct reflections
(e.g., Brown, 2011). For any boundaries separated by
a vertical distance (throw) less than the limit of vis-
ibility, their reflection signal is obscured by seismic
noise(Brown, 2011). The horizontal resolution of both
datasets is ~25 m, equivalent to the bin spacing.

3.2 Seismic Interpretation

To test the findings ofMagee and Jackson (2021), which
focussed on the dyke-induced faults above Dyke E
in the Chandon 3D survey, we extend their mapping
of 11 seismic horizons (HA–HK; Figure 3A) to areas
above dykes B and D, which are imaged in the Chan-
don 3D survey. Of these horizons, HK corresponds
to the Base Cretaceous unconformity and HF defines
the Top Mungaroo Formation (Figure 3A). The upper
tip of some dykes we analyse are deeper than that
of Dyke E, and their overlying dyke-induced faults ex-
tend to greater depths too; we thus also map several
horizons below HA (i.e. HAZ–HAW; Figure 3A). Where
possible within the Glencoe 3D survey, we map the
same HK–HA horizons above dykes B, D, and E (Fig-
ure 3B). However, due to variations in data quality
and reflection continuity within the Glencoe volume,
we cannot map horizon HE and instead interpret a
deeper reflection we name HD-E (Figure 3B). In the
Glencoe volume we also map an extra horizon, HA-B,
between HA and HB (Figure 3B).

Using transects oriented perpendicular to fault
strike and dyke trend, we measure the hanging wall
and footwall cut-off pairs for each horizon, where
they intersect the studied dyke-induced faults, and
the upper tips of underlying dykes (e.g., Figure 4A).
Four of the authors independently mapped fault cut-
offs and dyke tips along the same selected graben
(Craig Magee = CM; Victoria Love = VL; Karima Fayez
= KF; Billy Andrews = BA), allowing us to assess the
impact of interpretation bias on our findings. Tran-
sect spacing is 100 m for BA and 125 m for CM, VL,
and KF; these values were selected to provide a high-
resolution dataset in a suitable timeframe, with the
100mand 125m spacings used to checkwhether line
selection influenced results.

3.3 Measurements and Calculations

From the coordinates of each interpreted fault cut-off
pair, including those mapped by Magee and Jackson
(2021), we calculate fault throw (t) and heave (h) (Fig-
ure 4A). These throw and heave calculations allow us
to estimate fault dip (α) and displacement (d), assum-
ing the slip vector is dip-parallel (Figure 4A) (Magee
and Jackson, 2021). There is no evidence within the
seismic reflection data to support or challenge the
assumption that the dyke-induced fault slip vectors
were dip-parallel, but this is broadly consistent with
observations of tensile opening and slip vectors of

active dyke-induced faults observed elsewhere (e.g.,
Hofmann, 2013; Tibaldi et al., 2022). For fault cut-
offs mapped on faults along the same horizon and
transect, we combine fault property measurements
to derive cumulative throw, heave, and displacement
values, as well as the average fault dip (αav). Along
each transect, we also use fault cut-off coordinates to
calculate (Figure 4A): (1) the horizontal graben width
(GW) and half-width (GWH) between footwall cut-offs;
(2) the line length distance (GL) between footwall cut-
offs, which unlike GW or GHW accounts for differences
in cut-off elevation; (3) the horizontal graben width
(gw) between hanging wall cut-offs; (4) the line length
distance (gl) between the hanging wall cut-offs; and
(5) the diagonal line length (GDIA) between one hang-
ing wall cut-off and the opposing footwall cut-off (see
also Rivas-Dorado et al., 2021). These graben width
and line length measurements are required to calcu-
late the graben area on each transect (Rivas-Dorado
et al., 2021).

We apply two methods to predict the current
(DD

n; i.e. the predicted depth of the dyke below
the current seabed) and syn-emplacement (DD

0; i.e.
the predicted depth of the dyke below horizon HK,
the seabed concurrent to dyke intrusion) top-dyke
depths from calculated graben width properties (Fig-
ure 4). We first use trigonometry to estimate top-
dyke depths from graben half-widths (GHW) and fault
dips (α) measured at any stratigraphic level, such as
the syn-emplacement free surface (Figure 4B) (e.g.,
Pollard et al., 1983; Trippanera et al., 2015b). This
trigonometric method assumes faults are planar and
project straight down-dip (Figure 4B) (Magee and Jack-
son, 2021). Most studies assume αis constant for both
faults and, based on measurements and/or regional
information, is ~70–60°(e.g., Rubin and Pollard, 1988;
Trippanera et al., 2015a). We present results where
we consider that both faults have dips equivalent to
either: (1) the average of the two fault dips (αav); (2)
60°, as this is thought typical of normal faults within
an Andersonian framework (Anderson, 1951); and (3)
45°, which is similar to the dip of Late Jurassic-to-
Early Cretaceous tectonic normal faults in the region
(e.g.,Magee et al., 2016). We henceforth refer to these
threemethod variants as trigαav, trig60, and trig45, re-
spectively. We also use an area of lossmethod, which
relates the cross-sectional area of a graben on a given
transect to the top-dyke depth (Rivas-Dorado et al.,
2021). The area of loss method specifically calculates
the area between the four fault cut-offs on each tran-
sect, which form the vertices of an irregular quadri-
lateral shape, using the defined line length measure-
ments GL, gl, and GDIA (Figure 4A, C) (Rivas-Dorado
et al., 2021). From the area of this irregular quadri-
lateral shape, a rectangle of the same area is created
(Rivas-Dorado et al., 2021). By setting the width of this
derived rectangle to equal the cumulative fault heave,
which is assumed equivalent to dyke thickness (DT),
the resulting length of the rectangle is taken as the
vertical distance between the syn-emplacement sur-
face and dyke upper tip (Figure 4C); i.e. the graben
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Figure 4 – (A) Schematic diagram depicting the different dyke-induced fault and graben properties calculated from the X,
Y, and Z co-ordinates of mapped fault-cut-offs. (B) Sketch showing how fault dips and graben half-widths can be used to
project faults down-dip and estimate dyke upper tip depths. (C) Sketch showing the graben area of loss and cumulative fault
heave (h1 + h2) can be used to define a rectangle, the length of which can be considered equivalent to the dyke upper tip
depth (modified from Rivas-Dorado et al., 2021).

area of loss is assumed to equal the area gained by
dyke-driven extension (Rivas-Dorado et al., 2021).

3.4 Limitations and Errors

Although seismic reflection data provide unique in-
sight into the 3D structure of dykes and dyke-induced
faults, interpreting and quantitatively assessing these
features, which often have displacements of <20 m,
is affected by several objective and subjective uncer-
tainties involved in seismic interpretation (e.g., Dim-
men et al., 2023; Magee and Jackson, 2021; Wilson
et al., 2019). Objective uncertainty, which can often
be quantified, includes limitations related to resolu-
tion and quality of seismic imaging, as well as seis-
mic velocities used for depth conversion (Faleide et al.,
2021). For example, the seismic velocities we use are
taken from borehole data, meaning they do not cap-
ture possible variations in seismic velocity across the
study area, away from the borehole locations (Magee
and Jackson, 2021). However, because the time-depth
relationships of the boreholes for each 3D survey we
use are similar (Figure SI-1, in Supporting Informa-
tion), we adopt the conservative view that calculated
seismic velocities could vary by up to ±10% (Magee

and Jackson, 2020, 2021).

It is also important to consider that the dykes and
dyke-induced faults in the Exmouth Plateau formed
during the Late Jurassic, and have since been buried
by several kilometres of sedimentary strata (Magee
and Jackson, 2020). Most sedimentary rocks compact
as they are buried, reducing stratal thicknesses and
rotating any pre-existing, inclined fractures to shal-
lower angles (Allen and Allen, 2013). Burial-related
compaction can thus reduce fault throw, potentially
by up to 15% in sand-dominated or mixed sand-shale
lithologies (Taylor et al., 2008), meaning our calcu-
lated fault dips, displacements, and predicted top-
dyke depths are minimum estimates. However, we
note that all dykes and dyke-induced faults in the
study area occur at similar depths (~3–4 km) under
a similar overburden thickness, so we suggest com-
paction, and compaction-related modification of the
primary geometries, can be considered to have been
constant across the study area (Magee and Jackson,
2020, 2021). Although our measurements and cal-
culations may not therefore reflect the absolute syn-
emplacement 3D structure of the dyke and dyke-
induced faults, their relative values will be compara-
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ble, i.e. the current patterns of displacement, dip, or
predicteddykeupper tip depthdistributionwill be the
same as when dyking occurred in the Late Jurassic.

Subjective uncertainties and biases relate to those
introduced by the person undertaking the interpreta-
tion and are generally more difficult to quantify (e.g.,
Alcalde et al., 2017a; Bond et al., 2007; Faleide et al.,
2021;Wilson et al., 2019). For example, mapping foot-
wall and hanging wall cut-offs of low offset faults,
or faults with a high proportion of continuous de-
formation, is particularly prone to interpretation bias
(Schaaf and Bond, 2019). Where fault displacement
is substantially greater than the limit of separability
andhorizontal resolution, reflections are often clearly
offset and discrete footwall and hanging wall cut-offs
can be identified (Figure 5A and B) (Dimmen et al.,
2023). In these cases, any fault-related continuous
deformation (i.e. local rotation of bedding and thus
reflections adjacent to faults; Delogkos et al., 2017)
can be accounted for by projecting the regional dip of
horizons onto the fault to define cut-off positions (Fig-
ure 5A and C) (e.g., Mansfield and Cartwright, 1996).
In contrast, where fault displacement is close to or
below the limit of separability and horizontal reso-
lution, reflections are continuous but appear locally
distorted (Figure 5A and D) (e.g., Dimmen et al., 2023;
Faleide et al., 2021). Here, it is the interpreter’s deci-
sion, which can be biased by experience (e.g., Bond
et al., 2007), as to where to place the footwall and
hanging wall cut-offs (Figure 5D). For example, an in-
terpreted portion of the fault will have a shallower
dip and larger displacement (andheave) if cut-offs are
mapped at the inflection points of a distorted reflec-
tion, as opposed to projecting the cut-offs to a mid-
point (Figure 5D). Any projection of cut-offs also influ-
ences measured graben width properties. Given lim-
itations of data resolution and imaging quality, there
is no unique, or ’correct’, interpretation of fault cut-
off location (Alcalde et al., 2017a; Dimmen et al., 2023;
Faleide et al., 2021, e.g.,).

Previous studies have suggested interpretation
bias in quantifying dyke-induced fault properties can
be conservatively accounted for by applying ±5%
measurement errors (Magee and Jackson, 2021). To
preliminarily explore the effect of interpretation bias,
and test these prior assumptions, we present data
based on independent mapping of fault cut-offs by
four authors (CM = Craig Magee; VL = Victoria Love;
KF = Karima Fayez; BA = Billy Andrews). Each author
mapped fault cut-offs along the Top Mungaroo For-
mation for one or several dyke-induced fault pairs,
using different transects and transect spacings rela-
tive to others. We also conducted a repeat experi-
ment whereby CM mapped dyke-induced fault cut-
offs above Dyke D along the Top Mungaroo Forma-
tion on the same transects on two occasions (CM1
and CM2), separated by ~1 year. To compare the re-
sults from these datasets, we use F-tests to statisti-
cally determine the probability that calculated fault
properties or predicted dyke upper tip depths are not
significantly different. If the calculated F value for the

two or three datasets being compared is less than
a critical amount (Fcrit), the null hypothesis that the
datasets may be considered equal is accepted.

4 Results

4.1 Structural Framework

Dykes D and E are sub-parallel and strike ~012°(Fig-
ure 3C). Dyke B and its dyke-induced faults trend
~002°, intersecting other dykes (i.e. C, D, and E)
and associated faults, respectively (Figure 3C). Where
these dykes and faults intersect, they can be diffi-
cult to identify and assign (Figure 3C). Dyke B and
its dyke-induced faults also cross-cut or are cross-cut
by a major W-dipping, ~N-S striking, tectonic normal
fault, and several smaller associated tectonic faults
within the Chandon 3D survey (Figure 3C). Within the
Chandon 3D survey, dyke-induced faults above Dyke
D are also cross-cut, and possibly offset by, a minor
S-dipping, ~NW-SE striking, tectonic normal fault (Fig-
ures 3C and 6A). Elsewhere in the study area, there is
little connectivity between the studied dyke-induced
faults and tectonic faults (Figure 3C).

4.2 Dyke D and its Overlying Dyke-
Induced Faults

To illustrate our research methodology, we first
present quantitative data from the dyke-induced
faults above Dyke D in the Chandon 3D survey, which
we separate into DF1-DF2 and DF3-DF4 pairs, anal-
ysed by CM and BA (Figure 6A); two cut-off sets are
mapped by CM (i.e. CM1 and CM2; Figure 6). Above
Dyke D along the Top Mungaroo Formation, graben
widths are ~1.20–2.05 km, average fault dips are
~20–85°, and cumulative displacements are ~5–97
m (Figure 6; Table SI-2, In Supporting Information).
Dyke-induced fault lengths mapped by CM and BA
differ, with CM interpreting DF1-DF2 ~3 km further
northwards than BA (Figure 6A). Where fault cut-offs
interpreted by CM and BA spatially overlap, graben
widths are similar, displaying systematic increases
anddecreases along-strike at the kilometre-scale (Fig-
ure 6B). The average fault dips and cumulative dis-
placement calculated by CM1, CM2, and BA are more
variable (Figure 6C and D; Table SI-2, In Supporting
Information). Differences between the CM1 and CM2
datasets, which use the same transects, are due to
small offsets of ≲100 m in cut-off positions (average
is ~18 m; Table SI-3, in Supporting Information) but
statistical F-tests reveal their variance is insignificant
(i.e. F<Fcrit; Table 1). Conversely, F-tests demonstrate
that variances between the CM1, CM2, and BA mea-
surements of grabenwidth, average fault dip, and cu-
mulative displacement are significant (i.e. F>Fcrit; Ta-
ble 1).

Measured top-dyke depths for Dyke D in the Chan-
don 3D survey range from ~3.5–3.8 km beneath cur-
rent sea-level (Table SI-2, In Supporting Information),
which broadly correspond to emplacement depths
of ~0.9–1.1 km beneath the syn-intrusion surface,
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Table 1 – Statistical F-tests comparing CM1, CM2, and BA data

CM1 and CM2
comparison

CM1, CM2, and
BA comparisonProperty Interpreter Mean

(m)
Variance

F Fcrit F Fcrit
CM1 1658 011843
CM2 1679 011904

1.01 1.35
Horizontal graben width [Gw]

BA 1602 010577
14.58 3.02

CM1 0040 000038
CM2 0037 000052

1.36 1.37
Average fault dip [αav ]

BA 0046 000102
35.78 3.02

CM1 0036 000167
CM2 0034 000225

1.35 1.35
Cumulative displacement

BA 0050 000365
31.87 3.02

CM1 3556 029921
CM2 3501 030500

1.02 1.37
Trigαav estimated top-dyke depth

BA 3778 205831
26.45 3.02

CM1 4282 008973
CM2 4300 009292

1.04 1.35
Trig60 estimated current top-dyke depth

BA 4246 008696
08.98 3.02

CM1 3675 003510
CM2 3686 003649

1.04 1.35
Trig45 estimated current top-dyke depth

BA 3660 003217
05.23 3.02

CM1 3547 040773
CM2 3488 027126

1.50 1.35
Area of loss estimated current top-dyke-depth

BA 3735 197886
21.90 3.02

Horizon HK (Figure 7A). Along the graben, over lat-
eral distances of ~125–250 m, there are some abrupt
changes of up to ~200m inmeasured top-dyke depth
superimposedonto subtle (<100m) increases andde-
creases over the kilometre-scale (Figure 7A). Predic-
tions of current top-dyke depths derived using the
trigαav, trig45, and area of loss methods are often
within error of measured top-dyke depths for both
CM and BA (Figure 7; Table SI-2, In Supporting In-
formation). However, top-dyke depths predicted us-
ing the trig60 method appear to overestimate dyke
depths (Figure 7A). Statistical F-tests reveal the vari-
ance of trigαav, trig60, and trig45 calculations by CM1
and CM2 is insignificant (Table 1). Only for top-dyke
depths predicted using the area of loss method is the

variance significant (Table 1). F-tests demonstrate the
difference between the CM and BA top-dyke depth
estimates is significant, regardless of the prediction
method used (Table 1). Overall, for Dyke D it appears
that the methods of trigαav, trig45, and area of loss
provide consistent results, but the derived depth is
sensitive to the interpreter collecting the data.

We also measure graben width and predict top-
dyke depths using fault cut-offs for DF1-DF2 and DF3-
DF4 mapped at various stratigraphic horizons (e.g.,
Figure 8). As part of the CM1 analysis, we show
graben width is variable along DF1-DF2 and DF3-DF4
at all stratigraphic levels and decreases with depth
(Figure 8A) (data provided in Magee and Love, 2021).
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Figure 6 – (A) Uninterpreted and interpreted time-
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above Dyke D in the Chandon 3D survey (see Figure 3C for
key and location). Footwall cut-off and dyke upper tip depth
locations mapped by CM1 and BA are shown. (B-D) Plots
compare graben width, average fault dip, and cumulative
displacement (displ.) calculated from CM1, CM2, and BA
cut-off mapping.

Top-dyke depths, relative to current sea-level, pre-
dicted from these grabenwidthmeasurements at dif-
ferent stratigraphic levels do vary, but together de-
fine amean profile with relatively low standard devia-
tions of ≲300m (e.g., Figure 8B and C). Comparing the
mean top-dyke depth estimateswith thosemeasured
from the seismic reflection data reveals that: (1) pre-
dictions derived from the trigαav, trig45, and area of
loss methods are broadly comparable to measured
top-dyke depths, although on average they underes-
timate top-dyke depths by ≲170 m; and (2) the trig60
predictions are nowwithin the error ofmeasured top-
dyke depths, but overestimate measured values by
~420 m (Figure 7D).

4.3 Graben Widths along the Top
Mungaroo Formation and Predicted
Top-Dyke Depths

To further test how interpreter bias may influence
quantitative dyke-induced fault analyses, we examine
how graben width measurements and predicted top-
dyke depths for dykes B and E vary between three au-
thors (i.e. CM, VL, and KF; Figure 9) (all data available
in Magee et al., 2022; Magee and Love, 2021). Across
the Top Mungaroo Formation (Horizon HF), we ob-
serve both gradual changes along-strike in graben
width and abrupt changes (e.g., Figure 9). Most mea-
surements of graben width at the TopMungaroo For-
mation obtained by different authors are similar (i.e.
<100 m difference) but can vary by up to ~400 m (Fig-
ure 9A and B). Comparingmeasured top-dyke depths
and those predicted using the graben widths mea-
sured along the Top Mungaroo Formation above of
dykes B and E reveals that (Figure 9): (1) predicted
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Figure 7 – (A) Plots comparing measured top-dyke depths
with those predicted by CM1 and BA using different meth-
ods (trigαav, trig60, trig45, and area of loss). Error bars are
not shown because we compare calculations subject to the
same uncertainties and to improve clarity; we make an ex-
ception for the measured top-dyke depths, for which we
include a ±15% error envelope, to enable a broader com-
parison to predicted top-dyke depths. (B) Box-and-whisker
plots comparing measured and predicted top-dyke depth
ratios calculated by different methods and using fault cut-
off datasets mapped by different interpreters (CM1, CM2,
and BA). The boxes describe the interquartile range and
median of each dataset, with the whiskers marking lower
and upper extremes of the data. We also show the mean
(dashed line) and outliers in these data.

top-dyke depths derived from the trigαav, trig45, and
area of lossmethods are broadly comparable tomea-
sured top-dyke depths; (2) top-dyke depth predic-
tions calculated using the trig60 method overesti-
mates measured top-dyke depths; (3) even though
the four authors mapped fault cut-offs on different
transects, there is generally good agreement in their
predicted top-dyke depths, except for EF3-EF4; (4)
top-dyke depths appear to increase and decrease by
~100 m over several kilometres; and (5) abrupt and
isolated changes in predicted top-dyke depths along
individual graben occur when calculated using the
trigαav and area of lossmethods, but are absent when
fault dip is assumed to be 60°or 45°. Statistical F-tests
reveal that the variance between graben width mea-
surements acquired by different authors above the
same fault are not significant (i.e. F<Fcrit; Table 2).
We also show that variance between top-dyke depth
predictions for Dyke E in the Chandon 3D survey is
insignificant (F<Fcrit), but for the Glencoe 3D survey
most predictions are significantly different from each
other (F>Fcrit), except where we use the area of loss
method.
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shown for clarity. (B) Top-dyke depths predicted using graben widths and average fault dips acquired from each horizon
(HK–HAW) on eachmeasurement transect. From the predicted top-dyke depths for all horizons, we calculate their mean and
standard deviation. (C) Top-dyke depths predicted using the area of lossmethod and fault cut-offsmapped for each horizon
(HK–HAW) on each measurement transect. From the predicted top-dyke depths for all horizons, we calculate their mean
and standard deviation. (D) Plot comparing measured top-dyke depths with mean predicted top-dyke depths estimated
using different methods (trigαav, trig60, trig45, and area of loss). Standard deviation envelopes are shown for the trigαav and
area of loss methods.

4.4 Graben Widths and Predicted Top-
Dyke Depths in 3D

To better evaluate the validity of top-dyke depth pre-
diction methods, and extend the 3D analysis of DF1-
DF2 and DF3-DF4 (Figure 8), we measured graben
width across allmapped horizons aboveDyke B in the
Chandon 3D survey and Dyke E in the Chandon and
Glencoe 3D surveys (all data provided in Magee et al.,
2022; Magee and Love, 2021) . The measured top-
dyke depths beneath current sea-level range from

~3.3–3.7 km and ~3.3–3.6 km for dykes B and E,
respectively (Figure 10A and B). Along the graben,
over lateral distances of ~125–250 m, there are some
abrupt changes of up to ~100 m in measured top-
dyke depth superimposed onto broad increases and
decreases of up to ~300 m over the kilometre-scale
(Figure 10A and B). There is often scatter between the
predicted top-dyke depths from different horizons,
but mean values display relatively low (≲200 m) stan-
dard deviations, and those predictions derived from
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Table 2 – Statistical F-tests comparing CM, VL, and KF data

Dyke-induced graben Property Interpreter
Mean
(m)

Variance F Fcrit

Dyke B,
Chandon 3D survey

Horizontal graben
width [GW]

CM 1561 35490
1.31 1.49

VL 1489 27083
Trigαav estimated
top-dyke depth

CM 3386 28122
1.65 1.49

VL 3183 16996
Trig60 estimated

currenttop-dyke depth
CM 4044 47071

1.14 1.49
VL 3988 41204

Trig45 estimated
current top-dyke depth

CM 3473 23542
1.08 1.49

VL 3443 21842
Area of loss estimated
current top-dyke-depth

CM 3403 32538
2.05 1.49

VL 3198 15896

Dyke E,
Chandon 3D survey

Horizontal graben
width [GW]

CM 1120 30234
1.30 1.38

VL 1102 39193
Trigαav estimated
top-dyke depth

CM 3379 17325
1.14 1.39

VL 3205 19709
Trig60 estimated

current top-dyke depth
CM 3818 23523

1.14 1.38
VL 3803 26909

Trig45 estimated
current top-dyke depth

CM 3408 09373
1.04 1.38

VL 3400 09740
Area of loss estimated
current top-dyke-depth

CM 3389 17627
1.24 1.38

VL 3214 21813

Dyke E,
Glencoe 3D survey

Horizontal graben
width [GW]

KF 1303 34003
1.22 1.48

VL 1321 27901
Trigαav estimated
top-dyke depth

KF 3520 21619
3.58 1.44

VL 3618 77428
Trig60 estimated

current top-dyke depth
KF 4056 26940

1.87 1.48
VL 4031 14413

Trig45 estimated
current top-dyke depth

KF 3579 10988
2.17 1.48

VL 3548 05053
Area of loss estimated
current top-dyke-depth

KF 3509 19878
1.01 1.44

VL 3535 19741

the trigαav, trig45, and area of loss methods appear
broadly comparable to measured top-dyke depths
(Figure 10A and B). In contrast, top-dyke depths pre-
dicted using the trig60 method appear to overesti-
mate dyke depths (Figure 10A and B). If we compare
all top-dyke depth predictions, and not just derived
means, those calculated using the trigαav and area of
loss methods are positively but weakly (R2=0.26 and
0.29) correlated to measured top-dyke depths; these
methods have Root-Mean Square Errors (RSME) of
~180 m and seemingly tend to underestimate top-
dyke depths (Figure 10C). The trig60 method is sim-
ilarly positively but weakly (R2=0.29) correlated to
measured top-dyke depths, but overestimates top-
dyke depths and has an RSME of ~500m (Figure 10C).
Top-dyke depth predictions derived from the trig45
method display a moderate (R2=0.62), positive cor-
relation with the measured top-dyke depths, and a
RSME of ~100 m (Figure 10C).

4.5 Fault Displacement and Dip in 3D

We show how displacement varies along-strike and
down-dip of all studied dyke-induced faults (Fig-
ure 11A) (all data provided inMagee et al., 2022;Magee
and Love, 2021). Across these dyke-induced faults,
displacement has a right-skew distribution but is ~26
m on average with a standard deviation of ~18 m

(Figure 10B). Displacement maxima rarely occur at
fault upper or lower tips, with displacement typi-
cally higher towards fault centres (Figure 11A). Across
EF1 and EF2 in the Chandon 3D survey, displace-
ment gradually decreases northwards and is consis-
tently greatest (up to ~101±15 m) on the W-dipping
fault (EF2) where three, possibly four, zones of lo-
cally elevated displacement can be recognised (Fig-
ure 11A) (see also Magee and Jackson, 2021). There
are no such zones of elevated displacement along
EF1 (Figure 11A). In the Glencoe 3D survey, it is the
E-dipping fault, EF3, which consistently has the great-
est displacement (up to ~134±18 m) (Figure 10A).
Yet EF3 shows no clear zones of elevated displace-
ment, whereas EF4 can be sub-divided into at least
three zones (Figure 11A). Where zones of elevated
displacement occur along EF2 and EF4, they broadly
appear to correlate with areas of higher fault dip (Fig-
ure 11). For the dyke-induced faults above dykes B
and D, displacement gradually decreases northwards
but there are no obvious zones of locally elevated
displacement (Figure 11A). The dyke-induced faults
aboveDykeDhave lower displacement (up to ~65±10
m) than those above dykes B (up to ~173±26 m) and
E (Figure 11A). We also show dip varies along-strike
and down-dip of all studied dyke-induced faults, al-
though there are no systematic changes in its dis-
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Figure 9 – (A-B) Uninterpreted and interpreted time-structure maps of the Top Mungaroo Formation (horizon HF) above
dykeB and E in theChandon andGlencoe 3D surveys (see Figure 3C for key and locations). Footwall cut-off anddyke upper tip
depth locationsmapped by different interpreters are shown. Plots compare graben width, average fault dip, and cumulative
displacement (displ.) calculated fromdifferent interpreters’ cut-offmapping. Also shown are plots comparingmeasured top-
dyke depths with those predicted using different methods (trigαav, trig60, trig45, and area of loss). Error bars are not shown
because we compare calculations subject to the same uncertainties and to improve clarity; we make an exception for the
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whiskers marking lower and upper extremes of the data. We also show the mean (dashed line) and outliers in these data.

tribution (Figure 11C). Average fault dips, calculated
from the dips of both opposing dyke-induced faults
on each transect at each horizon, are normally dis-
tributed with amean of 41°and standard deviation of
7.5°(Figure 11D).

5 Discussion

5.1 Interpretation Bias

The studied dyke-induced faults have relatively low
displacements (>75 m, with an average of ~26 m; Fig-
ure 11B). Given the vertical (~20±4 m) and horizontal
(~25m) resolution limits of the seismic reflection data
used, these low displacements mean many portions
of the dyke-induced faults are not imaged as clear off-
sets in reflections (e.g., Figure 5B). Instead, the dyke-
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Figure 10 – (A-B) Plots comparing measured top-dyke depths with mean predicted top-dyke depths estimated from all
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(grey) of the measured top-dyke depths is ±15%. (C) All measured top-dyke depths compared to predicted top-dyke depths
estimated from the trigαav, trig60, trig45, and area of loss methods used.

induced faults often correspond to areas where seis-
mic reflections are subtly distorted and appear folded
(e.g., Figures 3A, B, and 5D). In such a situation, a
dyke-induced fault may extend through the distorted
reflections, but the interpreter has to decide whether
the fault intersects the middle of the rotated reflec-
tion limb, either of its inflection points, or elsewhere
(e.g., Figure 5D) (e.g., Faleide et al., 2021). It is also
plausible that the distorted reflections correspond
to folded strata, perhaps generated by fault prop-
agation folding above a buried fault tip, and there
is no fault present at that stratigraphic level at all.
These uncertainties, associated with mapping fault
cut-offs, affect all quantitative fault measurements
(e.g., displacement and graben width) (e.g., Alcalde
et al., 2017a; Faleide et al., 2021). In their quantitative
dyke-induced fault study, (Magee and Jackson, 2021)
assumed this interpreter bias could be accounted for
by considering measured or calculated fault proper-

ties had errors of ±5%.

In our study, where the same fault cut-off sets were
mapped by the same author, but at a different time
(i.e. CM1 and CM2), variations in average dip and cu-
mulative displacement occur due to supposedly coin-
cident fault cut-offs beingmapped up to ~100maway
along the transect (~18 m on average) (Table SI-3, in
Supporting Information). These distances have the
same order of magnitude as fault heave and throw,
and therefore significantly affect calculated dips and
displacements. Conversely, the ≲100 m differences
in fault cut-off position are much less than, and thus
have little impact on graben widths, which are typi-
cally >1500 m (Table SI-2, In Supporting Information).
Despite differences in observed cut off position, fault
properties extracted from CM1 and CM2 show lit-
tle variance and can be considered similar (Table 1).
Top-dyke depths predicted from both datasets us-
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ing trigonometry methods are also statistically simi-
lar, but those predicted using the area of lossmethod
are not (Table 1). Our data thus suggest that although
an individual interpretermay introduce bias into their
fault cut-offmapping, their findings are generally con-
sistent. Such ’internal consistency’ from geologists
has been observed for several data types, including
the characterisation of faults and fractures (Andrews
et al., 2019; Shipton et al., 2020) andmodels built from
seismic reflection datasets (Alcalde and Bond, 2022);
this is likely a result of the conceptual model(s) of the
interpreter (i.e. the simplified internal representation
of the process or problem being assessed) (e.g., Gib-
son et al., 2016; Shipley and Tikoff , 2016). These con-
ceptual models are influenced by the cogitative style
and experience of the interpreter (Bond et al., 2007;
Shipley and Tikoff , 2016), as well as the purpose and
time constraints associated with data collection and
quality control (e.g., Andrews et al., 2019; Shipton et al.,
2020).

We find that where fault properties and pre-
dicted top-dyke depths are derived from fault cut-
offs mapped by different authors, their values are
broadly similar and the same profile patterns along
the graben length are reproduced (Figures 6 and 8).
Our statistical F-test shows that, in some instances,
fault properties and predicted top-dyke depths from
these datasets can be considered similar, but not al-
ways (Tables 1 and 2). There are many potential rea-
sons why data derived from different interpreters is
variable, including: (1) seismic reflection data qual-
ity (Alcalde et al., 2017a,b; Faleide et al., 2021); (2)
interpreter experience (Bond et al., 2007, 2015); (3)
applied methods of mapping (e.g., were seismic at-
tributes used to constrain interpretations?) (Rankey
and Mitchell, 2003); (4) the vertical exaggeration and
scale used during fault picking (Alcalde et al., 2019) ;
and (5) the time available to collect and quality check
the dataset (e.g., Bond et al., 2007, 2015; Faleide et al.,
2021; Macrae et al., 2016). Previous work has shown
that variance between interpreters can be reduced
where a pre-interpretation picking strategy was im-
plemented, training material was used by all inter-
preters prior to picking, and/or an element of group
working or training is employed (see Alcalde and Bond,
2022, and references therein). Overall, our data sug-
gest that the arbitrary ±5% error applied by Magee
and Jackson (2020) may be insufficient to describe ex-
tracted fault properties, with errors of » 5% observed.
Until a more detailed parametric study can be carried
out, we suggest that arbitrary but conservative errors
of ±10% are used, particularly where fault displace-
ment is close to or below the separation limit of the
dataset. Such an increase in error would not signif-
icantly affect the displacement (and heave) patterns
mapped by Magee and Jackson (2021), implying their
inferences on fault growth and the utility of surface
heave as a proxy for dyke thickness remain valid in-
terpretations. However, we note that accounting for
±10% errors will reduce the potential discrepancy be-
tween their top-dyke depthsmeasured from the data

and estimated from grabenwidth (Magee and Jackson,
2021).

5.2 Predicting Top-Dyke Depths from
Dyke-induced Fault Surface Expres-
sions

Our data enable us to examine how predicted top-
dyke depths, estimated using several methods, com-
pare to measured depths. For example, we test the
predictive power of the trigonometry method using
an average of themeasured faults dips (trigαav), which
varies on each transect, compared to where fault dip
is assumed constant (at 60°or 45°). We show that pre-
dictions of top-dyke depthsmadeusing grabenwidth,
fault dip, and/or displacement measurements are
typically within error of measured top-dyke depths
(Figures 6-10). Despite these similarities, predictions
made using the trigαav and area of loss methods typi-
cally underestimate top-dyke depths and display only
a weak, positive relationship to measured top-dyke
depths (R2 = 0.26 and 0.29, respectively) (Figure 11C).
These discrepancies and weak correlation between
trigαav and area of loss method predictions and mea-
sured top-dyke depths relate to the incorporation of
measured, as opposed to assumed, fault dip data.
Fault dip measurements are susceptible to interpre-
tation bias and vary across the fault plane over short
(100–200 m) length-scales (Figure 11C). Projection of
a fault with such variations in dip may thus be best
achieved by using a constant dip representative of
the entire fault. Although assuming dyke-induced
faults dip consistently at 60°leads to overestimates of
top-dyke depths, our data do show that assuming a
consistent dip of 45°provides a good fit between pre-
dicted andmeasured top-dyke depths, likely because
it is similar to the mean (41°) of all fault dip measure-
ments Figure 10D and 11D). Our data support previ-
ous studies that use constant fault dips to predict top-
dyke depths (e.g., Hjartardóttir et al., 2016), implying
we can relate the surface expression of dyke-induced
faults, at least to some extent, to underlying dyke ge-
ometry (cf. Magee and Jackson, 2021). However, we
note that without 3D imaging of dyke-induced fault
planes, we cannot ascertain whether the average of
fault dips measured at a single surface or horizon, or
an assumed fault dip (e.g., 60°or 45°), are represen-
tative of its dip variations with depth. For example,
if fault dips continuously decrease with depth, such
that the faults are concave-upwards, assuming fault
dip is constant will result in overestimating top-dyke
depths (Magee and Jackson, 2021).

The dyke upper tips we study are currently located
~3.3–3.8 km below sea-level (Figures 6-10), and ex-
tended upwards to depths of at least ~1 km when
they were intruded, assuming horizon HK marks the
syn-emplacement free surface (Magee and Jackson,
2020, 2021). Both ourmeasurements andpredictions
suggest top-dyke depths vary along-strike by several
hundred metres, with changes either being abrupt
or gradual over several kilometres (Figures 6-10).
Abrupt changes in along-strike top-dyke depths are
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within error, and so they could be an artefact of our
interpretation (Figures 6-10). However, dykes B and
E, and to a lesser extent Dyke D, show systematic in-
creases and decreases in upper tip depth of up to
~300 m, which is above expected error, with wave-
lengths of several kilometres (Figures 6-10); similar
fluctuations in top-dyke tip depth, albeit on length
scales of 10’s of kilometres, have been shown for
other members of the Exmouth Dyke Swarm (Magee
and Jackson, 2020) and for dykes in Elysium Fos-
sae, Mars (Rivas-Dorado et al., 2021). Kilometre-scale,
along-strike variations in top-dyke depth have been
observed in recent dyking episodes (e.g., Ágústsdót-
tir et al., 2016; Trippanera et al., 2019; Xu et al., 2016),
and may be a common feature of dyke swarms (e.g.,
Magee and Jackson, 2020; Rivas-Dorado et al., 2021).

There are several reasons why the upper tip depth
of laterally propagating dykes may increase and de-
crease along-strike. For example, a head region may
develop at the propagating edge of a dyke, which is
taller and reaches a shallower level than the tail (Fig-
ure 12A and B) (e.g., Rivalta et al., 2015; Rivas-Dorado
et al., 2021). If the seismic expression of the intru-
sions corresponds tomultiple, adjacent dykes (Magee
and Jackson, 2020), differences in the distance each
dyke propagated could cause top-dyke depths to vary
beneath the graben (Figure 12A) (Rivas-Dorado et al.,
2021). Alternatively, propagation of a dyke (with or
without a head) may have stalled, leading to its crys-
tallisation and pressurisation until magma broke out
from the dyke ’nose’ to form a new segment that grew
laterally and vertically (Figure 12B) (Healy et al., 2018;
Magee and Jackson, 2021). A transition to vertical
or inclined magma flow towards dyke tops can also
cause dyke upper tips to segment and locally propa-
gate vertically, affecting dyke height (e,g., Poland et al.,
2008). Such dyke segmentation can particularly occur
when emplacement occurs beneath a volcano load
(Figure 12C) (e.g., Poland et al., 2008), as the slop-
ing topography results in changes to the lithostatic
stresses above and along underlying dykes (Urbani
et al., 2017). Density layering in the host rock is an-
other relevant factor that controls the vertical stability
of dykes, and therefore their depths; stratified host
rocks are more likely to contain dykes with smaller
vertical extents, which are stable under a wider range
of conditions (Pollard and Townsend, 2018). Lateral
changes in the vertical stratigraphic sequence may
thus control how close to the free surface a dyke
may reach. Finally, increases or decreases in magma
density may cause dyke upper tips to become unsta-
ble and adjust to a new structural levels (Figure 12D)
(e.g., Townsend et al., 2017). Regardless of the driving
mechanism, areas where top-dyke depths become
shallower may focus magma flow and promote lo-
cal upwards propagation, potentially leading to and
explaining the restricted distribution of fissure erup-
tions along dyke lengths (e.g, Pansino et al., 2019;
Woods et al., 2019).
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Figure 12 – Possible mechanisms for changing top-dyke
depths along-strike. (A) Laterally propagating dykes de-
velop a head region that is taller and extends to shallower
levels than the tail behind (modified from Rivas-Dorado
et al., 2021). (B)Cyclical stalling and propagation of the dyke
leads to magma breaking out from the dyke ’nose’, where it
is vertically restricted (Magee and Jackson, 2020). (C) Under
a variable volcano load, the ascent and lateral propagation
of a dyke results in segmentation of its upper tip, which lo-
cally focuses magma flow and drives upward propagation
(modified from Poland et al., 2008). (D) Changes in magma
density, relative to that of a host rock displaying a density
stratification, can cause the upper and lower tip positions of
a propagating dyke to destabilize and transgress upwards
or downwards (Townsend et al., 2017). Where the magma
density is equal to the average of two host rock layers of dif-
ferent densities, the dyke upper and lower tips are equally
spaced from the layer boundary (Townsend et al., 2017). If
magma density changes (e.g., through vesiculation, crys-
tallisation, and/or cooling) and becomes closer in density
to one of the layer, it will preferentially intrude within that
layer, causing the upper and lower tips to move (Townsend
et al., 2017).
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5.3 Dyke-Induced Fault Growth and
Kinematics
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Figure 13 – (A-D) Dyke-induced fault growth models
(based on Koehn et al., 2019; Magee and Jackson, 2020;
Mastin and Pollard, 1988; Rubin and Pollard, 1988; Tentler,
2005; Trippanera et al., 2015b). Horizontal stress patterns
above an intruding dyke in a homogeneous elasticmedium,
showing tensile stress is concentrated at the surface and
above the dyke tip (redrawn from Rubin and Pollard, 1988).
(E) Numerical model of tensile stresses above a dyke ar-
rested at 300 m below the surface, with an overpressure
of 6 GPa, in a layered medium (redrawn from Al Shehri and
Gudmundsson, 2018, their Fig. 21). Tensile stresses are con-
centrated above the dyke tip and in two zones at the sur-
face, but the presence of layering disrupts its distribution;
e.g., the weak layer, which has a Young’s modulus of 1 GPa,
suppresses stress concentration (Al Shehri and Gudmunds-
son, 2018).

Field- and geophysical-based observations, cou-
pled with physical, analytical, and numerical mod-
els suggest dyke-induced faults probably nucleate ei-
ther: (1) near the surface, initiating as vertical ten-
sile fractures that propagate downwards and develop
into shear fractures (Figure 13A) (e.g., Al Shehri and
Gudmundsson, 2018; Trippanera et al., 2015a,b; von
Hagke et al., 2019); (2) as shear fractures that grow up-
wards from dyke upper tips (Figure 13B) (e.g., Koehn
et al., 2019; Rubin, 1992; Xu et al., 2016); (3) at both the
surface and dyke upper tip, linking as they propagate
downwards and upwards, respectively (Figure 13C)

(Rowland et al., 2007; Tentler, 2005); or (4) between the
surface and dyke tip, propagating both upwards and
downwards (Figure 13D) (Koehn et al., 2019; Magee
and Jackson, 2021; Mastin and Pollard, 1988).

If we expect displacement to be greatest where
faults nucleate (e.g., Pollard and Segall, 1987; Trippan-
era et al., 2015b), our mapped displacement distribu-
tions suggest fault segments initially developed be-
tween the dyke upper tip and coeval free surface (Fig-
ure 10A and C) (Koehn et al., 2019;Magee and Jackson,
2021; Mastin and Pollard, 1988). Yet dyke opening in-
duces tensile stresses in the overburden, focused at
the dykes upper tip and in two zones at the free sur-
face, where modelling suggest fault nucleation most
likely to occur (Figure 1A) (e.g., Koehn et al., 2019; Pol-
lard et al., 1983; Rubin, 1992; Rubin and Pollard, 1988).
However, these models assume dyke intrusion oc-
curs within a homogenous, elastic half-space (e.g.,
Koehn et al., 2019; Pollard et al., 1983; Rubin, 1992;
Rubin and Pollard, 1988). Where mechanical layers
with different physical properties aremodelled above
dykes, tensile stresses have been shown to become
concentrated in relatively strong units away from the
dyke tip or free surface (Figure 13E) (Al Shehri andGud-
mundsson, 2018). The dyke-induced faults we anal-
yse primarily offset heterolithic fluvio-deltaic rocks
(e.g., Bilal et al., 2018; Martin et al., 2018), as well as
Jurassic sandstones and claystones (Figures 2B, 3A
and B) (Tindale et al., 1988). The layered sedimen-
tary succession offset by the dyke-induced faults is
thus likely mechanically heterogeneous, which could
have affected stress distribution and fault nucleation
during dyking (Al Shehri and Gudmundsson, 2018;
Schöpfer et al., 2006, e.g.,). Alternatively, displace-
ment may preferentially accrue on faults away from
their nucleation site if post-emplacement dyke thick-
ening instigated slip (Magee and Jackson, 2021); in this
scenario, displacement maxima may develop along
faults away from their nucleation sites, meaning dis-
placement distribution cannot be used to reconstruct
dyke-induced fault kinematics.

6 Conclusions

Dyke-induced faults are common in many volcanic
settings on Earth and other planetary bodies (e.g.,
Mars). Because we often have no or little access to
the subsurface in these locations, relating the sur-
face expression of dyke-induced faults to the under-
lying dyke geometry can provide key insight into the
3D structure of and processes active during dyke em-
placement. However, deriving dyke geometry from
the surface expression of dyke-induced faults is only
feasible if the faults project straight down-dip to the
dyke upper tip. Yet recent analysis of 3D seismic
reflection imagery suggests dyke-induced faults are
non-planar. We show that interpretation bias does
introduce uncertainty into the quantitative analysis of
dyke-induced faults using seismic reflection data, but
that we can still use these data to confidently under-
stand dyke and dyke-induced fault structure in 3D.
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By quantitatively measuring dyke-induced fault and
graben geometries, we demonstrate that: (1) predic-
tions of top-dyke depths are typically within error of
measured top-dyke depths, but most accurate when
incorporating information on the average dip of en-
tire faults; and (2) dyke-induced fault displacement
and dip are variable along-strike and down-dip. Our
work supports previous findings and relates dyke-
induced faulting to the nucleation of isolated fault
segments above propagating dyke segments, which
linked as they grew in response to dyke stalling and
thickening. Cyclical dyke propagation and stalling,
or other processes leading to the emplacement of
dyke segments, may also explain the hectometre-
scale variation in dyke upper tip depths we observe
along dyke strike. Overall, our work suggests that
we can relate the surface expression of dyke-induced
faults to subsurface dyke geometry, but only if we
have some information on the 3D structure of the
faults. Reflection seismology is a critical tool for de-
veloping our understanding of dyke-induced faulting.
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