


Area of Interest: N. Gulf of California (N.GoC) (panel d) transtensional pull-apart

Key evolution points:

a) 7-15o rotation in the relative plate motion at ~8 Ma increased rift obliquity

favouring strike-slip faulting (Bennett & Oskin, 2014).

b) This change results in transtensional opening and breaching of pull-apart basins in

the Gulf of California from south to north (Umhoefer et al., 2018).

c) Deformation in the N.GoC pull-apart has experienced a westward jump from the

Tiburon Basin ~3.5-2 Ma following a plate reorganisation (Seiler et al., 2009).

a-d: Stages of evolution of the Gulf of California from 20 Ma to present (modified from

Bennett et al., 2013) 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, basin outlines in grey colour). (From Farangitakis et al., in prep)



Moving plate sits

underneath the

ductile layer of the

model to impose

velocity

discontinuities

(VDs). Similar

modelling array to

Farangitakis et al.

(2019).

Kinematic stages: 

a) initial configuration and dimensions 

b) orthogonal motion stage (imposed by metal blocks)

c) end of  rotation stage

d) new oblique plate motion vector stage (plate slides into guide bars)

(From Farangitakis et al., in prep)

Right hand side of

moving plate is cut

in order to impose

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

acting as a second VD,

imposing another rift.



Scaling

Prototype/model thickness ratio T=Tp/Tm 0.417 x 106 to 0.625 x 106 (dimensionless – from Lizarralde et al., 2007; Persaud et al., 2017)

Rheology

Governing equations (from Brun 2002)

Brittle layer strength (rift): σ1 − σ3 r =
2

3
σ1 − σ3 ss

Brittle layer strength (strike slip): σ1 − σ3 ss = ρgTb

Ductile layer strength: σ1 − σ3 d = 2 η
V

Td

Brittle crust: dry feldspar sand, ρ = 1.3 g/cm3 (Luth et al., 2010), d = 100-350 μm and μfric = 0.6 (Sokoutis et al., 2005). 

Ductile crust: transparent silicone putty SGM-36 , ρ = 0.970 g/cm3and μvis = 5*104 Pa.s (Weijermars, 1986a; Weijermars, 1986b; 

Weijermars 1986c).



After the end of the model run, the model is wet and cut in cross-sections (post-

processing).

Cross-sections are turned into vector graphics and inserted in seismic interpretation

software Schlumberger PetrelTM

Transition between coloured sand layers identified, mapped and interpolated across

the whole model volume

Faults cross-correllated across cross-sections

(From Farangitakis et al., in prep)



(a–d) Surface feature development
(uninterpreted).
(e–h) Surface feature development
(interpreted).
(i-l) 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.

(From Farangitakis et al., in prep)

Note the evolution of normal
faulting (blue faults) in the
midsection and top of panels f-h.

Note the formation of two strike-
slip faults in the back of the pull-
apart having accommodated
rotation

Note the evolution of
oblique slip and strike-slip
faulting zones (pink/purple
faults) in the PDZ.



Comparison with UL9905 high resolution seismic dataset 

(Stock et al., 2015)

Similar structural elements between our model and the N. 

GoC.

(From Farangitakis et al., in prep)

(From Farangitakis et al., in prep)

In both cases the BSFs appear to be oblique-

normal faults.

Dextral motion is accommodated in a wider 

Principal Displacement Zone (PDZ) in the 

N.GoC (right figure, top) and in our model 

(right figure, bottom).

Some of  the rotational motion is taken up by faults 

outside the pull-apart depression (left figure): 

RAF’s in model, Sierra San Pedro Martir normal 

faults in the Gulf  of  California (Bennett et al., 

1996).



➢ Model produces structural patterns that are in very good agreement with the natural example. Both the N. Gulf  of  California and 

our model develop an asymmetrical triangular pull-apart basin, bound by strike-slip faults (PDZs) and oblique-normal faults (BSFs) 

on either side. 

➢ Presence of  features such as: asymmetrical triangular pull-apart basins, wide PDZs with oblique faulting and normal faults with an 

oblique component, are strong indications that the pull-apart basin has undergone a transtensional rotation change due to a change 

in the motion vector along the strike-slip zones that define it. 



Bennett, R. A., Rodi, W., & Reilinger, R. E. (1996). Global positioning system constraints on fault slip rates in southern California and northern Baja, Mexico. Journal of Geophysical Research: Solid Earth, 101, 21943-21960. https://doi.org/10.1029/96JB02488 

Bennett, S. E. K., & Oskin, M. E. (2014). Oblique rifting ruptures continents: Example from the gulf of California shear zone. Geology, 42(3), 215-218. https://doi.org/10.1130/G34904.1

Bennett, S. E. K., Oskin, M. E., & Iriondo, A. (2013). Transtensional rifting in the proto-Gulf of California near Bahia Kino, Sonora, Mexico. GSA Bulletin, 125(11-12), 1752-1782. https://doi.org/10.1130/B30676.1

Brun, J. (2002). Deformation of the continental lithosphere: Insights from brittle-ductile models. Geological Society, London, Special Publications, 200(1), 355-370. https://doi.org/10.1144/GSL.SP.2001.200.01.20 

Farangitakis, G. -., Sokoutis, D., McCaffrey, K. J. W., Willingshofer, E., Kalnins, L. M., Phethean, J. J. J., . . . van Steen, V. (2019). Analogue modelling of plate rotation effects in transform margins and rift-transform intersections. Tectonics, 38(3), 823-841. 

https://doi.org/10.1029/2018TC005261

Lizarralde, D., Axen, G. J., Brown, H. E., Fletcher, J. M., Gonzalez-Fernandez, A., Harding, A. J., . . . Umhoefer, P. J. (2007). Variation in styles of rifting in the gulf of California. Nature, 448(7152), 466-469. https://doi.org/10.1038/nature06035

Martín-Barajas, A., González-Escobar, M., Fletcher, J. M., Pacheco, M., Oskin, M., & Dorsey, R. (2013). Thick deltaic sedimentation and detachment faulting delay the onset of continental rupture in the northern gulf of California: Analysis of seismic reflection profiles. Tectonics, 

32(5), 1294-1311. https://doi.org/10.1002/tect.20063 

Persaud, P., Stock, J. M., Steckler, M. S., Martín-Barajas, A., Diebold, J. B., González-Fernández, A., & Mountain, G. S. (2003). Active deformation and shallow structure of the Wagner, Consag, and Delfín basins, northern Gulf of California, Mexico. Journal of Geophysical 

Research: Solid Earth, 108(B7), 2355. https://doi.org/10.1029/2002JB001937 

Persaud, P., Tan, E., Contreras, J., & Lavier, L. (2017). A bottom-driven mechanism for distributed faulting in the gulf of California rift. Tectonophysics, 719-720, 51-65. https://doi.org/10.1016/j.tecto.2016.11.024

Sokoutis, D., Burg, J., Bonini, M., Corti, G., & Cloetingh, S. (2005). Lithospheric-scale structures from the perspective of analogue continental collision. Tectonophysics, 406(1), 1-15. https://doi.org/10.1016/j.tecto.2005.05.025

Stock, J.; Mountain, G.; Diebold, J.; Steckler, M. & Martin-Barajas A. (2015). HiRes Multi-Channel Seismic Shot Data from the Northern Gulf of California acquired during the R/V Francisco de Ulloa expedition UL9905 (1999). Integrated Earth Data Applications (IEDA). 

http://dx.doi.org/10.1594/IEDA/303735.

Umhoefer, P. J., Darin, M. H., Bennett, S. E. K., Skinner, L. A., Dorsey, R. J., & Oskin, M. E. (2018). Breaching of strike-slip faults and successive flooding of pull-apart basins to form the gulf of California seaway from ca. 8–6 ma. Geology, 46(8), 695-698. 

https://doi.org/10.1130/G40242.1

Weijermars, R., Jackson, M. P. A., & Vendeville, B. (1993). Rheological and tectonic modelling of salt provinces. Tectonophysics, 217(1), 143-174. https://doi.org/10.1016/0040-1951(93)90208-2

Weijermars, R. (1986). Flow behaviour and physical chemistry of bouncing putties and related polymers in view of tectonic laboratory applications. Tectonophysics, 124(3), 325-358. :https://doi.org/10.1016/0040-1951(86)90208-8

Weijermars, R. (1986). Polydimethylsiloxane flow defined for experiments in fluid dynamics. Applied Physics Letters, 48(2), 109-111. https://doi.org/10.1063/1.97008 

This display contains work conducted during a PhD study undertaken as part of the Natural Environment Research Council

(NERC) Centre for Doctoral Training (CDT) in Oil & Gas [grant number NEM00578X/1]. It is co-sponsored by Durham

University, whose support is gratefully acknowledged. LMK is supported by a Royal Society of Edinburgh Personal Research

Fellowship funded by the Scottish Government.

https://doi.org/10.1029/96JB02488
https://doi.org/10.1130/G34904.1
https://doi.org/10.1130/B30676.1
https://doi.org/10.1144/GSL.SP.2001.200.01.20
https://doi.org/10.1029/2018TC005261
https://doi.org/10.1038/nature06035
https://doi.org/10.1002/tect.20063
https://doi.org/10.1029/2002JB001937
https://doi.org/10.1016/j.tecto.2016.11.024
https://doi.org/10.1016/j.tecto.2005.05.025
http://dx.doi.org/10.1594/IEDA/303735.
https://doi.org/10.1130/G40242.1
https://doi.org/10.1016/0040-1951(93)90208-2
https://doi.org/10.1016/0040-1951(86)90208-8
https://doi.org/10.1063/1.97008

