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Abstract oObservations of how faults lengthen and accrue displacement during the very ear-
liest stages of their growth are limited, reflecting the fact that the early syn-kinematic sediments
that record this growth are often deeply buried and difficult to image with geophysical data. Here,
we use borehole and high-quality 3D seismic reflection data from SW Barents Sea, offshore Nor-
way to quantify the lateral propagation (c. 0.38-3.4 mm/year) and displacement accumulation (c.
0.0062-0.025 mm/year) rates (averaged over 6.2 Myr) for several long (up to 43 km), moderate
displacement (up to 155 m), syn-kinematic faults that we argue provide a unique, essentially ‘fos-
silised’ snapshot of the earliest stage of fault growth. We show that lateral propagation rates were
up to 300 times faster than displacement rates during the initial ~25% of fault lifespan, suggesting
that these faults lengthened much more rapidly than they accrued displacement. Our inference of
rapid lengthening is also supported by geometric observations including: (i) low Dmax/Lmax (<0.01)
scaling relationships, ii) high (>5) length/height aspect ratios, iii) broad, bell-shaped throw-length
profiles, and iv) hangingwall depocenters forming during deposition of the first seismically de-
tectable stratigraphic unit spanning the length of the fault. We suggest that the high ratio between
lateral propagation rate and displacement rate is likely due to relative immaturity of the studied
fault system, an interpretation that supports the ‘constant-length’ fault growth model. Our results
highlight the need to document both displacement and lateral propagation rates to further our

understanding of how faults evolve across various temporal and spatial scales.

1 Introduction

Normal faults are an expression of extensional strain
in the Earth’s crust. They define the physiography
of rifted landscapes and seascapes, and control the
distribution and production of important energy re-
sources (e.g., geothermal, hydrocarbon), and the lo-
cation and safety of storage sites for hazardous waste
(e.g., nuclear, CO;). Normal faults are also associ-
ated with hazardous earthquakes that threaten lives,
livelihoods, and critical infrastructure. Documenting
the rates at which normal faults slip and grow is thus
critical to understanding the timescales over which
landscapes develop and, in turn, how variable slip
and lateral tip propagation rates, and fault geome-
try more generally, impacts sediment dispersal and
the distribution of sedimentary facies. Fault geome-
try and related host rock strain also influence subsur-
face fluid flow and accumulation by controlling fault
architecture and fault zone properties, such as per-
meability. There are currently two end-member fault
growth models: (i) the ‘propagating fault model and
(i) the ‘constant length model. The former arises
from the apparent scaling relationship between max-
imum fault displacement (Dmax) and length (Lmax) and
proposes that faults grow by simultaneously accumu-
lating length and displacement (where Dpmax/Lmax typ-
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ically ranges between 1-0.01; e.g., Watterson, 1986;
Walsh and Watterson, 1988; Cowie and Scholz, 1992;
Schlische et al., 1996; Walsh et al., 2003). However,
global Dmax-Lmax datasets show a high degree of scat-
ter (e.g., Rotevatn et al., 2019), which may reflect, for
example, differences in the geological setting within
which the studied fault network formed, or uncer-
tainties in measuring the key geometric parameters
due to seismic imaging quality or outcrop extent
(e.g., Walsh and Watterson, 1988; Gillespie et al., 1992;
Kim and Sanderson, 2005). An alternative interpre-
tation is that this variability results from fault ma-
turity, related to the fact that some faults may at-
tain their near-final lengths before accumulating sig-
nificant displacement (i.e., the latter, constant-length
fault model; e.g., Walsh et al., 2002; Meyer et al., 2002;
Nicol et al., 2005, 2016; Childs et al., 2017; Rotevatn
etal., 2019; Nicol et al., 2020; Lathrop et al., 2022). Dif-
ferent definitions of fault maturity exist in the liter-
ature. For example, Manighetti et al. (2007) defines
fault maturity based on a combination of four criteria
(trace length > 1000km and/or Initiation Age > 10Ma
and/or Slip Rate c. few cm/yr and/or Total Displace-
ment > 100km. In contrast, other studies focused on
normal fault growth characterised mature fault sys-
tems as those that experienced multiple phases of
change in their lengths and location of fault activity
(Morley, 1999), while immature fault systems as hav-
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ing many relatively short <4km interacting fault traces
(e.g., Nicol et al., 2010). However, we classify in this
paper that an immature normal fault as being one
that is still on its trajectory of increasing in length
with minimal displacement (i.e., rapid tip propagation
and segment linkage) and a mature fault is where its
displacement increases with a little increase in fault
length (i.e., dominant displacement accrual and con-
stant length) (modified after Rotevatn et al., 2019).
The rate of fault slip determines the recurrence in-
terval of potentially hazardous earthquakes, meaning
an improved understanding of seismic hazard can be
gained by studying slip rate and fault growth of both
ancient (i.e., inactive) and active faults.

Regardless of the precise mode of growth, pre-
vious studies have shown that strong mechanical
anisotropy in the faulted, horizontally layered host
rock can restrict the vertical propagation of faults
(e.g., Nicol et al., 1996; Soliva and Benedicto, 2005;
Roche et al., 2013) (Schultz and Fossen, 2002). Faults
forming in these rocks may have anomalously high
fault aspect ratios (i.e., fault's length to height ratio of
3-13, compared to 1-3 for more typical faults) and
strikingly low D/L scaling relationships (i.e., Dmax/L
< 0.01) (e.g., Nicol et al., 1996; Schlische et al., 1996;
Schultz and Fossen, 2002; Soliva and Benedicto, 2005;
Roche et al., 2013).

The rate at which faults lengthen and accumulate
displacement is a key element of their kinematic his-
tory and influences the role they play in controlling
the geomorphology, seismic hazard, and resource
potential of rift basins (e.g., Walsh et al., 2003). De-
pending on the period and type of observation, dis-
placement rates vary. For example, over relatively
short observational periods (10s years), GPS/geodetic
data show that displacement rates can be relatively
fast(>10 mmyr") and highly variable (e.g., Briole et al.,
2000; Wallace et al., 2014) compared to longer-period,
typically more stable geological displacement rates
(<1 mm yr") derived from seismic reflection or field
data (e.g. Mouslopoulou et al., 2009; Cowie et al., 2012;
Mouslopoulou et al., 2012). This may relate to earth-
quake clustering events, enhancing modern displace-
ment rate estimates over short observational periods
(e.g., Cowie et al., 1993; Friedrich et al., 2003; Robinson
et al., 2009).

In contrast to displacement, lateral fault tip prop-
agation rates are less frequently reported in fault
growth studies, especially over short observational
periods. The reason for this varies based on the type
of study and dataset used. For example, GPS data
can provide some measure of coseismic fault throw
(i.e., the vertical component of displacement field de-
rived from GPS location and elevation records) and
interseismic creep, but not typically lateral propaga-
tion (e.g., Blakeslee and Kattenhorn, 2013). Field stud-
ies tend to rely on geomorphic analysis of near-tip
drainage patterns (e.g., Jackson et al., 1996) and ma-
rine terraces (e.g., Morewood and Roberts, 1999), or
the stratigraphic architecture of syn-rift strata (e.g.,
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Gawthorpe et al., 1997) to infer lateral propagation
rates, although these methods are limited in that they
demand well-preserved exposures. These studies
show that lateral fault propagation rates can be con-
siderably faster than throw rates (e.g., Morewood and
Roberts, 1999). However, our current understand-
ing of fault growth, in particular how fluctuations in
displacement and lateral propagation rate relate to
changes in fault geometry (i.e., aspect ratio), remains
poorly constrained. More generally, fault growth
models need to quantify both lateral propagation and
displacement rates such that they exist within a tem-
poral framework and can thus provide the structural
foundation for the tectono-stratigraphic analysis of
rift basins at a range of scales (e.g., Walsh et al., 2002;
Rotevatn et al., 2019).

Constraining the patterns and rates of fault
growth requires the analysis of age-constrained syn-
kinematic strata (i.e., strata deposited whilst the
fault is active) along the length of faults in three
dimensions (3D). High-quality 3D seismic reflection
data with accompanying biostratigraphy from wells
is generally only available from ancient (i.e., inactive),
hydrocarbon-bearing rift basins where the syn-rift
growth packages are deeply buried and poorly seis-
mically resolved. Alternatively, in active rifts where
the syn-rift sediments are shallower (but there is
no/limited hydrocarbon interest), the available seis-
mic reflection data are only 2D and often lack age con-
straints on the syn-rift strata, which could explain the
limited observations on the earliest stages of normal
fault growth. For example, Lake Malawi and Lake Tan-
ganyika in the East African Rift system contain > 5km
of syn-rift sediments each (e.g., Scholz et al., 1998).
These syn-rift deposits enable the study of intra- and
early-rift processes (e.g., Shillington et al., 2020). How-
ever, these deposits are covered by only 2D seismic
reflection profiles and lack the necessary age con-
straints needed for a detailed analysis of the earliest
stages of normal fault growth. Similarly, in the Ice-
landic Rift Zone, data from Thingvallavatn were used
to study the fault and magmatic interaction over a 9
kyr period (Bull et al., 2003). However, due to the rel-
atively limited data quality (single-fold seismic) and
reliance on a single age constraint (provided by dat-
ing a lava flow), the kinematic analysis of normal fault
growth was rather limited. In other active rifts like the
Red Sea or Gulf of Suez, where the syn-rift deposits
are exposed, the stratigraphic architecture of syn-rift
strata (e.g., Gawthorpe et al., 1997) can be used to in-
fer lateral propagation rates. However, such studies
are often limited in that they demand areally exten-
sive, high-quality exposures of dateable material.

We here use age-constrained, high-quality 3D seis-
mic reflection and borehole data from the SW Bar-
ents Sea to determine the lateral propagation and
displacement rates for several ancient basal tip-
restricted syn-kinematic faults (i.e., faults that are
bound by a base mudstone layer that inhibits down-
ward propagation whereas their upward propagation
is restricted by the free-surface) that we suggest were
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Figure 1 - (A) Map showing study area location and regional geology of SW Barents Sea. The map is modified after infor-
mation found in the Norwegian Petroleum Directorate fact page http://www.npd.no/en/. (B) A time-structure map of the
base syn-kinematic unit (H4) with a white-dashed line indicating the location of the seismic section in (C). The location of
wellbore 7124/4-1S is noted by a yellow star while the study area is outlined by the blue border. (C) A representative seismic
cross-section highlighting the geometry of the studied faults and horizon's age and lithology as constrained by wellbore
7124/4-1S. The section also includes Gamma Ray (GR) log data, modelled interval velocity using simplified geological model
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(V.1) and calculated pseudo interval velocity using estimated time-depth relationship from seismic well tie (V.2).
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abandoned before reaching fault maturity. These are
exceptionally well characterised faults, thus provide
a snapshot of the earliest stage of fault growth rarely
seen in active rifts due to lack of comparable 3D spa-
tial and temporal data coverage.

2 Geological Setting

We have studied a system of low-displacement (<
150m throw), Middle Jurassic-to-Early Cretaceous
normal faults in the SW Barents Sea offshore north-
ern Norway (Figure 1). The SW Barents Sea is a
present-day passive margin that experienced multi-
ple phases of rifting that started following the col-
lapse of the Caledonian orogenic belt in the Devo-
nian and ended in the Eocene with the opening of
the Norwegian and Greenland seas and initiation of
seafloor spreading (e.g., Faleide et al., 2008). These rift
phases helped shaped the large-scale structure of the
region (i.e., NNE-trending rift basins like the Hammer-
fest, Nordkapp and Segrvestsnaget basins, and base-
ment highs like the Loppa, Stappen and Fedynsky
highs; Figure 1A) and included the rift phase in the
Middle Jurassic to Early Cretaceous that formed the
faults studied here (e.g., Faleide et al., 2008). Three
lines of evidence suggest that the studied fault sys-
tem is tectonic (i.e., formed via upper crustal exten-
sion imposed by far-field stresses) rather than grav-
itational (i.e., formed by relatively local extension
above atilted, ductile intra-stratal detachment). First,
the faults strike perpendicular to the NNW-SSE ex-
tension direction associated with Middle Jurassic to
Early Cretaceous rifting. Second, in a gravity-driven
deformation setting, one would expect the basal de-
tachment to be tilted in the direction of fault dip
and for these faults to be listric (e.g., Spathopoulos,
1996; Corredor et al., 2005; Robson et al., 2017), nei-
ther of which are the case here. Finally, extension
within gravity-driven systems is typically associated
with complimentary shortening in the form of folding
and thrusting; again, this is not observed within the
study area. The faults developed in Upper Permian/-
Triassic to Lower Cretaceous clastic rocks deposited
on Caledonian crystalline basement (e.g., Doré, 1995).
The faulted host rock is characterised by strong me-
chanical competency contrast between alternating
intervals of relatively weak, mudstone-rich strata (i.e.,
Upper Permian) and mechanically stronger, siltstone-
and sandstone-rich layers (i.e., Triassic) (see lithology
column in Fig. 1C; see also the formation evaluation
and gamma-ray log, and lithology well-log in wellbore
7124/4-1S (NPD, 2023)).

3 Data and Method

We use pre-stack time-migrated 3D seismic reflec-
tion data covering c¢. 533 km2 and with an esti-
mated vertical resolution of 12.5-25 m in the depth
range of interest (see Figure SlI-1, in Supporting In-
formation). The survey has an approximate visibility
(or detectability) limit of c. 5 m (see Osagiede et al.,
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2014, and references therein). These data allow us to
map and describe the map-view and cross-sectional
geometry of the studied fault network, and by col-
lecting throw data for nine horizons (seven are age-
constrained by well data and two of unknown age
that mark distinct changes in seismic facies) to show
how throw varies across the fault surfaces (Figure 11).
The horizons' ages were constrained by palynological
data from wellbore 7124/4-1S (Figure 1B and C; see
also Table SI-1, in Supporting Information, for palyno-
logical data sample spacing and depth). Two of the
age-constrained horizons (H1 and H4) mark the top
and base of the syn-faulting strata, with one occurring
within the middle of this unit (see highlighted seismic
section in Figure 1C). The age difference between the
top and base syn-faulting horizons, therefore, dates
the total duration of fault activity.

We provide detailed descriptions of our methods
in Figure 2. First, we measure throw values at a 250
m interval on seismic lines trending perpendicular to
fault strike and analyse throw values using throw-
length (T-x) and throw-depth (T-z) plots (Figure 2; e.g.,
Cartwright et al., 1995; Jackson et al., 2017). We also
produce isochron (time-thickness) maps (to analyse
spatial and temporal trends in across-fault thicken-
ing; see Schlische et al., 1996; Gawthorpe et al., 2003;
Jackson and Rotevatn, 2013), throw strike-projections
(a plot of throw values across a fault surface; Fig-
ure 2E; also see Walsh and Watterson, 1991; Alghuraybi
et al., 2022), and expansion index (El) analysis (divid-
ing hangingwall thickness by footwall thickness for
corresponding stratal units to constrain the initiation,
variability, and cessation of fault activity (Figure 2B);
see Cartwright et al., 1998; Jackson and Rotevatn, 2013)
to further describe the geometry of the fault net-
work and critically assess associated variations in the
thickness of syn-kinematic strata (see review by Walsh
and Watterson, 1991; Jackson et al., 2017). We also
examine fault growth through time by performing
throw backstripping, a technique that involves suc-
cessively subtracting the throw accumulated on shal-
lower, younger horizons from deeper, older ones (see
review by Jackson et al., 2017). All seismic sections
are displayed with SEG European Convention (Brown,
2001) with a downward increase and decrease in
acoustic impedance represented by a peak (red) and
a trough (blue), respectively. Note that all the seis-
mic and wellbore data can be accessed from the
Diskos NDR (https://portal.diskos.cgg.com/whereoil-
data/) by searching for "Fruholmen 3D" and the well
data can be found by searching for "7124/4-1 S". We
use velocities derived directly from average sonic log
responses from the wellbore that correspond with
key seismic intervals (V1; Figure 1C) to create a time-
depth relationship. We then apply the generated
time-depth relationship to perform our seismic-well-
tie (V.2; Figure 1C) and convert our time measure-
ments from ms TWT (milliseconds two-way time) to
depth (Figure 1C). The uncertainty in throw arising
from using our depth-conversion approach is +12%;
this value arises by comparing the range of velocities
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we obtain for the Jurassic interval with regional veloc-
ity modelling and regional wellbore data presented
by others (e.g., Clark et al., 2013; Rojo et al., 2019) (see
Appendix 1 in Alghuraybi, 2023).

We estimate the lateral fault tip propagation rate
by taking the fault half-length as measured at the
base of the syn-kinematic interval (H4) and dividing it
by the time interval to the next age-constrained unit
that shows across-fault thickening (i.e., we establish
the duration and length of major depocenter devel-
opment and calculate the lateral bi-directional prop-
agation rate of the fault tips (Figure 2); cf. Childs et al.,
2003). Similarly, we calculate the displacement rate
by dividing the backstripped displacement (i.e., dis-
placement for the time interval) by the time interval
to the next age-constrained horizon (e.g., Nicol et al.,
1997; Bell et al., 2009). The displacement value is
calculated using measured throw multiplied by fault
dip angle (i.e., the inclination of a fault plane rela-
tive to a horizontal plane). The fault dip estimation
contributes to an added uncertainty that should be
considered. We calculate displacement rate at every
along-strike location where we made a complimen-
tary throw measurement (i.e., at 250 m intervals for
a total of ¢. 1100 measurement point). Then, we take
the minimum and maximum displacement rates for
each fault to capture their full range of behaviour.
This results in two displacement rate measurements
for each of the 15 studied faults. We then compare
these slip rates (lateral propagation and displace-
ment rates) with data from 29 other global datasets
from normal faults that formed (or are forming in still-
active settings) in various tectonic and depositional
settings (see Figure SI-2, in Supporting Information,
and Appendix 2, in Alghuraybi, 2023, for a full list of
references).

We calculate the displacement and lateral propa-
gation rates using the time between the two dated
horizons at the base (H4) and middle (H2) of the syn-
kinematic package (Fig. 1C; sequence with best pa-
lynological age control). This results in a period of
6.2 Myrs, which we argue should be considered as
an upper limit of the duration of what we refer to
as early-stage fault activity. In fact, our detailed ge-
ometric analysis showed that the strike-parallel de-
pocenters formed in the hangingwalls of the studied
faults over a shorter period than the time between
the two horizons defining the top and middle of the
syn-kinematic package (<6.2 Myr), however we do not
have age-control on horizons between H4 and H2. In
the absence of higher resolution age constraints, we
speculate that the similarity in seismic facies charac-
teristics throughout the syn-kinematic interval indi-
cates that the: (i) lithology; (ii) depositional style; and
(ii) sediment accumulation rate did not vary signifi-
cantly during the syn-kinematic period (c. 7 m/Myr
for the 6.2 Myr period, based on wellbore data). If the
sediment accumulation rate was constant, then we
might infer the duration of the earliest stage of fault
development (i.e., the time duration between horizon
H4 and H3) to be ¢. 3.1 Myrs instead of 6.2 Myr, based
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on the observation that the thickness of the earliest
seismically resolvable depocenter is c. 50% of the
total thickness of the 6.2 Myr syn-kinematic package
(Figures 1C, 8, and 9A). Therefore, the values we show
should be regarded as lower estimates of displace-
ment and lateral propagation rates of the studied
fault network, given we show rates calculated using a
duration of 6.2 Myr. Additional borehole-derived age
data, derived from the hangingwall fill of one or more
faults, would help further refine our calculations.

4 Results
4.1 Fault Network Geometry

We mapped a total of 87 faults, including some
secondary faults (synthetic and antithetic), oblique
faults, and the major, basin-bounding faults (i.e., the
TFFC, which is located in the SW of the study area; see
Alghuraybi et al., 2022, for more details on the fault
networks in the area). However, we decided to focus
on the 15 largest E-W-striking faults within the net-
work, given they are particularly well-imaged in our
seismic data, thus allowing us to undertake a detailed
kinematic analysis. The studied fault network con-
sists of 15 Middle Jurassic to Early Cretaceous faults,
offsetting Early Triassic to Early Cretaceous stratigra-
phy (Figures 1B, 1C, and 3A). Most of these faults tip-
out downwards in mudstone-dominated, Permian
strata, die-out upwards into Early Cretaceous strata,
and are associated with Upper Jurassic growth strata
(i.e., they were active in the Middle Jurassic - Early
Cretaceous; Fig. 3BA). Critically, other stratal units
are offset by but do not thicken across the faults, al-
though they thicken regionally, towards the NW, to-
wards the Atlantic margin (Figure 3B-D). The stud-
ied faults are not associated with clear fault bends,
abandoned splays or relays (Figure 3A). Most faults
are also unusual in that they are: i) notably under-
displaced with respect to their lengths (Dmax/Lmax =
c. 0.001; Figure 4A); and ii) have anomalously high
(up to 25) aspect ratios (Figure 4B). Despite having a
broad, bell-shaped throw-length profile at the base
syn-kinematic level (H4) (Figure 4C), the fault network
shows variable throw-depth profiles with no clear
trend representative of all the faults within the net-
work (Figure 4D.i). However, in detail, we can identify
two broad subsets of faults: (a) Subset 1, with throw
maxima located at the base of the syn-kinematic in-
terval (H4) and decreasing throw values with depth
(Figure 4D.ii); and (b) subset 2, which is characterised
by two maximum throw values, located at H4 and H9,
that are separated by a throw minimum located at
H7 (Figure 4D.iii). Some of the studied faults are tip-
restricted (e.g., F2, F6, F8, F9, F10, F13) as they inter-
sect oblique faults. There is undoubted uncertainty
in constraining fault lengths for faults that likely ex-
tend outside of the seismic survey (e.g., F1, F3, F4, F6,
F14). However, by incorporating other observations
(such as throw measurements and throw-length pro-
files), we argue that in the case of faults F1, F3, and
F6, throw approaches zero near the edge of the seis-

| volume 1.2 | 2023



| RESEARCH ARTICLE | Alghuraybi et al., A Snapshot of the Earliest Stages of Normal Fault Growth

(A) Time-structure maps

TWT (ms)
1100 o 1325

TWT (ms)
1325 o 1575

Thickness
40 1 110
(ms)

Thickness
260 ] 400

—_— (ms)

‘ TT (ms)

1200 1425

TWT (ms)
1900 2200

Thickness
20 W] 160
(ms)

Thickness
110 W] 210
(ms)

Figure 3 - (A) Time-structure maps for the Early Cretaceous - H1 (A.i), Middle Jurassic - H4 (A.ii), Middle Triassic - H6 (A.iii)
and Lower Triassic/Upper Permian - H9 (A.iv) horizons. The location of the fault network and names of the studied faults
are annotated on (A.ii). (B) Isochron (time-thickness) maps for the L. Cretaceous to M. Jurassic (B.i), L. Jurassic to U. Triassic
(B.ii), M. Triassic (B.iii) and L. Triassic (B.iv). These isochrons show the clear across-fault thickening in the Early Cretaceous
to Middle Jurassic and general constant thickness nature of the other time intervals.
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mic survey. Therefore, based on the broad bell-curve
shape of the throw-length profile and the decreas-
ing throw values, we suggest that the fault tip lies a
short distance outside of the survey, and that the ob-
served length is only a little less than the overall fault
length. Here, we present a detailed geometric analy-
sis of six faults (three from subset 1 (Faults 1, 6 and
8) and three from subset 2 (Faults 5, 9 and 14), which
are representative of the range of geometric charac-
teristics observed within the fault network.

4.1.1 Observations

Fault 1 (F1; Fig. 5A) is approximately 15 km long, with
a maximum throw of c. 22 ms (c. 32 m; see depth
conversion in Fig. Figure 1C) and a maximum dis-
placement of c. 42 m. The longest fault in the net-
work is Fault 6 (F6; Figure 5B), which is c. 43 km long,
and that has a maximum throw of c. 72 ms (c. 110
m) and a maximum displacement of ¢. 130 m. Sim-
ilar to F1 and F6, Fault 8 (F8) strikes E-W, dips to the
N and appears to have throw maxima at the base of
the syn-kinematic interval (i.e., base Upper Jurassic;
Figures 5A, 5B, and 6A). F8 is c. 10 km long and has
a maximum throw and displacement of ¢. 34 ms (c.
50 m) and c. 66 m, respectively. Faults 1, 6, and 8 are
part of subset 1 of the studied fault network and have
aspect ratios of c. 13, 25, and 10 (Figure 4B, D.ii).

The remaining three faults (Faults 5, 9, and 14) are
part of subset 2 (Figure 4D.iii). Like those in subset
1, these faults strike E-W and dip to the N. Fault 5 (F5;
Figure 6B) is c. 15 km long and has a maximum throw
of c. 33 ms(c. 50 m)and a maximum displacement of
¢. 71 m. In contrast, Fault 9 (F9; Figure 7A) is almost
twice as long as F5 (c. 31 km long) and has compa-
rable maximum throw and displacement values of c.
55 ms (c. 83 m) and c. 104 m. Like F9, Fault 14 (F14)
is also c. 31 km long (Figure 7B). However, F14 has
nearly twice as much maximum throw and displace-
ment as F9 (Figure 7B). Both F9 and F14 have aspect
ratios of c. 19, whereas F5 has an aspect ratio of ¢. 11
(Figure 4B).

The Upper Jurassic strata thicken across all faults
within the studied network with El values >1 for
all faults (up to 2.2 and 1.7 for F6 and F9 respec-
tively), defining strike-parallel and elongate depocen-
ters (Figure 3B, A). We make two key observations
here regarding the fault network. The first is that
the lowermost reflections in the Upper Jurassic pack-
age onlap onto the base syn-kinematic horizon imme-
diately adjacent to the fault tips (H4) (Figure 8). Al-
though this onlapping relationship is easier to see ad-
jacent to faults associated with thicker Upper Juras-
sic growth stratigraphy (e.g., F6; Fig. 8C, D), it can
also be assumed for other faults where the thickness
between the lowermost Upper Jurassic package re-
flections and the base syn-kinematic horizon (H4) is
sufficiently small that it is approaching the seismic
tuning thickness for our data (c. 14 - 18 m at H4
level). In these cases, instead of the reflections on-
lapping and truncating in the middle of the fault as
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they appear in the seismic data, the reflections are
likely thinning and onlapping onto H4 closer to the
fault tip (Figure 8A, B). In some of our subsurface ex-
amples, the relatively limited spatial resolution of our
seismic reflection dataset limits our ability to inter-
pret the detailed stratigraphic termination and on-
lap styles readily identified in the field (i.e., we ob-
serve only reflection thinning and tuning, and not
discrete onlap; e.g., Bakke et al., 2013). The second
key observation is that Upper Jurassic growth strata
clearly thicken across the faults just inboard of their
fault tips (Figure 9A). In fact, we observe the develop-
ment of strike-parallel depocenters and their associ-
ated across-fault thickening of growth strata in the
lowermost seismically resolvable unit (H3-H4) (Fig-
ure 9A.i). For instance, we can see that the location
of the fault tips and formation of the strike-parallel
depocenters are corresponding with the base syn-
kinematic horizon having El values of >1 and the high-
est backstripped throw along-strike of both F6 and F9
(Figure 9A.v-viii).

4.1.2

Growth strata show that the studied faults were ac-
tive from 163.5-132.6 Ma (i.e., in the Middle Jurassic-
Early Cretaceous (H4-H1); Figures 3B.i, 7B) for both
subsets 1 and 2. The presence of multiple throw max-
ima along the same stratigraphic level on some of the
subset 1 faults (e.g., F1 and F6; Figure 5A, B) may pro-
vide geometric evidence that they grew by lateral seg-
ment linkage (e.g., Cartwright et al., 1995). However,
the lack of obvious bends, breached relays, or aban-
doned splays suggests that the precursor segments
did not overlap, and may have formed as part of a
single, kinematically linked structure from their in-
ception (e.g. Childs et al., 2017). Instead, these throw
maxima might relate to across-strike throw partition-
ing between adjacent faults. For example, where F6
decreases in throw towards its eastern tip, throw on
the adjacent F7 increases near its western tip (Fig-
ures 3A.ii, 5B). The interpretation that geometrically
segmented faults formed part of a kinematically co-
herent system from their inception is supported by
the fact that the across-fault thickening we observe
occurs along almost the entire strike-length of the
faults and is associated with onlap of the lowermost
syn-kinematic onto pre-kinematic strata immediately
inboard of the lateral fault tips (Figure 8). In con-
trast, based on the observation that subset 2 faults
have multiple throw maxima along different strati-
graphic intervals (H4, H9) that are separated by a
throw minimum that occurs at the same stratigraphic
interval for all faults (H7), we suggest the presence
of an intraformational detachment layer in addition
to the lower, regional detachment onto which all
faults terminate (Figure 4D). By analysing the map-
view locations of where vertical linkage occurred, we
do not see any strong trends that highlight areas of
favourable vertical linkage (Figure 9B). Instead, the
lack of any clear trends suggests that the strong me-
chanical anisotropy observed from the wellbore data

Interpretation
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Figure 4 - A summary of the geometric properties of the fault network showing (A) Dmax/Lmax plot from a global database
of normal faults (modified after Lathrop et al., 2022). Data for studied fault network are shown in red while literature data
are showing in blue (active faults) and grey (inactive faults). (B) Aspect ratio (length/height) distribution of the studied fault
network with dashed-horizontal lines showing average aspect ratios of “blind isolated normal faults in layered sequences”
(yellow), maximum aspect ratio of restricted faults (red) (Nicol et al., 1996) and maximum aspect ratio for faults cutting
formations with strong mechanical contrast (green) (Roche et al., 2021). (C) Normalised throw-length plot for the studied
faults (grey) at the base syn-kinematic level (H4) with an average profile of the fault network shown in red. (D) Normalised
throw-depth profiles for the studied faults showing the basal detachment layer (i). The fault network can be divided into
two subsets with subset 1 including faults F1, F4, F6, F8, F13 and F11 (ii) showing a single throw maximum at the H4 level
while subset 2 (F2, F3, F5, F7, F9, F10, F11, F12, and F14) (iii) shows the presence of a potential intra-stratal detachment layer
that separates two throw maxima denoting potential vertical (i.e., dip) linkage. The Expansion Index (El) values of H4, H6,
H7, H8 and H9 are shown to the side of the normalised throw-depth plots.

(Figure 1C) might also vary laterally across the study Our studied faults show relatively low displace-
area. ment rates compared to the global dataset (i.e., c.

0.0062-0.025 mm/year averaged over a 6.2 Myr pe-
4.2 Fault Growth Rates riod of fault activity and c. 0.012-0.050 mm/year av-

eraged over a 3.1 Myr period; Figure 10A). We can see
this by comparing the light blue (cyan) circles to the
dark blue (navy) circles in Figure 10A. In contrast, for
faults active for comparable periods, our studied fault
network shows higher lateral propagation rates (i.e.,
c. 0.38-3.4 mm/year and 0.76-6.9 mm/year based on
fault ages of 6.2 and 3.1 Myr respectively), being ap-
proximately an order of magnitude faster (compare
light green or yellow green circles to red crosses in
Figure 10A). However, faults observed over shorter
durations (i.e., 105-106 years) appear to have faster

In addition to the geometric properties of the fault
network, we also assess the kinematics of its con-
stituent faults, with a specific focus on their displace-
ment and lateral propagation rates. We then com-
pare and contextualise these with rates derived from
29 other locations (Figure 10A). Spanning various tec-
tonic and depositional settings, and derived from ac-
tive and inactive faults, our compiled dataset is not
intended to be exhaustive; it simply allows us to com-
pare our faults with some global examples of rates
determined across different observational periods.
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Figure 5 - (A) A detailed overview of Fault 1 (F1) showing (A.i) a strike-parallel seismic section, (A.ii) a strike-perpendicular
(dip) seismic section, (A.iii) strike-projected throw distribution along the fault surface, (A.iv) A time-structure map of the
base syn-kinematic horizons (H4) denoting the fault map location and the location of sections (A.i) and (A.ii). (A.v) Expansion
Index (El) values showing potential across fault thickening (i.e., syn-kinematic growth) at the H4 level. (B) A detailed overview
of Fault 6 (F6) showing (B.i) a strike-parallel seismic section, (B.ii) a strike-perpendicular (dip) seismic section, (B.iii) strike-
projected throw distribution along the fault surface, (B.iv) A time-structure map of the base syn-kinematic horizons (H4)
denoting the fault map location and the location of sections (B.i) and (B.ii). (B.v) Expansion Index (El) values showing potential

across fault thickening (i.e., syn-kinematic growth) at the H4 level.
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Figure 6 - (A) A detailed overview of Fault 8 (F8) showing (A.i) a strike-parallel seismic section, (A.ii) a strike-perpendicular
(dip) seismic section, (A.iii) strike-projected throw distribution along the fault surface, (A.iv) A time-structure map of the
base syn-kinematic horizons (H4) denoting the fault map location and the location of sections (A.i) and (A.ii). (A.v) Expansion
Index (El) values showing potential across fault thickening (i.e., syn-kinematic growth) at the H4 level. (B) A detailed overview
of Fault 5 (F5) showing (B.i) a strike-parallel seismic section, (B.ii) a strike-perpendicular (dip) seismic section, (B.iii) strike-
projected throw distribution along the fault surface, (B.iv) A time-structure map of the base syn-kinematic horizons (H4)
denoting the fault map location and the location of sections (B.i) and (B.ii). (B.v) Expansion Index (El) values showing potential
across fault thickening (i.e., syn-kinematic growth) at the H4 level.
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Figure 7 - (A) A detailed overview of Fault 8 (F8) showing (A.i) a strike-parallel seismic section, (A.ii) a strike-perpendicular
(dip) seismic section, (A.iii) strike-projected throw distribution along the fault surface, (A.iv) A time-structure map of the
base syn-kinematic horizons (H4) denoting the fault map location and the location of sections (A.i) and (A.ii). (A.v) Expansion
Index (El) values showing potential across fault thickening (i.e., syn-kinematic growth) at the H4 level. (B) A detailed overview
of Fault 550 (F5) showing (B.i) a strike-parallel seismic section, (B.ii) a strike-perpendicular (dip) seismic section, (B.iii) strike-
projected throw distribution along the fault surface, (B.iv) A time-structure map of the base syn-kinematic horizons (H4)
denoting the fault map location and the location of sections (B.i) and (B.ii). (B.v) Expansion Index (El) values showing potential
across fault thickening (i.e., syn-kinematic growth) at the H4 level.
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Figure 8 - Un-interpreted and interpreted strike-parallel sections along faults F1 (A, b) and F6 (C, D) showing the lower-
most reflections in Upper Jurassic package onlapping onto the base syn-kinematic horizon immediately adjacent to the fault
tips (blue arrow). (B.i, B.ii) A schematic representation of two possible interpretations along strike of F1 where the blue
arrow shows the onlap and truncation scenario before the fault tip and the green arrow shows the onlap and thinning case
towards the fault tip. The two interpretations (B.i, B.ii) illustrate the implication of seismic tuning on the observations of the

intraformational architecture.
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Figure 9 - Un-interpreted and interpreted strike-parallel sections along faults F1 (A) A summary of the techniques and re-
sults used to understand depocentre development and determine the location of fault tips. (A.i-iv) Isochron (time-thickness)
maps for sub-units of the syn-kinematic interval (Middle Jurassic to Early Cretaceous) showing across-fault thickening in the
smallest resolvable interval. (A.v) and (A.vi) Expansion Index (El) values along strike of faults 8 (F6) and 11 (F9) showing
values >1 along at the H4 level along strike of the entire fault surface. (A.vii) and (A.viii) backstripped throw vs. length
profiles for F6 and F9 highlighting maximum throw occurring at H4 level and showing the location of the fault tips. (B) A
description of the variability in vertical linkage across the studied fault network. (B.i) Time-structure map of the base syn-
kinematic level (H4) showing the studied fault network. Faults coloured in black are the ones that show no sign of vertical
linkage while faults coloured in white indicate faults that exhibit vertical linkage. The blue fill-colour within the white faults
highlights the map location of the inferred vertical linkage. Strike-projections (B.ii-vii) show the fault examples discussed
in-text with hangingwall and footwall throw traces indicated by solid and dashed lines for horizons H4, H7, and H8. The
strike-projections illustrate the lack of any throw maxima below H7 for subset 1 faults (F1, F6, F8) and the presence of an in-
traformational detachment layer at H7 that separates different throw maxima above and below the detachment for subset
2 faults (F5, F9, F10).
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Figure 10 - (A) Slip rate data across various timescales for the studied fault network (displacement rates in light blue and
lateral propagation rates in light green) and literature data (displacement rates in dark blue and lateral propagation rates in
red). The shape of the literature data points relates to their type/origin. Each literature study is represented by two points
marking the maximum and minimum reported rates in the study and the line connecting the two points captures the range
of reported data by each study. Another version of this plot is provided in Figure SI-2 in Supporting Information where each
literature study is clearly indicated, and the literature data is provided in Appendix 2 in Alghuraybi (2023). (B) Slip rate data
(displacement rates) across various fault lengths. (C) A plot of the ratio of lateral propagation and displacement rates for the
studied faults (dark blue), data from Bell et al. (2009) (grey circles) and Lathrop et al. (2021) (grey crosses). The plot shows that
the studied fault network has a ratio that is 2-3 orders of magnitude higher than other seismically imaged faults of similar
length. Please note that we plot the maximum and minimum slip rate data from each study and connect those two points
with a line to represent the full range of rates reported (Figure 10A.
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lateral propagation rates (i.e., approximately an order
to magnitude higher) compared to our studied fault
network (compare red circle and square data to light
green circles in Fig. 10A).

5 Discussion

Our studied fault network has displacement rates
that are comparable to those measured over similar
time scales (i.e., >107 years; dark blue crosses com-
pared to light blue circles in Fig. 10A) in the North
Sea (Nicol et al., 1997; Bell et al.,, 2014), the Timor
Sea (Meyer et al., 2002), and the Basin & Range and
Taranaki Rift (Mouslopoulou et al., 2009), or for faults
with similar trace lengths (>104 km; Figure 10B; Lath-
rop et al., 2021) averaged over longer time scales.
However, for faults active for a comparable time pe-
riod, our studied fault network shows higher lateral
propagation rates (i.e., c. 0.38-3.4 mm/year and
0.76-6.9 mm/year based on fault ages of 6.2 and
3.1 Myr respectively), being approximately an order
of magnitude faster (compare light green or yellow
green circles to red crosses in Figure 10A). Depend-
ing on the growth paths these faults took (i.e., con-
stant length model vs. propagating fault model), a re-
lationship should emerge between the rate of lateral
propagation, fault displacement rate, and fault matu-
rity. Specifically, if the faults grew in accordance with
the propagating fault model, the ratio between lateral
propagation and displacement rate will be closerto 1.
However, if the faults established their lengths before
accruing significant displacement, then the ratio be-
tween lateral propagation and displacement would
be >1, especially during the early stages of fault de-
velopment (i.e., initial 20 - 30% of fault lifespan; e.g.,
Walsh et al., 2002; Meyer et al., 2002; Nicol et al., 2005,
2016; Childs et al., 2017; Rotevatn et al., 2019; Nicol
et al.,, 2020; Lathrop et al., 2022) . We observe that
independent of fault length and whether the dura-
tion of faulting is estimated to be 6.2 or 3.1 Myr,
the studied faults propagated laterally much more
rapidly (i.e., c. 300-20 times faster) than they accu-
mulated displacement (Figure 10C). This value is 2-3
orders of magnitude higher than for other seismically
imaged faults of similar length (Figure 10C; e.g., Bell
etal., 2009; Lathrop et al., 2021).

The studied fault network is characterised by faults
having i) low (c. 0.001) Dmax/Lmax scaling relationships
(Figure 4A), ii) high (>5) length/height aspect ratios
(Figure 4B), iii) a broad, bell-shaped throw-length pro-
file at the base syn-kinematic level (H4; Figure 4C), iv)
hangingwall depocenters forming at first detectable
unit above the base syn-kinematic horizon (H4; Fig-
ure 4A), and v) onlap of the lowermost syn-kinematic
strata onto pre-kinematic strata immediately inboard
of the lateral fault tips (Fig. 8). The thinning and on-
lapping of earliest syn-rift sediments immediately ad-
jacent to the lateral tips of the normal faults we de-
scribe here (Figure 8A, B) is also observed in other
large normal faults in the Gulf of Suez, Egypt (see
Figure 3A in Gawthorpe et al., 2003) and the East
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African Rift (Morley, 1999), where this stratigraphic
architecture is interpreted to reflect early establish-
ment of the near-final fault length, consistent with
the constant-length model. In contrast, if the faults
grew by simultaneously accumulating length and dis-
placement (i.e., ‘propagating fault model’), then we
would expect to observe progressive onlapping of the
syn-kinematic strata towards the lateral tips of the
faults (Morley, 1999, see Figure 2 in). These geometric
observations suggest that the studied network cap-
tures faults during their very earliest stage of devel-
opment when they were growing in accordance with
the constant-length model (Figure 11). We do not
think that these faults are atypical for tectonic nor-
mal faults in terms of their general structure and evo-
lution. However, they are unusual in the sense that
they: (i) became inactive relatively early in their his-
tories, prior to accumulating significant displacement
(see Walsh et al., 2002); and (ii) they are imaged in
a high-quality, 3D seismic reflection dataset. Some
of the studied faults are tip-restricted (e.g., F2, F6,
F8, F9, F10, F13) as indicted by faults having higher
throw gradients near their branchpoints (and pre-
sumably branchlines; e.g., Nicol et al., 1996). This
means that the tip-restricted faults would likely have
propagated further and thus have been longer in the
absence of the oblique faults, meaning our reported
lengths are conservative estimates. Nevertheless,
this does not detract from our conclusion, given these
faults are already long for their displacement and if
not tip-restricted would presumably have grown even
longer.

Along with the geometric properties of the fault
network, our kinematic analysis shows that these
faults propagated laterally much faster than they ac-
cumulated displacement (Figures 10C, 11). Combin-
ing the geometric and kinematic observations indi-
cates that the studied faults rapidly lengthened and
reached their near-final lengths but did not have a
chance to accumulate significant additional displace-
ment (i.e., faults are geometrically immature) before
becoming inactive (e.g., Walsh et al., 2002; Meyer et al.,
2002; Nicol et al., 2005, 2016; Childs et al., 2017). Why
the faults became inactive is unknown, although we
suspect this is related to strain localisation on to the
nearby, very large (c. 2 km displacement), basement-
rooted, Troms-Finnmark Fault Complex (TFFC), which
continued to be active until the Eocene (e.g., Alghu-
raybietal., 2022). It could be argued that the presence
of a weak mudstone at the bottom of the faulted in-
terval inhibits downward propagation and limits the
accumulation of additional displacement, leading to
high aspect ratios (Schultz and Fossen, 2002). How-
ever, we show that observations from subset 2 faults
(i.e., multiple throw maxima along different strati-
graphic intervals separated by a throw minimum) in-
dicates the presence of an intraformational detach-
ment layer, where subset 2 faults likely nucleated at
different stratigraphic levels (H4, H9) and vertically
linked at a later stage during the faults’ lives (Fig-
ure 9B Nicol et al., 1996; Soliva and Benedicto, 2005;
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Figure 11 - (A) Idealised schematic diagrams summarising our proposed structural evolution for the studied fault network.
These schematic diagrams cover the time steps before the onset of faulting (A.i) to the fault cessation and continued depo-
sition time step (A.iv). The geological ages represent the studied fault network but for a more theoretical and generalised
model, these time steps can be viewed as time 0 (oldest) to time 3 (youngest). (B) a simplified graphical representation
of our fault growth model in the displacement-length domain. These plots show the rapid lateral propagation rate (early
establishment of fault length (B.i-ii) and the subsequent displacement accumulation (B.iii) before growth arrest (B.iv).
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Roche et al., 2013, 2021). Therefore, we maintain that
the early formation of strike-parallel hangingwall de-
pocenters (Figure 9A) and the observed onlap rela-
tionships (Figure 8), combined with the other geomet-
ric properties of the fault network, favour the inter-
pretation of the rapid propagation rate being a func-
tion of early-stage faulting rather than vertical restric-
tion alone.

The highest aspect ratio ever reported for a nat-
ural normal fault that we are aware of is 14 (Nicol
et al., 1996; Soliva and Benedicto, 2005; Roche et al.,
2013, 2021); this is significantly lower than the high-
est aspect ratio we observe here (c. 25). In fact,
six of the studied faults have aspect ratios »14 (Fig-
ure 4B). Numerical models, motivated by observa-
tions from meter-scale fault networks in layered
carbonate rocks, show that aspect ratios can vary
through time, increasing when the faults interact with
layers that restrict their onwards vertical propaga-
tion, before decreasing again when they are able to
breach those layers (e.g., Soliva and Benedicto, 2005;
Roche et al., 2013). Our study suggests that this pro-
cess may occur at substantially larger scales than pre-
viously reported, meaning aspect ratio variability is a
fundamental aspect of fault growth across scales in
mechanically layered rocks. The variability in the ge-
ometric and kinematic properties of the studied fault
network might be explained by the variable and com-
plex vertical growth history of individual structures,
which likely reflects the role of the marked lithologi-
cal and likely strong mechanical anisotropy observed
in wellbore data (Figure 1C).

Our slip rate data compilation builds on previous
works (e.g., Nicol et al., 2005; Mouslopoulou et al., 2009;
Nicol et al., 2020) and includes lateral propagation
and displacement rate data measured over a range
of temporal scales using different methods (geode-
tic, GPS, field observations, seismic refraction, and re-
flection data). By compiling the database, we note
that lateral propagation rates are often not reported
or less frequently documented compared to displace-
ment rates. Based on this, we propose to document,
where possible, both displacement and lateral prop-
agation rates. By doing so, we can further our under-
standing of how faults evolve across various temporal
and spatial scales.

6 Conclusion

We study a normal fault network from the SW Barents
Sea, offshore Norway using high-quality 3D seismic
reflection and borehole data. The fault network con-
sists of 15 Middle Jurassic to Early Cretaceous normal
faults that offset a Late Triassic to Early Cretaceous
stratigraphy and are associated with Upper Jurassic
growth strata. These faults are characterised by i)
anomalously low (c. 0.001) Dmax/Lmax Scaling relation-
ships, ii) unusually high (up to 25) aspect ratios, iii)
broad, bell-shaped throw-length profile at the base
syn-kinematic level, and iv) hangingwall depocenters
forming within the first detectable unit above the
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base syn-kinematic horizon. By quantifying the faults'
lateral propagation (c. 0.76-6.9 mm/year) and dis-
placement accumulation (c. 0.012-0.050 mm/year)
rates, we show that these faults developed up to 300
times faster than accumulated displacement. Based
on the geometric properties of these faults and their
rapid lateral propagation relative to displacement ac-
cumulation rates, we propose that these faults rep-
resent a "fossilised” snapshot of the earliest stages of
normal fault growth, where the faults reached their
near-final lengths before accumulating any signifi-
cant displacement resulting in geometrically imma-
ture faults.
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