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Abstract

Pull-apart basins are structural features linked to the interactions between strike-slip
and extensional tectonics. Their morphology and structural evolution are determined
by factors such as extension rate, the basin length/width ratio, and changes in exten-
sion direction. In this work, we investigate the effect of a change in the plate mo-
tion direction on a pull-apart basin's structure, using analogue modelling experiments
with a two-layer ductile-brittle configuration to simulate continental crust rheology.
We initially impose orthogonal extension on an interconnected rift and strike-slip
system to drive pull-apart development. Subsequently, we rotate the relative motion
vector, imposing transtensional deformation and continuing with this new relative
motion vector to the end of the experiment. To compare with natural examples, we
analyse the model using seismic interpretation software, generating 3D fault structure
and sedimentary thickness interpretations. Results show that the change in the direc-
tion of plate motion produces map-view sigmoidal oblique slip faults that become
normal-slip when deformation adjusts to the new plate motion vector. Furthermore,
sediment distribution is strongly influenced by the relative plate rotation, changing
the locus of deposition inside the basin at each model stage. Finally, we compare
our observations to seismic reflection images, sedimentary package thicknesses and
fault interpretations from the Northern Gulf of California and find good agreement
between model and nature. Similar fault arrays occur in the Bohai Basin in northern
China, which suggests a rotational component in its evolution. More broadly, such
similar structures could indicate a role for oblique extension and fault rotation in any

pull-apart basin.
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Pull-apart basins are structural depressions attributed to the
presence of extensional features along strike-slip fault sys-
tems, found at releasing bends or steps (Rahe et al., 1998).
They were first described in the Death Valley strike-slip fault
system by Burchfiel and Stewart (1966), where they observed
an oblique ‘pulling-apart’ of the two sides of the valley due
to an oblique slip segment in the Death Valley Fault Zone.
In their global catalogue of releasing and restraining bends
on strike-slip systems, Mann (2007) documented around 150
such examples of releasing bends with observable pull-apart
structures.

Conceptual models of pull-apart basins traditionally show
a rthomboidal depression between two main parallel strike-
slip faults (Figure 1a), commonly referred to as principal dis-
placement zones (PDZs; Wu et al., 2009). This depression is
bounded by oblique extensional faults termed basin sidewall
faults (BSFs), linking the PDZs (Corti et al., 2020; Figure 1a).

However, the evolution and current geometry of some
well-known pull-apart basins around the world cannot be fully
explained by pure strike-slip motion between two PDZs (Wu
et al., 2009). There is a number of pull-apart basins around
the world that display distinct transtensional characteristics.
For example, Umhoefer et al. (2018) note that a plate motion
variation at around 8 Ma (Atwater & Stock, 1998) potentially
led to successive pull-apart basin opening and flooding from
south to north in the Gulf of California. Allen et al. (1997)
observe that the evolution of the Bohai Basin in China can be
attributed to transtension (and a later transpressional event).
Armijo et al. (2002) describe submarine morphology in the
Sea of Marmara that reveals a segmented fault system, in-
cluding pull-apart features indicating a transtensional regime.
Similarly, the Andaman Sea has been viewed traditionally as
a large simple pull-apart basin but recent studies indicate
that the initial orthogonal E-W or ESE-WNW extension is
followed by a change in the direction of extension to SSE-
WNW (e.g. Morley, 2017; Morley & Alvey, 2015; Morley
& Searle, 2017; Srisuriyon & Morley, 2014). Finally, Decker
(1996) and Lee and Wagreich (2017) indicate that the Vienna
Basin displays similar transtensional characteristics with
large negative flower structures formed over the main PDZs.

A transtensional component is sufficient to create two
to three times more accommodation space for sediments
compared to an orthogonal pull-apart basin (ten Brink
etal., 1996). Transtensional pull-apart basins also form wider
PDZs (Farangitakis et al., 2019), comprising transtensional
zones ranging from elongate negative flower structures to
complex zones with mini-basin characteristics themselves
(Figure 1b). A transtensional pull-apart basin thus has a dis-
tinct form and evolutionary history compared with classic,
purely strike-slip pull-apart basins. However, cases between
these end-members can exist, where an individual basin may

Highlights

e Analogue models test development of pull-apart
basins in a transtensional rotation regime.

e Models show good correlation to the Northern
Gulf of California pull-apart structure.

e First order structure also correlates well to the
Bohai Basin in Northern China.

e Models highlight the need to consider rotation
when investigating pull-apart basin evolution.

experience phases of both pure strike-slip and transtensional
motion.

Understanding pull-apart basin development through an-
alogue modelling has proven to be a very useful approach.
Analogue modelling utilises materials that deform in a con-
tinuous and discontinuous manner, leading to clear expres-
sions of the structure over time (Reber et al., 2020), which
makes this method ideal for studying the evolution of a pull-
apart basin. The first analogue models of pull-apart basins
were carried out by McClay and Dooley (1995), who used
two diverging basal plates to produce the fault geometries
and surface evolution of a pull-apart basin. Similar modelling
approaches have since been used by Sims et al. (1999), who
studied the role of ductile decollements in pull-apart basin
shape, and Smit et al. (2008), who investigated the evolution
of salt diapirs in the Dead Sea pull-apart system. Withjack
and Jamison (1986) explored fault patterns in oblique set-
tings using clay models to simulate areas such as the Gulf
of California and the Gulf of Aden. Basile and Brun (1999)
investigated a number of parameters in pull-apart basins
such as length to width ratio, brittle to ductile layer ratio,
and extension velocity. Corti and Dooley (2015) and Corti
et al. (2020) used centrifuge modelling apparatuses to test
how the morphology of the developing pull-aparts depended
on the interaction between the PDZs (underlapping, overlap-
ping or neutral). Finally, Wu et al. (2009) used a similar array
to that of McClay and Dooley (1995), imaging the develop-
ment of transtensional pull-apart basins in 4D by varying the
angle of the PDZ. Building on these previous studies, an in-
depth investigation of the effect of changes in relative plate
motion direction on pull-apart basin evolution is needed in
order to understand the basin's structural response to chang-
ing boundary conditions. In this study, we use a combina-
tion of analogue modelling and seismic reflection data to
further understand the evolution of pull-apart basins when
transtension is imposed due to a change in extension direc-
tion during basin evolution. We then compare our model re-
sults to observations of pull-apart structures in the N. Gulf
of California, where a known 10-15° change in relative plate
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FIGURE 1 Generalised conceptual

Pure strike-slip pull-apart basin

Transtensionally rotated pull-apart basin

models of (a) a pure strike-slip pull-apart (a)
basin and (b) a pull-apart basin experiencing
transtension (with the northern block motion
rotated by 0 = 7° relative to the southern
block)

(b)

PDZ: Principal Displacement Zone
BSF: Basin Sidewall Fault

[ ] Upper Continental Crust
I Lower Continental Crust

motion occurred at 8—6 Ma (Bennett & Oskin, 2014). Finally,
we explore whether changes in extension direction during
pull-apart basin evolution can explain first order features of
the Bohai Basin in China. Our results show that it is import-
ant to consider changes in extension direction over time when
investigating pull-apart basin evolution.

2 | GEOLOGICAL BACKGROUND

2.1 | The Northern Gulf of California

The Gulf of California (GoC) is a relatively young transten-
sional margin, with active seafloor spreading centres in the
southern and central Gulf (Lizarralde et al., 2007) and rifting
(with potential continental break-up) in the north (Martin-
Barajas et al., 2013). All the extensional components of the
GoC (spreading centres and rifts) are connected through
dextral transform faults (Figure 2d). The first occurrence
of dextral transform motion between the Pacific and North
American plates is believed to have happened ca. 20 Ma
(Atwater & Stock, 1998; Axen, 1995; Bennett et al., 2013;
Lonsdale, 1989; Figure 2a), followed by the first phase of
extension in the Proto-Gulf of California starting ca. 12 Ma
(Atwater & Stock, 1998; Stock & Hodges, 1989; Figure 2b).
Bennett and Oskin (2014) suggest that a ~10-15° clockwise
rotation in the relative motion between the plates between
12.5 and 6.5 Ma increased the rift obliquity and favoured
the development of strike-slip faulting. Shearing localised in
en-echelon strike-slip shear zones, that began to create pull-
apart basins by 6 Ma (Bennett et al., 2013; Figure 2c). These
nascent pull-apart basins flooded from south to north succes-
sively due to higher transtensional deformation rates further
from the Euler pole (Umhoefer et al., 2018). At the end of their
evolution, and after a further plate re-organisation at ca. 3 Ma
(Seiler et al., 2009), a series of long dextral transform faults
was formed, connected by smaller rift basins (Lizarralde
et al., 2007; Persaud et al., 2003; Figure 2d). In the northern
GoC, the nature and timing of continental break-up is still
unclear, with the presence of oceanic crust suggested in some
basins (Gonzalez-Escobar et al., 2014; Martin-Barajas et al.,

2013) and delayed rupture suggested for others (Lizarralde
et al., 2007; Martin-Barajas et al., 2013).

Deformation in the northern GoC is distributed across
a broad, relatively shallow depression representing a pull-
apart structure between the Cerro Prieto Fault (CPF) and the
Ballenas Transform Fault Zone (BTFZ; Persaud et al., 2017,
Figure 2e). Within this pull-apart structure, a dense network
of mainly oblique-normal, small-offset faults forms a broad
zone of brittle deformation, with smaller sub-parallel basins
along splays at the NW end of the Ballenas Transform Fault
Zone (Persaud et al., 2003; Figure 2e). Hence, the basal duc-
tile shear zone underneath the brittle crust is expected to be
as wide as the surface deformation (Persaud et al., 2003).
Deformation within the pull-apart structure has experienced
a westward jump from the Tiburon Basin ca. 3.5-2 Ma
following a plate reorganisation (Lonsdale, 1989; Seiler
et al., 2009). The Ballenas Transform Fault Zone and Cerro
Prieto Fault have a 10° difference in strike, with earthquake
and field data suggesting that between 7-15 mm/a of dex-
tral slip is transferred from the northern end of the Ballenas
Transform Fault Zone to the onshore faults in Baja California
(e.g. Bennett et al., 1996; Goff et al., 1987; Humphreys
& Weldon, 1991). Moreover, the Cerro Prieto Fault and
Ballenas Transform Fault Zone strike 6-7° clockwise (312°)
of the transforms in the south (305°; Lonsdale, 1989). Dorsey
and Umhoefer (2012) and Van Wijk et al. (2017) argue that
this increased obliquity, in combination with the geometry of
the strike-slip faulting stepover, contributes to the northern
Gulf's basin development and late or absent rupture. Other
factors that contribute to the northern Gulf's development
could include initial fault geometries, thick sedimentation,
and changing loci of extension.

2.2 | The Bohai Basin, Northern China

The Bohai Basin in Northern China is a 1,000 km long
by 600 km wide extensional structure, formed mainly in
the early Cenozoic (Hu et al., 2001; Liangjie et al., 2008),
which has undergone a transtensional phase in its evolu-
tion (Allen et al., 1998). It has a NE-SW trend, bounded
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Legend
Symbols Abbreviations

== Transform Boundaries A: Alarcon Rift MTJ: Mendocino Triple Junction
== Spreading Centres BTF: Ballenas Transform Fault N: Northern GoC Rift
——  Subduction Zones CPF: Cerro-Prieto Transform Fault P: Pescadero Rift
—--. Normal Faults CPV: Cabo-Puerto Vallarta Rift RTJ: Rivera Triple Junction
—-_.  Strike-Slip Faults F: Farallon Rift SAF: San Andreas Fault
-  Oblique-Normal Faults G: Guaymas Rift

FIGURE 2 (a-d) Stages of evolution of the Gulf of California from 20 Ma to present (modified from Bennett et al., 2013), (a) Initial
occurrence of dextral transform motion, (b) early extension in the proto-gulf, followed by (c) transtension in the proto-gulf, (d) current
configuration. (e): close-up map of the northern Gulf of California (faults in continuous lines from this work and Persaud et al., 2003, faults in
dashed lines from Martin-Barajas et al., 2013, basins outlined in grey)

by lithospheric scale strike-slip faults, namely the dextral It superficially resembles a giant pull-apart structure,
Tan-Lu strike-slip fault zone in the east (Allen et al., 1997; controlled by dextral slip, with the Bozhong Depression
Klimetz, 1983) and the Lanliao and Shulu-Handan strike- (Figure 3a) being the main Cenozoic depocentre.
slip fault zones in the west (Qi & Yang, 2010; Figure 3c). Transtension in the basin occurred in the Early Cenozoic
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FIGURE 3 (a-b) Evolution of (b) N ’_//Q
. . . e
the structural fabric of the Bohai Basin T 7 7 ég}
(modified from Allen et al., 1997). Location 0
of the basin shown in pale green. Inset: //// Q§
~
regional location of panels (a-c). (c) Map of /\ T %
the structure and relative depth to Mesozoic VR - 41 L /
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Yellow Sea

Basin Relief

——

Legend Abbreviations
_____ Strike-Slip mmm == Normal Fault S o m = Oblique-Normal PDZ: Principal Displacement Zone
Fault Slip Fault BSF: Basin Sidewall Fault
..... Structural RAF: Rotation Accomodation Fault

Fabric LDW: Liaodongwan BZH: Bozhong

8-H: Shulu-Handan L: Langliao

when the Pacific-Asia convergence vector rotated from
NW-SE to E-W (Engebretson et al., 1985).

Results from different approaches such as seismic reflec-
tion (Feng & Ye, 2018; Qi & Yang, 2010), stress field model-
ling (Guo et al., 2009), thermal subsidence (Hu et al., 2001)
and hydrocarbon well data (Liangjie et al., 2008) suggest that
the Bohai Basin has had a multi-phase evolution. The base-
ment fabric of the Bohai Basin is of pre-Cenozoic age, and

consists of Precambrian to Mesozoic metamorphic and sedi-
mentary rocks that are cross-cut by the main boundary faults
of the basin (Qi & Yang, 2010). In the Paleocene to Early
Eocene, dextral transtension was localised in four regions in
the basin, which acted as the main depocentres at the time
(Allen et al., 1997; Figure 3a). By the Middle Eocene, ex-
tension had propagated southwards from the current location
of the Liaodongwan Depression, creating extensional overlap
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over the main depocentre of the central basin, the Bozhong
Depression (BZHD Figure 3b). Extension along east-west
normal faults in this region led to the thickest known sedi-

ments in the basin (Allen et al., 1997; Qi & Yang, 2010).

3 | METHODOLOGY
3.1 | Analogue Models
3.1.1 | General parameters of the models

We use a modified experimental apparatus based on
Farangitakis et al. (2019; originally inspired by Basile &
Brun, 1999), where a moving plate slides away from a static
plastic sheet at the base of a brittle/ductile layer configuration
(Figure 4a). Hence, deformation is entirely driven through the
applied basal boundary conditions, with pre-imposed velocity
discontinuities (VDs), similar to those in Allemand and Brun
(1991) and Tron and Brun (1991). The velocity discontinuity
configuration is that of an en-echelon rift and strike-slip sys-
tem, consisting of two sets of alternating discontinuities paral-
lel and perpendicular to orthogonal plate motion (Figure 4a).
The master strike-slip faults or PDZs are “neutral” (Corti &
Dooley, 2015; Corti et al., 2020), meaning they do not over-
lap or underlap each other during orthogonal motion.

Following an initial orthogonal extension phase, we in-
troduce a counterclockwise rotation of 7° in the extension
direction, consistent with half the amount of rotation ob-
served in the northern Gulf of California (10-15°—Bennett
& Oskin, 2014). We use 7° of rotation mainly due to physical
limits of the apparatus.

The brittle/ductile experiments were performed with the
basal plate moving with a velocity of 7.5 cm/h, a velocity
scaled to the natural example (see model scaling section). We
capture the evolution of the model's surface features using
a high-resolution digital camera taking snapshots every 60 s
(with a resolution higher than 1 cm). This allows for a time-
based analysis of the developing surface features after the
model run. We also map the changing topography using a
3D surface scanner (with accuracy >1 mm) that scanned the
model surface every 3 min. This technique enables us to (a)
quantify topographical changes in the model and (b) identify
structural features that have developed and might not be vis-
ible in the top-view images. Finally, at regular intervals (of
~2.5 min) we use a small funnel to manually add three alter-
nating colour layers of feldspar sand in the topographic lows.
These layers represent syn-and post-rift sedimentation and
are particularly useful in correlating structures and identify-
ing the locus of extension when the models are sectioned and
reconstructed in 3D. At the end of the experimental run, the
model is also covered with a thick protective layer of black
sand prior to wetting and cutting.

3.1.2 | Kinematic set-up of the
analogue models

The model configuration (Figure 4) allows us to investigate the
effects of transtensional rotation on a pull-apart basin develop-
ing between two strike-slip velocity discontinuities (Basile &
Brun, 1999). The rotating plate is represented by a 46 X 21 cm
plastic plate underneath the silicone putty/feldspar sand layers.
The shape of the moving plate (as seen in Figure 4a) imposes
two right-lateral strike-slip faults connected by a rift segment.
At the trailing edge of the plate, a thin plastic sheet is fixed
above the moving plate to act as a second velocity discontinu-
ity, imposing another rift (Figure 4a). The plate is guided by a
series of metal bars at its front and trailing ends. These ensure
that (a) movement initially remains almost orthogonal and (b)
rotation at the later stage is not greater than 7° (Figure 4a, grey
boxes labelled guide bars). Once motion starts, the plate moves
almost orthogonally, creating a pull-apart structure between the
ends of the two strike-slip faults and a further rift at the back
end (Figure 4b). A construction of heavy metal blocks, welded
firmly on the table top, acts as a mechanical elbow (Figure 4a,
yellow boxes). When the plate reaches the two boxes, which
are placed at an angle, it is forced to rotate until it leaves the top
end of the elbow, simultaneously hitting the top left guide bar.
The top left guide bar stops any further rotation and ensures
the plate has a consistent new vector of motion. (Figure 4c).
In this rotation stage, the previously formed structures un-
dergo rotation-dominated transtension and oblique rifting
(Figure 4c). Finally, after rotation has ended, the plate slides
between the top guide bars, moving with the new plate motion
vector, oblique to the original boundary (Figure 4d). The model
is extended for a total of 7 cm.

3.1.3 | Model rheology, materials and scaling
Continental crust in our models is represented as follows
(Figure 5 and Table 1):

a. For the brittle upper crust, we use a 1.6 cm thick layer
of dry feldspar sand (deformable according to the Mohr-
Coulomb criterion) with a density of p = 1.3 g/em’
(Luth et al., 2010; Sokoutis et al., 2005; Willingshofer
et al., 2005), an internal friction coefficient of Hric of
0.6 (Willingshofer et al., 2018), and sieved to a grain
size d = 100-350 pm. The sand is sieved evenly over
the model during the modelling set-up stage.

b. Ductile lower crust is modelled with 0.8 cm thick layer of
transparent silicone putty SGM-36, a poly-dimethyl silox-
ane with a density of p = 0.970 g/cm3, no yield strength
and viscosity at room temperature of p; = 5%10* Pa s
(Weijermars, 1986a; Weijermars, 1986b; Weijermars
1986¢).
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FIGURE 4 Model apparatus:

(a) parts, dimensions, and initial
configuration of the model apparatus

(b) orthogonal motion stage, (c) end

of rotation stage, (d) new oblique plate
motion vector stage. Red box marks the
model boundary, dark grey box marks the
moving plate. Yellow boxes represent the
mechanical elbow that imposes the rotation.
Elongate darker shaded grey area in the
back of panel a marks the fixed plastic sheet
acting as the second rift

Suace WILEY- '

Guide bars imposing
rotated plate vector

Il Orthogonal rifting

- Oblique rifting
(rotation)

:l Oblique rifting
(new plate vector)

Zone of transtension

Moving plate —

Ductile layer outline

pulling Moto”

Rear rift VD

Front

ight|

Metal blocks acting as mechanical elbow
imposing rotation when moving plate
reaches the corner

Extent of Figure 8

/

wo €y

Strike-slip VDs

Plastic sheet imposing rear rift

9 Motor

pullin

(c)

(d)

9 Motor

pullin

Rifted

p——
Strite-slip
faulting

zone

-
—

Strike-slip
faulting

Rifted
zone

Transtension
zone
Transtension
zone

The selection of the model layer materials is based on feld-
spar (or quartz) sand being the most common material used

to represent the upper brittle crust while PDMS silicones are
a very good analogue for ductile layers (Reber et al., 2020).
The governing equations for the layer strength are derived

from Brun (2002). In the brittle layers, the strength profile
along the strike-slip faults is given by the equation: is:

ol _63(&?) = Pp83p (1)

where 61 — 63y, is the brittle layer strength along the strike-slip
faults, p, is the brittle layer density, g is gravitational accelera-
tion and z, is thickness of the sand layer (Brun, 2002).

For extension in the brittle layers, the governing equation
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where o1 — 63, is the extending brittle layer's strength
(Brun, 2002).
For the ductile layer, the strength is:
Vv
ol -3 =2 <”Z_> )
d
Strength 01-03 (Pa)
0 50 100 150 200 250 300
° — Rift
0.4 Strike Slip
E 3
V0.8 +
~ fnd
< o
B1l.2
a ]
1.6 — o
c
2 o
7.5 cm/h|®
2.4

FIGURE 5 Model strength profile. White background: brittle
layer, grey background: ductile layer]

where o1 — 03, is ductile layer strength, 7 is ductile layer vis-
cosity, V is the velocity of the moving plate and z, is ductile
layer thickness (Brun, 2002).

These equations produce a rheological profile as shown in
Figure 5. This strength profile is applicable only to the very
early stages of deformation in our model, in particular, before
significant changes in thickness occur.

We scale our analogue models to their natural proto-
type based on the principle of maintaining similarity in the
structural geometry, the kinematics and the rheology of
the crust (Hubbert, 1937; Ramberg, 1981; Weijermars &
Schmeling, 1986; Sokoutis et al., 2000; Sokoutis et al., 2005).
For the initial crustal thickness, we used an average value of
37.6 km (Persaud et al., 2007, 2015). In our 2.4 cm thick
model this translates to a model to nature length scale ratio
of 6.4 x 1077,

We achieve rheologic and dynamic similarity in our mod-
els by scaling the gravitational stress, ¢ (Dombradi et al.,
2010):

where p is density, g is gravitational acceleration, z is thickness

and the “o” symbols denote the model to nature ratio (Sokoutis
et al., 2005). For the viscous deformation, the ratio between

TABLE 1 Materials and parameters used in the models for scaling to nature
Model/
Materials Parameters (SI units) Model Nature nature ratio
Brittle upper crust (K-Feldspar sand) Thickness (m) 1.60 x 1072 251 x 10% 6.4 x 1077
Density (kg/m®) 1.30 x 1034 2.70 x 10% 0.48
Internal friction coefficient ~ 0.60 0.80¢ 0.80
Cohesion (Pa) 15" 2.00 x 10° 7.50 x 107°
Strength (Pa) 2.04 x 10 5.00 x 10% 4.00 x 1077
Ductile lower crust (silicone polymer) Thickness (m) 0.8 x 1072 1.25 x 10% 6.4 x 1077
Density (kg/m®) 0.97 x 10%*! 2.90 x 10* 0.33
Viscosity (Pa s) 5 x 10951 10%m 5x 10718
Strength (Pa) 104 440 x 107 2.4x107°
General parameters (SI units)
Extension velocity (m/s) 2.08 x 1073 73 % 107100 2.9 x 10*
Strain rate 26x 107 59x 107" 4.5x 10"
Time (s) 4.02x 10° 1.89 x 10'" 2.12x 107!
Length of pull-apart basin (m) 0.31 2.00 x 10° 1.60 x 107
Width of pull-apart basin (m) 0.15 10.00° 1.50 x 107°
L/W ratio of pull-apart basin 2.1 2.00 1.05
Smoluchowski number 0.94 1.2 0.79
Ramberg number 0.59 0.61 0.95
Reynolds number 3.38%x107° 292x107% N/A

Note: For calculation of parameters refer to main text (Values obtained from a: Persaud et al., 2015; b: Sokoutis et al., 2005; c: Willingshofer et al., 2005; d: Luth
et al., 2010; e: Burov, 2011; f: Willingshofer et al., 2018; g: Brace & Kohlstedt, 1980; h: Dombradi et al., 2010; i: Farangitakis et al., 2020; j: Weijermars, 1986a; k:
Weijermars, 1986b; 1: Weijermars, 1986¢; m: Persaud et al., 2017; n: Brune et al., 2016).

*Ratio calculated for the combined thickness of brittle and ductile crust.
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gravitational and viscous stresses is given by the Ramberg
Number (R, — Weijermars & Schmeling, 1986):

_ Pa8%4
neé

R

m

)

where p, is the ductile layer density and ¢ is the strain rate.

To scale brittle deformation, we used the ratio between
gravitational stress and cohesive strength, the Smoluchowski
number (S,, — Ramberg, 1981):

Pp83p

=" 6
Tc + HcPpp ( )

m

where 7, is the cohesive strength and g, is the internal
friction coefficient. For accurate scaling, the individual
R,, and S,, values of models and natural prototypes should
be as similar as possible (with the ideal value being a
ratio of 1:1; Dombradi et al., 2010). For our model, these
model/nature R, and S, ratios are 0.95 and 0.79 (Table 1).
As previous work suggests, if the Reynolds number (Re)
is relatively low, then inertial forces can be neglected
compared to viscous ones (Del Ventisette et al., 2007;
Dombradi et al., 2010; Wickham, 2007). The Reynolds
number is given by:

1
Re="" (7
n

where V is the velocity of the moving plate and [ is the total
extension length. The N. GoC has a relative plate veloc-
ity of 23 mm/a from 12-6 Ma and 50 mm/a onwards (Brune
et al., 2016), and our model extends at 7.5 cm/hr (Table 1).
Thus, we can estimate the extension length in both cases, result-
ing in low Reynolds numbers for model and nature (3.38 x 10™*
and 2.92 x 107 respectively). This allows the scaling of dif-
ferent forces to deviate from strict dynamic similarity, so the
time and length ratios can be considered independent variables
(Ramberg, 1981).

3.1.4 | Digitising the analogue models

After the model run, the model is wetted with a mixture of
water and soap and left overnight for the liquid to permeate
through the brittle layer. We then proceed to cut the model
in 12 equidistant cross-sections (every 4 cm). These are cut
at an angle of 70° to the orthogonal pulling direction, to cap-
ture as many of the emergent oblique structures as possible in
each cross-section. Before the start of the experiment, grati-
cules are drawn on the modelling surface to act as control
points for georeferencing the top-view images taken during
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the model run and for locating the cross-sections. All of the
top-view images are stacked in ArcGIS and georeferenced
using these graticule points. A Cartesian coordinate system is
assigned with point 0,0 being the bottom right corner of the
model (as marked in Figure 4a). We then extract the exact
coordinates of each cross-section in the form of a polyline
feature. Photographs of the cross-sections are processed in
Adobe LightroomTM, including lens and distortion correc-
tions. Subsequently, the cross-sections are redrawn as vector
graphics and inserted into the seismic interpretation software
Schlumberger Petrel™, where they are projected into 3D
space (Figure 6a). We then interpret the interface between
each different coloured sand layer as a horizon. Using the
interpreted horizons, we produce a solid block model from
the cross-sections, populating the space between each cross-
section by interpolating linearly between the horizon points
(Figure 6b).

3.1.5 | Analogue modelling limitations

First, in this work we carry out a single specific experiment
designed to replicate the evolution of the Gulf of California.
However, it can be applied to other examples around the world
with similar structure (as seen in Reber et al., 2020), and we
extend our study with a comparison to the Bohai Basin. For a
parametric study on the effects of transtension and transpres-
sion on strike-slip boundaries with a similar apparatus, we
refer readers to Farangitakis et al. (2019). Relative motion
between the basal plates varies during the first cm of defor-
mation and deviates from purely orthogonal by ~0.5° due to
experimental conditions. Nonetheless, this early deformation
remains within the range whereby natural examples would
still be classified as orthogonal. Second, since our models
represent only the continental crust, we operate under the as-
sumption that the mantle underneath accommodates a similar
plate motion. Finally, our physical analogue model does not
include erosion, isostatic compensation or heat transfer be-
tween the layers.

3.2 | Seismic reflection data

We use the UL9905 high resolution reflection 2D seismic
dataset acquired by LDEO, Caltech, and CICESE (Stock
et al., 2005), which is publicly available for download at the
URL: http://get.iedadata.org/doi/303736. The data were ac-
quired with a 48 channel, 600 m streamer, at a sampling inter-
val of 1 ms (shot spacing of 12.5 for Lines 2-52 and 25 m for
Lines 53-80) and were recorded for 2-3 s. (Stock et al., 2005).
The spatial coverage of the data is presented in Figure 7. The
seismic interpretation is based on Persaud et al. (2003) and
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FIGURE 6 Digitised analogue model: (a) Digitised model cross-sections, (b) solid block 3D model. Note the changes in colour between the
experiment and the digitized model for interpretation purposes. To better show the geometry of the pull-apart, the lateral extent of the protective
layer (cyan colour) is not shown. For an enlarged version of panels (a and b), refer to Figures S1 and S2

Martin-Barajas et al. (2013) combined with new observations extent by tying observations between seismic cross-sections.
in 3D. For the 3D interpretation, faults were correlated based on Since there are no publicly available well data, the age cor-
their throw across adjacent seismic profiles. The main visible relation between the picked seismic horizons is based on well-
seismic horizons are picked and correlated to their mappable tie constrained interpretations of Martin-Barajas et al. (2013).
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FIGURE 7 Location of the UL9905 high-resolution reflection seismic dataset (black lines; Stock et al., 2005). Bathymetry and topography

from GMRT Grid Version 3.3 (Ryan et al., 2009)

Finally, the sense of slip on faults is inferred for certain faults
(such as the basin sidewall faults) from interpretations from
pre-existing literature and after comparison with the ana-
logue models (e.g. for faults that evolve from purely normal
to oblique-normal). For the Bohai Basin, we use seismic data
taken from Qi and Yang (2010).

4 | RESULTS

We describe the surface fault evolution, timing and kinemat-
ics of the model based on our observations of the model

top-view photographs and cross-sections. We use the surface
scanner-derived topography to identify normal faults and the
pink marker lines to identify strike-slip motion (Figure 8). If
a fault scarp displays both a change in topography and a hori-
zontal displacement of marker lines, it is termed an oblique-
normal structure.

4.1 | Orthogonal stage

After about 0.7 cm of orthogonal motion of the moving plate,
the first surface indications of strike-slip deformation on the
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FIGURE 8 Analogue modelling experiment results. (a—d) Surface feature development. (e-h) Surface feature development (interpreted),

showing the development of normal, oblique and strike-slip faulting. (i-1) Topography evolution. PDZ-F/B: Principal Displacement Zone (Front/
Back), BSF-F/B: Basin Sidewall Fault (Front/Back), RAF: Rotation Accommodation Fault, BD: Basinal Depression, RR: Rear Rift. The terms
Front/Back are defined in panel a. The PDZs and MBA are outlined in panel I of this Figure. Figure outline labelled in Figure 4. For larger versions
of the panels, refer to Figures S3-S14

PDZ appear as dextral displacement of the pink marker lines in the middle of the moving plate as a subtle orthogonal de-
in a ~10 cm long region of the front end of the moving plate ~ pression feature in the surface scanner topography depiction
(Figure 8e, PDZ-F). The basinal depression begins to form (Figure 8i, center).
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4.2 | Rotation stage

Start of rotation: After about 1.5 cm of movement, the basal
plate reaches the mechanical elbow that imposes rotation.
At that stage, the PDZ is about 5 cm wide, and is composed
of multiple strike-slip segments, while the fixed side of the
model displays components of normal displacement. Over the
front edge of the moving plate, oblique-normal faults begin
to appear at an angle between 15-30° to the plate vector,
resembling P shears (Tchalenko, 1970; Figure 8f, PDZ-F).
The basinal depression is more pronounced with higher topo-
graphic relief (~4-5 mm — Figure 8j, centre). The first basin
sidewall faults start to develop (Figure 8f, middle), defining
the basinal depression zone, which is 5 cm wide. The second
PDZ can be seen through the slight displacement of the pink
marker lines (Figure 8f, PDZ-B).

End of rotation: After another 2.5 cm of movement (4 cm
in total), the PDZ has developed into a triangular-shaped
transtensional zone almost 10 cm wide, with the main strike-
slip motion migrating with the moving plate boundary. On
the fixed side of the experiment, normal faults develop to
accommodate the extensional component of transtensional
shear (Figure 8g, PDZ-F). A series of oblique-normal faults
developed along the whole length of the front PDZ in the
part of the moving plate. The pull-apart depression is now
well developed with elongate basin sidewall faults, which are
oriented to accommodate transtensional rotation (Figure 8g,
centre and Figure 8k). The main depression reaches a mini-
mum elevation of about a 1cm below the original horizontal
level to the top of the added sediments) and is about 12 cm
wide (Figure 8k). From the displacement of the pink marker
lines along the rear basin sidewall fault, we can infer an
oblique-normal faulting character (Figure 8g, BSF-B). At the
rear end of the plate, the second rift starts to develop as a
narrow graben, ~2.5 cm wide (Figure 8g, top and Figure 8Kk,
top — area labelled RR in Figure 81).

4.3 | Final plate vector stage

At this stage, the moving plate has acquired its final mo-
tion vector (Figure 8h). After a further 3 cm of motion, the
front PDZ is well developed, with pure strike-slip motion oc-
curring over a narrow zone visible in the surface evolution
(Figure 8h, PDZ-F) and in the topography (Figure 8I, bot-
tom). The PDZ at the rear end of the plate is now visible on
the surface with two longer and a few shorter strike-slip fault
segments (Figure 8h, PDZ-B). The basin sidewall faults on
the trailing side of the plate are further developed (Figure 8h,
BSF-B), while on the frontal edge, a new major oblique-
normal fault has developed in response to the new motion
vector, cross-cutting the previous basin sidewall faults
(Figure 8h, BSF-F). The angle of this new oblique-normal
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fault is ~50° to the previous normal faults and almost perpen-
dicular to the new motion vector (80°). The second oblique
rift at the back end of the plate (Figure 81, RR) is now fully
developed with curved oblique-normal faults on its flank.
Finally, two strike-slip faults form oblique to the plate mo-
tion and appear to accommodate the rotation of the rear PDZ
system (RAF in Figure 8h). We term these faults rotation ac-
commodation faults (RAFs).

It is worth noting that while the model extends for 7 cm
in the orthogonal sense, factoring in the extension velocity
of 7.5 cm/hr and the model runtime (65 min), the total ex-
tension should amount to 8.4 cm. However, 16% of the total
extension is accommodated through the rotational motion
through oblique-normal faulting. Scaling to the natural ex-
ample would result in ~115 km of orthogonal extension and
138 km of total extension.

5 | DISCUSSION
5.1 | Comparison with the N. Gulf of
California (N. GoC) pull-apart

We compare faulting and sedimentation patterns from the
high resolution UL9905 seismic dataset (Stock et al., 2005)
in the N. GoC to those in our model. The N. GoC is thought to
have undergone a change in the relative plate motion vector
at 8 Ma (Atwater & Stock, 1998) and a plate boundary jump
ca. 3 Ma (Lonsdale, 1989), giving it its current morphology.
This plate boundary jump resulted in the abandonment of the
basins in the eastern N. GoC. In our model, we can replicate
the rotation that led to the formation of the pull-apart basin,
but not the plate boundary jump. Therefore, we focus our ob-
servations on the effect the rotation has had on the broader
N. GoC structure and, by comparison with our model, infer
that the rotation set the initial structural framework for the
current GoC. For the seismic interpretation of stratigraphic
horizons, we interpreted the most prominent reflectors that
were cross-correlatable across the 2D seismic line network
and determined their relative age using inferred ages of seis-
mic stratigraphy in the region (Martin-Barajas et al., 2013).

5.1.1 | Faultevolution

We observe similar first-order evolution patterns between
our experiment and the Northern Gulf of California both in
map and 3D view (Figure 9).

Examining the structures in map view, we observe that
in both our experiment and in the N. GoC, the basins are
bounded by oblique-normal slip faults (labelled as BSFs
in Figure 9). In the north of the Gulf, these are the faults
branching at a 60-90° angle from the northern end of the
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FIGURE 9 Comparison between our model and faulting patterns in the N. Gulf of California. (a) 3D depiction of main faults interpreted in

this work from the UL9905 seismic dataset (Stock et al., 2005). Linear features correspond to main structural elements added from Bennett et al.

(2013) and Martin-Barajas et al. (2013). Vertical exaggeration of the 3D projection of the fault planes is 3:1. (b) 3D depiction of the main faults

in our digitized analogue model. Linear features correspond to faults which cannot be correlated across multiple cross-sections, but their presence

is inferred from the model surface evolution. (c) Surface fault patterns in the N. GoC (faults in continuous lines from this work and Persaud

et al., 2003, faults in dashed lines from Martin-Barajas et al., 2013, basins outlined in grey). (d) Surface fault patterns in our model. Topography

and bathymetry from GMRT Grid Version 3.3 (Ryan et al., 2009). In panels (a and b), the fault plane colours are randomly generated by the

interpretation software. For larger versions of the panels, refer to Figures S15-S16
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Ballenas Transform Fault Zone (Figure 9a,c), which we in-
terpret as horsetail splays of the transform zone. We consider
these fault splays and the faults that define the Consag Basin
(Gonzalez-Escobar et al., 2010; Persaud et al., 2003) in the
north (labelled BSF in Figure 9a,c) to be the most likely basin
sidewall faults. In the analogue model, an oblique-normal
slip fault bounding the rear of the pull-apart depression has
developed at the trailing end of the plate (Figure 9b,d BSF-B).
This fault begins approximately above the rift-transform
intersection point of the starting model (RTI in Figure 9d).

In the southern part of the N. GoC pull-apart structure,
it appears that the role of the basin sidewall faults is played
by two main faults: (a) where continental break-up is active,
the basin sidewall fault is primarily defined by a long nor-
mal fault, trending parallel to the Lower Delfin Basin rift,
(LDB-BSF in Figure 9c); and (b) in the east of the basin by
the Cerro Prieto Sur (CPSF in Figure 9c), Amado and Adair
Faults, which display both strike-slip and normal character
(e.g. Gonzélez-Escobar et al., 2014; Martin-Barajas et al.,
2013). Similarly, in our model, a long oblique-normal slip
fault defines the uppermost boundary of the pull-apart (along
with two smaller structures towards the rear of the moving
plate).

We also find a high degree of similarity between the
transtensional PDZs in our model and the N. GoC. We ex-
clude the southeastern part of the Ballenas Transform Fault
Zone that mainly corresponds to a transform fault (south of
the intersection with the Lower Delfin Basin), as we can-
not replicate the creation of transform faults in our model.
However, the part of the Ballenas Transform Fault Zone
within the pull-apart structure displays very similar charac-
teristics to the transtensional PDZs in our models. The main
characteristic is the existence of normal faults that have ac-
commodated rotation in their lifespan, such as the onshore
Sierra San Pedro Martir normal faults in Baja California
(SSPM in Figure 9b,d; Bennett et al., 2013). Similarly, in the
front PDZ in our model (PDZ-F), a series of normal faults
(labelled NF in Figure 9d) develops on the fixed part of the
plate to accommodate the component of rotation.

Equally, in the rear parts of our model, we observe that
transtensional deformation is bounded by a principal dis-
placement zone containing a number of shorter and longer
strike-slip faults (PDZ-B in Figure 9d), accompanied by
faults that accommodate rotation. This agrees with observa-
tions in the northwestern part of the Cerro Prieto Fault in the
Salton trough (northwest of Figure 9a,c), which is accom-
panied by other, smaller faults with a horizontal component
(Gonzalez-Escobar et al., 2020).

The rotation accommodation faults (RAFs in Figure 9b,d)
in our model would most likely correspond to the faults
that bound the Consag Basin (purple faults labelled BSFs
in Figure 9c¢), since there is evidence of lateral offset in the
area and their orientation also matches that of the model
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(Gonzalez-Escobar et al., 2010). Furthermore, part of the dex-
tral rotation can also be accounted for by the onshore strike-
slip and oblique normal faults in Sierra San Pedro Martir
(SSPM on Figure 9a,c) on the Baja California Peninsula
(e.g. Bennett et al., 1996; Goff et al., 1987; Humphreys &
Weldon, 1991) and Sonora Areas (Darin et al., 2016).

5.1.2 | Basin morphology and
sedimentation patterns

We compare the depth to the acoustic basement in the N.
GoC (Figure 10a — modified from Gonzalez-Escobar et al.,
2014) to the depth to the top of our 3D model's pre-rift stra-
tigraphy (Figure 10b). Both of these surfaces represent strata
present before extension and rotation and thus provide good
reference horizons to track the evolution of deformation. In
both cases, we observe a skewed triangular depression, with
the widest part between the frontal PDZ and the top BSF.
This in the N. GoC would correspond to a depression delin-
eated between the Ballenas Transform Fault Zone and the
Cerro Prieto Sur Fault (Figure 10a) and in our model between
the frontal PDZ and basin sidewall fault (PDZ-F and BSF-F
(Figure 10b). This depression narrows and shallows towards
the rear rift situated at the end of the rear PDZ. The rear
rift in N. GoC would be represented by the Salton Trough
in the NW of the pull-apart structure (outside of the map of
Figure 10a). This narrower part occurs between the rear PDZ
(CPF in the N. GoC and PDZ-B in our model in Figure 8a,b)
and the rotation accommodation fault and rear basin sidewall
faults (BSF in the N. GoC and BSF/RAF in our model in
Figure 8a,b). In the case of the N. GoC, this corresponds to
the Cerro Prieto Fault and the faults bounding the Consag and
Wagner Basins (CPF/BSF in Figure 10a) and, in our model,
to between the rear PDZ and basin sidewall/rotation accom-
modation faults (PDZ-B and BSF/RAF in Figure 10b). The
deepest part of the depression lies close to the RTI in both
cases (dark blue colour in Figure 10a,b). It is worth noting
that the active PDZ during the rotation in the N. GoC was
situated along the Tiburon Fault and Tiburon Basin (labelled
TB in Figure 10a). Following a plate-jump at 3 Ma, the
principal displacement zone migrated to its current location
(Seiler et al., 2009). However even if we disregard the area
containing the Upper and Lower Delfin Basins (UDB/LDB
in Figure 10a) on the assumption that they did not participate
in extension until after the plate jump, there is still a great
degree of similarity with the model.

In Figure 10c, we show the distribution of one of the older
units in the basin, the Late Miocene-Early Pliocene-aged Unit 3
(ages derived from Martin-Barajas etal., 2013), deposited near
the end of the plate rotation documented in Bennett and Oskin
(2014) between 12.5-6.5 Ma and the plate re-organisation
occurring at 3 Ma (Lonsdale, 1989; Seiler et al., 2009).
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FIGURE 10 Comparison between our model and the morphology and sedimentation patterns in the N. Gulf of California. (a) Map of depth to
N. Gulf of California basement (in seconds TWT, redrawn from Gonzélez-Escobar et al., 2014). Basin outlines are shown in gray. (b) Map of depth
to the top of the pre-rift model stratigraphy (in cm). (c) N. GoC Unit 3 thickness (in ms TWT). (d) Model syn-rotational sedimentary layer thickness
(in cm). (e,f) Units 2,1 thickness (in ms TWT). (g) Model post-rotational sedimentary layer thickness (in cm). Faults and annotations are grayed

out in panels (c, e and f) for clearer image view. Added sediment thickness is compared qualitatively, not quantitatively, as it is manually added to
monitor depocentre focus and general sedimentation patterns
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We observe that this unit has two main depocentres: one
along the BTFZ-PDZ (Figure 10c) and one over the Lower
Delfin Basin-basin sidewall fault rift. In both cases, sedi-
ment thickness is quite significant, in places >700 millisec-
onds of sediment (potentially more than 500 m). Comparing
the distribution of Unit 3 to the first two syn-rift sediment
units in our model (Black and Gray in Figure 6), we observe
that deposition is focused in two loci: a) above the RTI and
the two large faults next to the frontal basin sidewall fault
(Figure 10d) which represent the basin sidewall fault during
rotation and b) within the transtensional frontal PDZ. As
observed in the topography map in Figure 8k, there is no
significant depression over the area where the rotation ac-
commodation faults are located, so sedimentation terminates
at the rear basin sidewall fault boundary. The main depocen-
tre is thus located closer to the main basinal depression's cen-
tre, following the trajectory of the RTI as rotation occurs.

It is important to note, however, that our observations
on Unit 3 are limited by its mappable extent in the seismic
dataset, due to resolution loss and the presence of volcanics
that make cross-correlation of the seismic horizon across the
intersecting seismic cross-sections difficult. However, we
would expect the unmapped parts of Unit 3 to also behave
in a similar way as the sediments in our model, since it is
concurrent with the rotation in the N. GoC. Furthermore,
given that the current basin configuration of the N. GoC re-
sulted from the plate jump 3 Ma ago (Lonsdale, 1989; Seiler
et al., 2009), this jump should not affect the thickness (or
even presence) of these sediments in the younger basins in
the Northern Gulf. The same sedimentation pattern applies to
our model, where at the back there is an absence of sedimen-
tation. Even when a plate jump is considered, Mar-Hernandez
et al. (2012) showed that the focus of sedimentation followed
a similar pattern when the RTI migrated from the Tiburon to
the Lower Delfin Basin.

Finally, we compare the sedimentation patterns across
the N. GoC and our model. In the youngest two sediment
layers in the N. GoC (units 2 and 1 in Figure 10e,f), as
observed in this and previous work (Martin-Barajas et al.,
2013; Persaud et al., 2003), the main depocentres follow
the current sub-basin morphology. We regard these units as
post-rotational, as they represent the youngest sequences
in the basin, dated as Pleistocene (Martin-Barajas et al.,
2013), and hence later than any plate re-organisation within
the N. Gulf (Lonsdale, 1989). Unit 2 thickens between the
BSF in the Wagner and Consag basins, but reaches its
greatest thickness in the area adjacent to the active spread-
ing centre in the Lower Delfin Basin basin sidewall fault,
where the RTI is located (Figure 10e). Unit 1 (the top-
most in the region) appears to be thickest in the Wagner
and Consag basin area (Figure 10f). It is worth noting that
in both cases no significant thickening occurs along the
transform boundary of the Ballenas Transform Fault Zone

(Figure 10e,f). We compare these two units to our model's
top-most depositional layer (Green unit in Figure 6), which
was added after rotation had finished. In our model, the
highest sedimentation rate again is focused near the RTI
(Figure 10g), with minor patches of thicker sediment over
the rotation accommodation fault, rear PDZ and basin side-
wall fault (Figure 10g, also seen in the topographic map
in Figure 81). These are areas with continuous accommo-
dation space, as they progressively deepen once the final
plate vector is established. In nature, in the later stages of
the Gulf's evolution younger basins represented more dep-
ositional space, so sediment was draped over a larger area
of the basin.

Examining the differences between our model and the N.
GoC, we note that our model does not replicate the plate jump
atca. 3 Ma (Lonsdale, 1989) that migrated the plate boundary
in the N. GoC from the Tiburon Fault to the BTFZ. Therefore
our model does not replicate the formation of the Gulf's
younger basins. Thus, sediment distribution and depocen-
tre migration do not follow a direct one-to-one correlation.
However, there is strong evidence that the rotation established
the general structural framework of the N. GoC, affecting
the major structures in the area (such as the PDZ and basin
sidewall faults in the east of the Gulf). If we could replicate
the plate jump in our model by migrating the plate boundary
towards the fixed side of the model (as seen in Figure 9d)
then we would expect that the structure on the moving side of
the model (as seen in Figure 9d) and any further topographic
depression (representing newer basins) would occur in the
fixed side as is the case in the N. GoC. Varying the rate or
amount of rotation that is applied in the model or using an
apparatus that would replicate the change in motion along
both plates would potentially allow for an even more accu-
rate representation of features visible in the N. GoC and a
further exploration of this parameter space. Furthermore, our
model does not account for the presence of magmatism such
as sills and volcanic knolls in the area (Persaud et al., 2003),
nor does it explore the possibility of incipient oceanic crust
in the Lower Delfin Basin or Ballenas Transform Fault Zone
(Persaud et al., 2003). However, the similarity between the
evolution of fault and basin architecture in our model and the
Gulf of California is such that we can infer that the change
in relative plate motion occurring around 8 Ma (Atwater &
Stock, 1998) set the initial framework for the structure of the
current Northern Gulf of California.

5.2 | Comparison with the Bohai Basin
in northern China

In addition to the N. GoC, our model can be compared to
other transtensional basins, such as the development of the
Bohai Basin in northern China.
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Our model is not designed or scaled specifically to rep-
licate the full evolution of the Bohai Basin. The basement
to the Bohai Basin is thought to have a pre-existing fabric
inherited from Mesozoic sinistral transpression and earlier
deformation (Allen et al., 1997), while our model starts
with no preexisting structural fabric (bar the velocity dis-
continuity created by the moving plates). Furthermore, the
Bohai Basin is a basin about 1,000 km long and 600 km
wide, while our model would scale to a pull-apart ~200 km
long and 100 km wide. However, both the Bohai Basin
and our model are transtensional basins that build on pull-
apart geometries with similar length to width ratios. These
first-order similarities enable us to extend the applicability
of our model to this basin by (invoking similarity scaling as
seen in Reber et al., 2020).

We first compare our model's top pre-rift map to the
Cenozoic sediment thickness in the Bohai Basin. In both, a
main depocentre exists near the PDZ-BSF intersection. In
the Bohai Basin, this is the Bozhong Depression (BZHD in
Figure 11a), where sedimentation has been focused since the
Eocene. In our model, the main depocentre is located at the
end of the triangular transtensional PDZ (darker blue parts of
the main pull-apart depression in Figure 11b).

In the Bohai Basin, Allen et al. (1997) observed a num-
ber of faults in an oblique orientation with respect to the
main NE-SW structural fabric, indicating dextral transtension
(Figure 11a). Qi and Yang (2010) also describe the existence
of transfer zones following this oblique pattern as evidence for
the same transtensional movement (Figure 11a, purple faults).
We find that, in our model, faults created in the later stages of
rotation and after rotation is finished follow the same pattern
(Figure 11b, faults labelled as BSF-B and BSF-F).

The northeastern end of the Bohai Bazin PDZ, the
Liaodongwan Depression, is a 500 km long, 100 km wide
transtensional PDZ with well-developed elongate basins
up to 10 km deep (Figure 11a, labelled LDW Depression,
and 1lc). Similarly, in our model, some of the largest
depositional thicknesses (bar the main pull-apart depres-
sion) can be observed at the advancing front of the fron-
tal PDZ (darkest blue colour in PDZ-F in Figure 11b).
These elongate transtensional basins are segmented by
normal and oblique-normal faults, as can be seen both in
map (Figure 11a, b) and cross-section view (Figure 1lc,
d, e). This is consistent with the observations indicating
that, in transtensional PDZs, lateral slip is accommodated
in broad deformation zones where the main strike-slip fault
zone co-exists with oblique-normal faults at lower than
30° angles that take up part of the motion (Farangitakis
et al., 2019). This is particularly clear in the cross-
section view of the main PDZ of the Bohai Basin (pink and
purple faults in Figure 11c). These characteristic sets of
oblique-normal slip faults usually form prior to the change
in rotation as pure strike-slip faults and then later evolve

to a more normal (or even exclusively normal) slip char-
acter as the PDZ develops its extensional character and
migrates in space (Farangitakis et al., 2019). It is worth
noting that in the Liaodongwan Depression PDZ (Qi &
Yang, 2010) localised compression has been observed
along the strike-slip faults (Figure 11c). This deforma-
tion is distinct in timing and extent from the regional late
Cenozoic basin inversion in the greater Bohai Basin area
(Allen et al., 1997). In our model, a small degree of com-
pression is also observed along the strike-slip segments of
the PDZ (observed in small thickness increases on the foot-
walls of oblique-normal faults in layers next to the PDZ,
Figure 11e, next to the left hand side strike-slip zone) even
when transtension occurs, which is consistent with the an-
ticlines next to the active strike-slip faults observed in the
Bohai Basin (Figure 11c, From Qi & Yang, 2010, above the
main strike-slip zone).

These observations show first-order similarity between
the architecture of our model and the Bohai Basin, including
the sedimentation patterns, transtensional PDZs and fault pat-
terns. This indicates that, in addition to a later basin inversion
(Qi & Yang, 2010), a rotation of extension direction has taken
place during the evolution of the Bohai Basin. This transten-
sional event could be attributed to the NW-SE to E-W change
of the convergence vector between the Pacific and Asia plates
between the late Mesozoic and Early Tertiary (Engebretson
et al., 1985; Liang et al., 2016).

5.3 | Further discussion

As Wu et al. (2009) note, the main difference between pure
strike-slip (such as the Dead Sea basin) and transtensional
pull-apart basins (such as the Gulf of Elat) is the co-existence
of extension inside the PDZ and the presence of more than
one depocentre in the transtensional case. Our model starts as
a pure strike-slip pull-apart, proceeds into rotation and then,
with a new plate motion vector, develops as a transtensional
system. Basins with this multiphase development show
distinct structural characteristics compared with pull-apart
basins that were consistently either pure strike-slip or tran-
stensional from the onset. The main distinguishing features
from the two end-members are the migrating depocentres due
to rotation (Figures 8 and 10), the Rotation Accommodation
Faults (Figure 8) and the oblique-slip character of the BSFs
that occur during the rotation (Figure 8). These features can
be used as diagnostic tools for the identification of other
natural examples where pull-apart basins have experienced
multi-phase evolution. A possible further example could be
the Cinarcik Basin in the Sea of Marmara, where the rotating
Anatolia microplate vector has led to curvature of the North
Anatolian Fault, creating transtensional pull-apart basins
(Sugan et al., 2014).
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FIGURE 11 Comparison between our model and the structure of the Bohai Basin in China. (a) Map of the structure and depth to Mesozoic
basement in the Bohai Basin (modified from Allen et al., 1997 and Qi & Yang, 2010). (b) Map of depth to the top of the pre-rift model stratigraphy
(in cm). (c) Seismic cross-section across the Liaodongwan depression in the Bohai Basin NE PDZ (location shown in panel a, re-interpreted from
Allen et al., 1998 and Qi & Yang, 2010). (d and e) Uninterpreted and interpreted cross-section across our model's front PDZ (location shown in
panel b)
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We present a physical analogue model designed to simulate
the effect of transtensional deformation imposed on pull-
apart basins due to a change in plate motion vectors. Our
model produces structural and depositional patterns that are
in very good agreement with natural examples and enhance
our understanding of fault geometry and development in
pull-apart basins with a multiphase transtensional evolution
across the world.

Our model was designed to study the setting of the north-
ern Gulf of California and successfully reproduces the prin-
cipal features of its transtensional evolution. Both the N.
Gulf of California and our model develop an asymmetrical
triangular pull-apart basin, bounded by strike-slip faults on
either side. Both also show similar patterns of sedimentation,
with pre-rotational sediments focused within the pull-apart
basin's main structural elements, whilst the post-rotation sed-
iments have a broader spatial extent, and are thickest over the
younger extensional features.

Additionally, we find substantial first-order similarity
between our model and the Bohai Basin in northern China,
despite our model not being designed to replicate that ba-
sin's opening history or scale. In both model and nature, we
observe faults oblique to the main basin trend and depocen-
tres along the transtensional PDZ controlled by series of
oblique-normal faults. These similarities support the inter-
pretation of the Bohai Basin as a multiphase transtensional
pull-apart basin, and suggest that a rotation in extension
direction could have taken place during the late Mesozoic
or early Tertiary, resulting in its current transtensional
architecture.

Our observations indicate that the combination of features
such as asymmetrical triangular pull-apart basins, migrating
depocentres, wide principal displacement zones with oblique
faulting and normal faults with an oblique component can
be a strong indication that a pull-apart basin has undergone
a transtensional rotation change due to a change in the plate
motion vector along the strike-slip zones that define it.
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