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Fig. 77. Bathymetric map of a portion of the northern Gulf of Mexico near Keathley Canyon, illustrating pull-apart-basin formation as a strike-slip fault system weaves its way be-
tween minibasins. See text for further details.
Image derived from GeoMapApp using data from D. L. Divins, and D. Metzger, NGDC Coastal Relief Model, http://www.ngdc.noaa.gov/mgg/coastal/coastal.html.
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Fig. 2. Fault evolution in a clay cake Riedel experiment. D =horizontal displacement of one base plate.
Redrawn from Tchalenko (1970), with permission of the Geological Society of America.
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Fig. 3. Comparison of structures in a Riedel experiment using clay with different water contents. (a) Kaolin, 56% water content; (b) kaolin, unspecified water content, but lower than

in a, between 45 and 54%. Note that the R’ shears obtain a slightly sigmoidal shape as central segments rotate counter-clockwise with increasing displacement along the basement
fault.

Redrawn from Tchalenko (1970), with permission of the Geological Society of America.
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.5. 3D visualisation of pull-apart basin model reconstructions. (a) Pure strike-slip model; and (b) transtensional model. The top surface is the top of the pre-kinematic sequence.
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H.-U. Schwarz, F.-W. Kilfitt / Journal of Structural Geology 30 (2008) 1126-1137

Final stage of simple shear experiment V31 (cf. Table 1) on the parallel dislocation stage with transpression folds and domains of synthetic and antithetic fault sets. Synthetic
faults are partly open (black), antithetic faults are compressed and strongly rotated in the central sections. Note thrusting of the faulted blocks with their acute angle corner. The
boxed area is the site of detailed drawings of Fig. 8, actually that of Fig. 8]. Black line: position of the table shear plane. Deformed markers: circles of originally 15 mm in diameter.



G.de Joussineau et al. / Journal of Structural Geology 29 (2007) 1831e1842

— initial en-echelon joints

—— first generation of splays

—— second generation of splays

—— third generation of splays
fourth generation of splays

== main slip surface

W fault core

intensely fractured zone

slip ~
10m

Conceptual model for damage zone evolution with fault growth in the

Valley of Fire State Park, Nevada. (a) Initial joint zone. (b, c) Progressive fault
growth by segment linkage with the associated successive episodes of splay
fracturing (different splay generations color-coded), as a function of the
amount of fault slip. Simplified from de Joussineau and Aydin (in press).
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Fig. 7. Geometry of early R shears in Riedel experiments using dry sand. R shears are en echelon at the surface and root into the basement fault at depth. (a) Three-dimensional
geometry of R shears in dextral Riedel experiment illustrated by X-ray computer tomography images. R shears have lower density as surrounding sand and are expressed as
dark zones. (b) Helicoidal shape of en echelon and partly overlapping R shears in dextral Riedel experiment; “+" indicates uplift between R shears. (c¢) Schematic diagram of
three-dimensional kinematic evolution of R shears after 6- (left) and 12-mm (right) displacements of one base plate resulting in sinistral shear.

a is reproduced from Richard et al. (1995), with permission of the Geological Society of London. b is redrawn from Mandl (1988). c is redrawn from Ueta et al. (2000), with per-
mission of Elsevier.
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Fig. 16. (a) Riedel experimental set-up modified to obtain a wide basement shear zone.
Horizontal shear displacement along basement fault is distributed over a broad zone in
the cover by partly gluing a rubber sheet to each half of the shear table. (b) Fault pat-
tern in 10-cm-thick sand pack after 15-cm horizontal displacement distributed over
30-cm-wide shear zone.

b is redrawn from Naylor, private communication in Mandl (1988).

fhoh

Fig. 15. Faulting in an overburden above two parallel basement faults. (a) Experimental set-up. (b-f) Fault pattern at different ratios of S/T (ratio of basement fault separation to
overburden thickness). (b) Line drawing from surface photograph. (c) Corresponding horizontal X-ray CT slice at depth showing R shears and P shear. (d, f) Surface photographs of
fault pattern at S/T ratios of 0.5 and 2.0, respectively. (e) Schematic block diagram illustrating three-dimensional geometry of R shears above a double basement fault.

a and b are redrawn from Schellart and Nieuwland (2003). ¢ is reproduced from Schellart and Nieuwland (2003 ) and d-f are reproduced from Richard etal. (1995) with permission
of the Geological Society of London. Note that d and f are mirror images of original figures.
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Mopgenb CTPOEeHUs1 CABUMOBOM 30HbLI B 06beMe
(HuknwwuH, Ctapuesa, 2015)
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[eonornyeckas MHTEpnpeTauna CTpoeHnAa CoBUroBbixX 30H No aHarn3y 3D cencMmnyecknx OaHHbIX.
PI/IcyHOK crieBa MnokasbiBaeT rnoTeTn4ecKoe pacnosioxXeHmne coBuroBbix 30H B YCITOBHOM beHD,aMeHTe.

[anee, pUCyHKN NOKa3bIBalOT PacrnosioXeHne pasrioMOB Ha pa3HbIX CTpaTUrpagouyecKnx YpoBHSX CHU3Y
BBepx Hag 3oHamu casuros. H1-HS — pasHblie CTpyKTypHbLIE NOBEPXHOCTM.
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A — cybpornsoHTanbHbIn paspes (crnanc) NpUMeEpPHO B KPOBIe YCITOBHOMO (byHOaMeHTa; OTAeNbHbIE pasfioMbl
BbICTPanBaloTCs B €4MHYI0 NIMHMIO COBUIOBOMW 30HbI. b — Cy6ropmnsoHTanbHbIn pa3pes (Cnanc) B 0cagodHOM Yexre
Hapg 30Hou casura. OTaenbHble eaUHUYHbIE COBUIO-COPOCHI OPUEHTUPOBAHbI AMaroHarbHO OTHOCUTESbHO

NVHUK cagura B oyHaameHTe. B — rpadunyeckas nnnocrtpauus CTPOeHNst pa3noMHON 30HbI B 00bEMeE.
3HakK nokasblBalOT HanpaBneHne HaknoHa copocoB.
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A — npymep Bnga eguHMYHOro casuro-cbpoca Ha 2D rmyGMHHOM CEMCMUYECKOM paspese.

b — nsameHeHne npocTMpaHna equHMYHOro cABUro-cbpoca no Mepe ero NPOABMKEHUST BBEPX OT HUXKHEN
CTPYKTYPHOM NoBepXHOCTN H1 K BepxHEN CTPYKTYpHOW noBepxHocTu H6. BugHo nnaBHoOe M3MEHEHMe
npocTupaHue pasnoma Ha 23 rpagyca.
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Bua egmMHnyHbIX cbpocos Ha 2D cencmmnyeckom paspese. C eAUHUYHBIMU caBUro-cbpocamm CBsi3aHbl
MUHMATIOPHbIE OTpULATENbHbIE LIBETKOBbIE CTPYKTYPbI (30HbI COBUrO-pacTskeHus1). CUHTeTUYeckne n
aHTUTETN4YeCckne cbpocbl OTHOCUTENBHO MMaBHbIX e0UHUYHBIX COPOCOB ABMNATCA ONEePSAOLWLNMU
OTHOCMUTESNbHO NOCNeaHnX
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Moaernb COOTHOLIEHUSI caBuUra B YCIIOBHOM DyHOAMEHTE U eANHUYHBIX COPOCOB B OCAQ04YHOM Yexre.

A — Bua B 06beme, b — Bug ceepxy. EauHnYHbIE caBuro-copockl 06pasyoT KyNMUCHbIE Cepun pa3noMoB Mo
pa3Hyl CTOPOHY cABMra, Npu 3TOM KYIMCHbIE CepUn CABUIO-COPOCOB MO pa3Hyk CTOPOHY CABMUra HaKMoHeHbI
B MPOTUBOMOOXHbIE CTOPOHbI. [1110CKOCTM eANHUYHBIX COBUIO-COPOCOB BBEPX MEHSIIOT MPOCTUPaHUE C

yBENMYeHneM yrna c 30HOu casura.



Mogaenb CTpoeHNs eaAMHUYHOIO CABUro-copoca 1 onepsioLLero ero copoca MeHbLLIEro paHra.
MnockocTb onepsaLLEro copoca nepecekaeT NUHMIO rMaBHOMO CABWUra U HaKMoOHeHa B NPOTMBOMOMOXHYHO
CTOPOHY HaKMoHa eauHMYHOro copoca
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TTO3UTUBHBIU NPOPUINbL B BUAE LIBETKA B CEUCMUYECKOM U MeosiorMyeckom
pa3spe3e, 30Ha cbpocos ATOC
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Structural geometry and
evolution of releasing

and restraining bends:
Insights from laser-scanned
experimental models

Shankar Mitra and Debapriya Paul

AAPG BUleTin, v. g5, No. 7 (July 2011), BR 1147 -1180

Bend in Basement Fault

) Ul

Offset in Basement Fault

Figure 1. (A, B) Possible basement fault
configurations for strike-slip faults. (A) Bend.
(B) Offset. (C) Releasing bend. (D) Re-
straining bend. (E) Initial basement fault
configurations used in experiments for
releasing bends and offsets. (F) Initial base-
ment fault configurations used in experi-
ments for restraining bends. Figures 2 and
13 show details of the experimental setup
for (E) and (F).
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is modeled with stiff clay, which is significantly
more rigid than the overlying soft clay represent-
ing the sedimentary cover, but which allows for a
small component of deformation of the basement,
especially in the immediate vicinity of the major
faults. Sliding metal plates, which underlie the base-

ment, are used only to control the nature of de-
formation and the position of the bend or offset.
Preexisting vertical cuts in the stiff clay define the
initial geometry of the basement faults. This con-
figuration also enables us to study the difference
between releasing offsets and bends, which result
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¢ Triangulation

Distance
Laser

C

Point Cloud 3-D Modeled Surface Clay Model

Figure 3. Laser scanning of experimental clay models. (A) Schematic diagram of the working principle of the laser scanner with
the triangulation formed by the laser source, the detector, and the point on the clay surface from which the laser beam is reflected.
(B) Schematic view of the laser scanner projecting a line and sweeping across the clay surface at a constant velocity (from Bose and
Mitra, 2010; used with permission from AAPG). (C) Cloud of points obtained from the scanned surface and visualized in GO-CAD.
(D) Modeled surface in GO-CAD cut by faults. (E) Oblique photograph of the top of the clay surface.
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Figure 5. Three-dimensional geometry of the top of the sedimentary cover for a releasing bend with an oblique (45°) bend connecting
two strike-slip fault segments in the basement. Panels A-F show the progressive evolution of the structure with increasing strike-slip
displacement. Contours in this and subsequent diagrams are in intervals of 0.4 mm. Every fifth contour is shown in black. Color grids
reflect structural elevation with red and yellow representing high areas and blue and green representing low areas. Note the formation of
two diametrically opposite lows in the pull-apart basin. (G, H) Cross sections through top of clay showing final basin geometry and shift in
polarity for cross sections AA" and BB'. Locations of the cross sections are shown in (F).
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Figure 7. Three-dimensional geometry of the top of the sedimentary cover for a releasing bend with a transverse (90°) bend con-
necting two strike-slip fault segments in the basement. Panels A-F show the progressive evolution of the structure with increasing strike-

slip displacement.
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Figure 9. Three-dimensional geometry of the top of the sedimentary cover for a releasing offset with a transverse (90°) offset between
two strike-slip fault segments in the basement. Panels A-F show the progressive evolution of the structure with increasing strike-slip
displacement.
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Figure 15. Three-dimensional geometry of the top of the sedimentary cover for a restraining bend with an oblique (45°) bend
connecting two strike-slip fault segments in the basement. Panels A-F show the progressive evolution of the structure with increasing
strike-slip displacement.
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Figure 17. Three-dimensional geometry of the top of the sedimentary cover for a restraining bend with a transverse (90°) bend
connecting two strike-slip fault segments in the basement. Panels A-F show the progressive evolution of the structure with increasing
strike-slip displacement.
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Figure 19. Three-dimensional geometry of the top of the sedimentary cover for a restraining bend with an oblique overlapping (135°)
bend connecting two strike-slip fault segments in the basement. Panels A-F show the progressive evolution of the structure with in-
creasing strike-slip displacement.

MITRA AND PAUL 1173



Elliptical Shape Rhomboid Shape Rectangular Shape

B Transverse 90° Bend C Oblique 135° Bend

Figure 20. Comparison of final geometries and fault patterns for three restraining bend experiments, with approximately the same
amount of strike-slip deformation. (A) Oblique (45°) bend in basement fault. (B) Transverse (90°) bend in basement fault. (C) Over-
lapping oblique (135°) bend in basement fault. Note the lower angle between axis of the structure and the main strike-slip faults leading
to a more elliptical shape in (A) compared with the higher angle leading to a rhomboid shape in (B) and rectangular shape in (C).



Analog models of restraining
stepovers in strike-slip
fault systems

Ken McClay and Massimo Bonora

AAPG BULLETIN, v. 85, NO. 2 (FEBRUARY 2001), PP. 233-260

a. Strike-Slip Bend Geometries

Releasing double bend
— .
Subsidence
<= \»
o

Restraining double bend

p— .

Uplift
7

b. Strike-Slip Stepover Geometries

Releasing stepover

—
—~—— Pull-Apart Basin
\ \
-

——
Restraining stepover
i
T
. _
Pop-Up

Figure 1. General characteristics of strike-slip fault systems in
plan view. (a) Bends in the fault surface produce localized zones
of extension and subsidence, whereas restraining bends pro-
duce localized zones of contraction and uplift. (b) Stepovers
between two offset fault systems produce either pull-apart ba-
sins for releasing stepovers or pop-ups and uplifts for restraining
stepovers.



Figure 2. Experimental appa-
ratus. (a) Plan view of experi-
mental apparatus showing the
two parts of the deformation
table and computer-controlled
stepper motors that drive each
half. The model is constructed
in the central part of the rig,
and the sandpack is layered on
top of baseplates having prede-
termined stepover geometries.
(b) Stepover geometries ana-
lyzed in this article: 30° under-
lapping, 90° neutral, and 150°
overlapping systems.
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Figure 3. Sequential top-surface photographs showing the progressive evolution of experiment W306, 30° restraining stepover. (a)
2 cm displacement; (b) 4 cm displacement; (c) 6 cm displacement; (d) 8 cm displacement; (e) 10 cm displacement.

Figure 5. Sequential top surface photographs showing the progressive evolution of experiment W303, 90° restraining stepover. (a)
2 cm displacement; (b) 4 cm displacement; (c) 6 cm displacement; (d) 8 cm displacement; (e) 10 cm displacement.
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Figure 7. Sequential top-surface photographs showing the progressive evolution of experiment W309, 150° restraining stepover.
() 2 cm displacement; (b) 4 cm displacement; () 6 cm displacement; (d) 8 cm displacement; (e) 10 cm displacement.

10 cm

ISRENNIEEN]

|

Figure 10. Sequential top-surface photographs showing the progressive evolution of experiment W324, 30° restraining stepover.
Synkinematic sedimentation was added incrementally after each 2 cm of displacement. (a) 2 cm displacement; (b) 4 cm displacement;
() 6 am displacement; (d) 8 cm displacement; (e) 10 cm displacement.
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10 cm Displacement

c ~Y Dip and strike of bedding

] Younger strata

10 cm

Figure 9. Experiment W305 after 10 cm sinistral displacement. (a) Top surface of model showing pop-up faults. (b) Horizontal
section taken 1 cm below top surface. () Interpretation of b, showing the folds, faults, and bed-dip directions.
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Figure 12. Sequential top-surface photographs showing the progressive evolution of experiment W314, 90° restraining stepover.
Synkinematic sedimentation was added incrementally after each 2 cm of displacement. (a) 2 cm displacement; (b) 4 cm displacement;

(c) 6 cm displacement; (d) 8 cm displacement; (e) 10 cm displacement
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Figure 14. Sequential top-surface photographs showing the progressive evolution of experiment W325, 150° restraining stepover
Synkinematic sedimentation was added incrementally after each 2 cm of displacement. (a) 2 cm displacement; (b) 4 cm displacement;

(c) 6 cm displacement; (d) 8 cm displacement; (e) 10 cm displacement
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Figure 16. Experiment E307: 90° neutral stepover and 5 cm stepover width. (a) Photograph of the upper surface of the model after
10 cm displacement on the basement faults. (b) Structure contours of the upper surface of the model as interpolated from fifty serial
sections across the completed model. (c) Longitudinal sections across model W307. (d) Perspective view of a 3-D visualization of the
faults in model W307.



Basement Fault Geometry

10 cm

5.0 cm

Stepover Width

25cm

20cm

Figure 17. Summary of pop-up structures for restraining stepover spacing from 10 to 2.5 cm. In all experiments displacement on
the basement master faults was 10 cm. Sandpack thickness 5 cm.

Figure 18. Synoptic diagram illustrating the 3-D geometry of an idealized pop-up structure based on the results of the analog
modeling program. T = baseplate movement toward viewer; A = baseplate movement away from viewer.
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Fig. 5. Uplift pattern and fault map for the 45° 5 cm stepover restraining bend. The color of the fault trace indicates if its motion is primarily strike-slip (red) or oblique-slip (purple).
The color scale for uplift is the same as Fig. 4. The restraining segments show some slip at early stages of the experiment but does not accumulate additional slip past 40 mm of plate
displacement. Faults A and B start propagating by 20 mm of displacement. The strike of these segments parallels the plate velocity until 40 mm when both faults curve to parallel
the restraining segment. By 40 mm of plate displacement, fault A has linked with a small fault (fault C) and has propagated nearly to link with fault B on the far side of the
restraining bend. At 50 and 60 mm plate displacement, small faults grow where fault A changes strike. The segments of faults A and B that parallel the restraining segment have
oblique-slip motion. From 60 to 70 mm of plate displacement we see fault activity shift from fault A to a new fault F outboard of fault A. The uplift pattern shows that by 70 mm of
displacement the new fault F acts as the range-bounding fault. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.) 30 lasor

A scanner B

<o ¢2,5&10cm

19to 27 cm

6=15", 30", 45", 60" & 90"

50cm

Fig. 2. A} Two computer-controlled stepper motors displace one side of the deformational claybox. In this experiment, one motor is used to apply right lateral slip to the restraining
bend. The 3D laser scanner directly records vertical surface deformation and documents shear of initial lines that become warped and offset during the experiment. B} Configuration
of the basal plates is varied to explore different restraining bend geometries. The width of the experiment varies from 19 to 27 cm as different experiments have different stepover
distance.
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Fig. 9. Typical morphology and structure of restraining double bends in southern California, based on the San
Clemente Fault bend region. Some features may be missing on other restraining bends, but some features may be more
pronounced than in the San Clemente Fault example. Most Borderland restraining double bends have transtensional
zones at the ends. A strain ellipse is shown to highlight the expected structural character for different trends in a
zone of NW-directed dextral shear (after Wilcox et al. 1973). Contrary to the expected strain patterns, the
north-trending faults in the San Clemente Fault bend region are steeply dipping upthrusts, not normal faults.



Lithospheric-scale centrifuge models of pull-apart basins
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Fig. 1. Experimental setup. (a) Frontal view of the large-capacity centrifuge at the Tectonic Modelling Laboratory of the Institute of Geosciences and Earth Resources (National Research
Council of Italy). (b) Close-up of the internal rotor. (¢) Loading conditions in the centrifuge (CFF, centrifuge force field). (d) Top-view photo of a model, illustrating the geometry of defor-
mation. (e) Model cross section illustrating the vertical rheological layering. (f) Stress-strain-rate relationships for the different viscous materials used to simulate the continental litho-
sphere (lith) plotted in a log-log graph. (g) Strength profiles of the model lithosphere in the different domains; numbers indicate the density of the different materials (in kg m~3).
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Fig. 2. Geometrical characteristics of the model setups. (a) Overhead view illustrating pre-
and post-deformation of the master faults and offset zone. (b) Separation and angular re-
lationships of the stepovers for the three models presented in this paper. The angles of the

stepovers are identical in geometry to those presented in Dooley and McClay (1997) and
Dooley and Schreurs (2012).
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Model 1 - Underlapping master faults
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Fig. 3. Evolution of model with underlapping master fault (Model 1), shown as sequential top-view photos with differing illumination angles (left and central panels) and line drawings of
structures (right panels). BSFs: basin sidewall faults; CBFs: cross-basin faults; SSFs: strike-slip faults.
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Model 2 - Neutral master faults
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Fig. 4. Evolution of model with neutral master fault (Model 2), shown as sequential top-view photos with differing illumination angles (left and central panels) and line drawings of struc-
tures (right panels). BSFs: basin sidewall faults; CBFs: cross-basin faults; SSFs: strike-slip faults.



G. Corti, T.P. Dooley / Tectonophysics 664 (2015) 154-163

Model 3 - Overlapping master faults
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Fig. 5. Evolution of model with overlapping master fault (Model 3), shown as sequential top-view photos with differing illumination angles (left and central panels) and line drawings of
structures (right panels). BSFs: basin sidewall faults; CBFs: cross-basin faults; SSFs: strike-slip faults.
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Model 1 - Underlapping master faults Model 2 - Neutral master faults Model 3 - Overlapping master faults

F

——— 1cm —— 1cm —— 1cm

Fig. 6. Cross sections from the underlapping (left), neutral (centre) and overlapping (right) master-fault models. Of note is the along-strike variation in basin morphology and the dip-
polarity change from one end of the basin to the other. For example, in case of underlapping master faults, the upper crust dips mainly to the right in Section C-C’ then flips to dominantly
left dipping in Section E-E’. The same occurs in the other models. Note in sections B-B’ and D-D’ of Model 2 that the thin layer of lower crust above the black weak material composing the
weakness zone has been in places completely removed by ductile thinning.
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Fig. 7. Surface deformation and lithospheric thinning in the three models, illustrated as fault pattern (top panels), amount of subsidence (central panels) and patterns of lithospheric thin-
ning (bottom panels), indicated with the 1/f3 factor (where 1/83 is the ratio between the final and the initial thickness of the model crust).



T.P. Dooley, G. Schreurs / Tectonophysics 574-575 (2012) 1-71

a) Riedel shear array rotates it propagates toward weak layer
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b) Restraining stepover develops
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C) Geometry of popup controlled by weak layer orientation
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Fig. 72. Summary diagram illustrating typical restraining stepover geometry formed across weak bodies. (a) Riedel shears propagate toward the weak body and gradually diverge
from the trace of the basement fault. (b) Linked faults form restraining stepover centred on the weak body. (c) Weak bodies oriented 45° counterclockwise-oblique to the basement

fault approximate popups formed above underlapping master-fault geometries. (d) Weak bodies oriented 45° clockwise-oblique to the basement fault approximate popups formed
above overlapping master-fault geometries.
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