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Rock salt exhibits highly ductile behavior at shallow crustal levels, and its
presence profoundly affects the structural development of rift basins. Basement-
involved normal faults strongly influence the initial thickness and distribution of the
synrift salt. Subsequent deformation and deposition during and after rifting cause
the salt to flow. This work uses experimental (analog) modeling to examine the
secondary structures that develop in the sedimentary cover above synrift salt that
flows subparallel to the strike of basement-involved faults. In the models, silicone
polymer simulates salt, wet clay simulates the sedimentary cover, and rigid blocks
represents basement-involved faults. Extension imposed at the base of the models
causes the silicone polymer to flow subparallel to the rigid blocks.

The models indicate that two zones of deformation form within the
sedimentary cover: 1) a shear zone with oblique-slip faults that trends (sub)parallel
to the strike of the underlying faults; and 2) an extensional domain with

predominantly normal faults that strike (sub)perpendicular to the flow direction of
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the ductile unit. At the clay surface, some faults in the shear zone and extensional
domain link, forming curved fault surfaces.

The initial thickness and distribution of the highly ductile unit affect the
development of secondary structures in the overlying cover. The thickness of the
ductile unit controls the degree of decoupling between shallow and deep structures.
Where the ductile unit is thick, the extensional domain and shear zone in the cover
are broad, whereas where the ductile unit is thin, the extensional domain and shear
zone in the cover are narrow and form directly above the deep structures. Varying
the initial distribution of the ductile unit produces subsequent asymmetrical
deformation in the overlying cover.

The orientation of pre-existing faults, relative to the flow direction of the
highly ductile unit, also has an influence on the development of secondary
structures. When the flow of the ductile unit (relative to a pre-existing fault)
produces highly oblique extension at depth, deformation is distributed broadly in
the extensional domain, and the shear zone forms above and trends parallel to the
pre-existing fault. However, when the flow of the ductile unit (relative to the pre-
existing fault) produces highly oblique shortening at depth, 1) the trend of the shear
zone in the cover is not parallel to the strike of the underlying pre-existing fault, and
2) secondary features in the extensional domain are muted in the cover. The latter
suggests that the ductile unit distributes the deformation and, thus, subdues the
expression of both shortening and extensional features at the surface.

Comparisons of the modeling results in this thesis to the deformation in the

Jeanne d’Arc basin of offshore Newfoundland, Canada, suggest that the synrift Argo
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Salt flowed parallel to the basin’s long-axis. The salt flow produced secondary
structures in the sedimentary cover above the salt including trans-basin normal

faults and shear zones above basement-involved faults.
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1. INTRODUCTION

Rift basins, which are wide crustal depressions bounded by one or more
basement-involved normal faults (commonly referred to as “border faults”), result
from crustal extension (e.g., Withjack et al., 2002). According to Withjack et al.
(2002), the presence of a highly ductile unit (salt or overpressured shale) in the pre-
rift or synrift section of a basin is an important factor in controlling the style of
subsequent deformation. Examples of rift basin containing a highly ductile unit in
the synrift section include the Jeanne d’Arc and Suez basins (Fig. 1.1). In these
basins, the initial thickness of the salt is fault-controlled, and can vary across the
basin and from fault block to fault block. Secondary normal faults may detach within
these highly ductile units, and forced folds above deep-seated normal faults are
common (e.g., Withjack & Callaway, 2000; Withjack et al., 2002). These secondary
structures may trap hydrocarbons; thus, understanding their development is
important. The presence of salt complicates the interpretation of seismic-reflection
profiles because salt, with its relatively low density and high velocity compared to
other sedimentary rocks, commonly obscures subsalt structural geometries.

Scaled experimental (analog) modeling is a tool for enhancing our
understanding of the spatial and temporal development of structures. Numerous
studies have involved experimental modeling of salt structures (e.g., Hudec and
Jackson, 2011, and references therein), but relatively few studies (e.g., Withjack and
Callaway, 2000; Gartrell et al., 2005; Del Ventisette et al., 2006; Durcanin, 2009)
have examined the effects of a synrift ductile unit on subsequent deformation within

a rift basin. This thesis examines the structures that develop in the sedimentary



cover above a synrift ductile unit that flows parallel or subparallel to the border

faults and/or other basement-involved faults (Fig. 1.2). Specifically, the following

questions serve as the primary motivation for this study:

1. What secondary structures develop in the overlying sedimentary cover?

2. How does the initial thickness and distribution of the highly ductile unit
affect the development of secondary structures in the overlying sedimentary
cover?

3. How does the orientation of a pre-existing basement-involved fault, relative
to the flow direction of the highly ductile unit, influence the development of
secondary structures?

4. How do the structures formed in these experimental models compare to
those in similar experimental models and to natural structures in the Jeanne

d’Arc rift basin of offshore Newfoundland, Canada (Fig. 1.1a)?



2. METHODS
2.1. Modeling materials

Scaled experimental models permit direct observation of deformation at
spatial and temporal scales that would not otherwise be possible. In modeling, the
initial boundary conditions are known, whereas in the natural world, one can only
observe complex structures that have developed over geologic time. By varying
certain boundary conditions within a model (e.g., presence/orientation of pre-
existing structures, thickness/distribution of ductile units, displacement
distances/rates), it is possible to decipher the variables that influence the style of
deformation and better describe the structural evolution of an analogous natural
prototype.

Geometric, kinematic, and dynamic scaling are necessary to relate the model
to a natural prototype (Hubbert, 1937). In the models in this thesis, wet clay
simulates the sedimentary overburden. The clay, a mixture of mostly kaolinite and
40% water by weight, had a density of ~1600 kg/m3 and cohesion of ~50 Pa
(Eisenstadt and Sims, 2005; Withjack et al., 2007). Wet clay is an effective modeling
material because the scaling of its cohesive strength relative to that of natural rocks
is comparable to the desired scaling of its length; specifically, cm-scale structures in
the model are comparable to km-scale structures in nature (e.g., Withjack and
Callaway, 2000). Silicone putty simulates a ductile unit (e.g., salt), deforming
plastically and with a Newtonian viscosity of ~104 Pa s (Withjack and Callaway,

2000, and references therein). See 7.1. Appendix for details about scaling.



2.2. Model setup

The experimental apparatus (Fig. 2.1) has a southern fixed wall and a
northern mobile wall with an attached rectangular basal mylar sheet. A rigid metal
block on the eastern side of the apparatus simulates a basement-involved fault block
(Figs. 2.2a and 2.2b). The edge of the rigid block dips 90°, simulating a steeply
dipping fault surface. A layer of silicone putty overlies the mylar sheet to the west of
the rigid block and south of a wet-clay dam (Fig. 2.2b). The clay dam prevents the
putty from flowing out of the model during the experiment. This dam has no analog
in the natural system, and, thus, deformation in its vicinity is an edge effect. A 3-cm-
thick wet-clay layer, simulating sedimentary cover above the salt, overlies the rigid
block, putty, and clay dam (Fig. 2.2c).

During the experiments, an electric motor displaces the mobile wall and the
attached basal mylar sheet northward at a constant rate of 9 cm/h. The E-striking
southern edge of the mylar sheet is a discontinuity (subsequently referred to as the
“edge of the mylar sheet”) that imposes a basal N-S extension. The northward
movement of the mylar sheet also produces right-lateral shear at the base of the
western edge of the rigid block. In response to the imposed basal extension and
shear, the putty layer flows and the overlying layer of wet clay deforms. This thesis
focuses on how the thickness of the putty layer and the orientation of the rigid block

influence the deformation in the wet-clay layer.



2.2.1. Standard Model

All experimental models in this thesis are variations on the Standard Model
(Table 2.1; Figs. 2.1 and 2.2). In the Standard Model, a 1-cm-thick layer of putty
overlies the mylar sheet (Fig. 2.2). The top of the putty is level with the top of the
rigid block (1 cm in height). The discontinuity on the eastern edge of the rigid block

is N-trending.

2.2.2. Models with variable thickness of putty layer

The Thin-Putty Model and No-Putty Model have the same setup as the
Standard Model except for the initial thickness of the putty (Fig. 2.3). In the Thin-
Putty Model, the putty layer is 0.5 cm thick, and the rigid block on the eastern side of
the model is 0.5 cm high. The No-Putty Model has no putty or a rigid block on the
eastern side of the model. Rather, the N-trending discontinuity is between the
eastern edge of the mylar sheet and the immobile base of the apparatus.

Like the Standard Model, the Putty-on-Discontinuity Model has a 1-cm thick
layer of putty overlying the mylar sheet. However, in the Putty-on-Discontinuity
Model, the rigid block on the eastern side of the model is 0.5 cm high and the putty
covers the block. This simulates a ductile unit overlying a N-striking basement-
involved fault (Fig. 2.4).

The Variable-Putty Model has a N-trending discontinuity on the eastern side
of the model like the Standard Model. It also has a N-trending discontinuity on the

western side of the model (Fig. 2.5). The putty thickness is 1 cm in the west and



about zero cm in the east. This model simulates a ductile unit with a thickness that
varies perpendicular to the basin axis.

The Layered Model has a similar setup to the Variable-Putty Model except
that its thick wet-clay cover has multiple layers with different colors (Fig. 2.6) but
otherwise very similar mechanical properties. After the wet clay dried, vertical
sections (oriented both perpendicular and parallel to the edge of the mylar sheet)
permitted detailed cross-sectional analysis of the model. Additionally, high-
resolution, plan-view photographs allowed comparisons of the deformation at the
base and top of the clay layer. Post-desiccation photographs of the Layered Model
were restored to their original thickness after accounting for vertical shrinkage
(~40%) during desiccation. Fig. 2.6 shows cross-sectional evidence that putty
flowed during the model setup: thus, the exact initial thickness and distribution of
putty are unknown. Subsequent sections regarding the Layered Model focus on
deformation features that are independent of knowing the precise initial thickness
and distribution of the putty. See Appendix 7.2 for photos of pre-restoration cross

sections.

2.2.3. Models with variations in pre-existing fault geometry

In this suite of models, the edges of the rigid block (i.e., the shear-dominated
discontinuity) have variable orientations relative to the northerly displacement
direction of the mylar sheet (Fig. 2.7). The N5°E and N10°E models produce highly

oblique extension along the discontinuity at the edge of the rigid block, whereas the



N5°W and N10°W models produce highly oblique shortening. The strike-slip

component of deformation is right lateral in all models.

2.3. Data collection and presentation

Displacement of the mobile wall (and mylar sheet) (i.e., the boundary
displacement) was at least 10.0 cm to the north for all models except for the No-
Putty Model in which extreme thinning of the clay exposed the mylar sheet at ~ 5
cm of boundary displacement, forcing an end to the model run. Photographs of the
surface of the models, taken every 0.1 cm of displacement, had three lighting
configurations: light from the north, light from the south, and light from both north
and south. Multiple lighting directions permit more accurate tracing of fault surfaces
(Fig. 2.8). Oblique-view photos captured linear grooves on fault surfaces, which
indicate slip directions (Fig. 2.9). Normal faults have grooves parallel to the dip
direction of the fault and offset the top of the clay. Oblique-slip faults have grooves
that are oblique to both the strike and dip direction of the fault; they also offset the
top of the clay. Strike-slip faults, which do not offset the top of the clay, lack exposed
grooves. Animations (developed in Adobe Premiere Pro CC), in which each frame
consisted of a photograph from a single 0.1-cm increment of displacement, provided
information about the temporal development of the surface deformation.

Cropped photographs exclude deformation associated with undesirable edge
effects near the southern fixed wall, the spacers used to build the layers of the
model, and the clay dam (Fig. 2.10). The cropped photographs focus on the

deformation above the intersection of the basal discontinuities: the E-striking edge



of mylar sheet and the ~N-trending edge of the rigid block. See 7.2. Appendix for

photos with the full horizontal extent of the models.



3. OBSERVATIONS
3.1. Models that investigate the influence of putty thickness and distribution
3.1.1. Standard Model (at 10 cm of displacement)

The Standard Model has two domains of deformation: (1) a broad
extensional domain in the clay above the putty containing E-, ESE-, and ENE-striking
normal faults; and (2) a broad right-lateral shear zone with NNE-striking faults in
the clay above the N-trending discontinuity (Fig. 3.1). Many faults have the greatest
displacement near the intersection of the shear zone and extensional domain where
ENE-striking faults link with NNE-striking faults with oblique slip (Fig. 3.2). In the
N-trending shear zone, faults at the top of the clay strike NNE compared to the
underlying N-trending discontinuity (Fig. 3.3). Based on their strike, these faults
likely originated as en-echelon R-type Riedel structures produced by shear at the N-
trending discontinuity. The NNE-striking faults consistently drop the top of the clay

surface down to the WNW, and, therefore, are oblique-slip faults.

3.1.2. Standard Model: Temporal Development (Fig. 3.4)

A N-trending shear zone develops in the region above the buried N-trending
discontinuity on the eastern side of the model at the start of displacement of the
apparatus’s moving wall (and mylar sheet). Between 2.0 and 4.0 cm of displacement,
NNE-striking faults develop within the shear zone. As displacement increases, new
NNE-striking faults form in the shear zone further south. An extensional zone
composed of small E- and ENE-striking normal faults forms in the clay above the E-

trending edge of the mylar sheet.
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Between 4.0 and 6.0 cm of displacement, ENE-striking normal faults nucleate
at the NNE-striking faults in the shear zone and propagate westward. At this linkage
site, displacement on the fault surfaces has oblique-slip. Faults in the extensional
domain increase in length and number as their displacement increases. Between 6.0
and 10.0 cm of displacement, new E-striking normal faults develop in the southern
part of the extensional domain. Based on the heave magnitude, linked faults
connecting the ENE-striking faults in the extensional domain and NNE-striking

faults in the shear zone appear to accommodate much of the deformation.

3.1.3. No-Putty Model

Like the Standard Model, the No-Putty Model has an extensional domain and
right-lateral shear zone. However, in the No-Putty Model, the extensional domain
and shear zone are narrower (Fig. 3.5). The extensional domain consists of a single
large E-trending fault-bounded depression above the E-striking edge of the mylar
sheet (Fig. 3.5b). On its northern side, a large S-dipping normal fault accommodates
most of the extension, whereas on its southern side, numerous small N-dipping
normal faults accommodate the extension. The N-trending shear zone, with a right-
lateral sense of shear (Fig. 3.5c), contains a long strike-slip fault that is subparallel
to the underlying N-trending discontinuity. Unlike the Standard Model, the
deformation at the top of the wet-clay cover in the No-Putty Model directly overlies
the underlying discontinuities in both the extensional domain (E-striking edge of

mylar sheet) and shear zone (N-trending discontinuity).
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Within the shear zone, small NE-striking faults, which splay from the
dominant strike-slip fault, form the boundaries of structures associated with strike-
slip deformation. Uplifted blocks of clay are likely pop-up structures that formed at
restraining bends. Subsided blocks of clay and gaps are likely pull-apart basins that

formed at releasing bends (Fig. 3.6).

3.1.4. Thin-Putty Model

The Thin-Putty Model, with an intermediate putty thickness between that of
the Standard Model and the No-Putty Model, demonstrates the effect of putty
thickness on the fault distribution (Fig. 3.7). As putty thickness decreases, the
deformation in the shear zone and extensional domain in the cover becomes more
coupled with the deep deformation (i.e., the orientation and location of the shallow
deformation matches that of the edge of the mylar sheet and the N-trending
discontinuity).

For the Thin-Putty Model, N- and E-striking faults form orthogonal fault sets
that bound rectangular blocks near the intersection of the shear zone and

extensional domain (Fig. 3.8).

3.1.5. Putty-on-Discontinuity Model

As in the Standard Model, a broad shear zone and broad extensional domain
develop over the N-trending discontinuity and edge of the mylar sheet, respectively
(Fig. 3.9). At the surface, however, the shear zone is more diffuse than in the

Standard Model with fewer NNE-striking faults, and it does not extend as far to the
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south (Fig. 3.9). Generally, the faults in the extensional domain of the Putty-on-
Discontinuity Model are evenly distributed and have similar heaves, whereas a few
faults in the extensional domain of the Standard Model have large heaves and

accommodate much of the deformation (Fig. 3.9).

3.1.6. Variable-Putty Model

The deformation in the Variable-Putty Model resembles that of the Standard
Model where putty is thickest (west) and that of the No-Putty Model where putty is
thinnest (east) (Fig. 3.10). Where putty is thicker (i.e., the western side of the
model), displacement on faults is greatest at the linkage between a long NNW-
striking fault in the shear zone and W- to WNW-striking faults in the extensional
domain. A few NNW-striking en-echelon faults formed above the underlying
western N-trending discontinuity. Additionally, normal faults in the extensional
domain have a greater N-S distribution, and the faults with the greatest heave are
offset considerably (to the north) from the edge of the mylar sheet (Fig. 3.10).

Where putty is thinnest (i.e., the eastern side of the model), deformation is
more focused in the shear zone with pull-apart basins and pop-up structures
developing. The extensional domain is narrower where putty is thinnest, and
deformation is more coupled with the edge of the mylar sheet and eastern N-
trending discontinuity (Fig. 3.10).

From west to east, the distribution of extensional structures (measured in

the direction of movement of the mylar sheet) gradually varies from broader to
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narrower as the putty thickness decreases. This varied distribution produces an

asymmetrical extensional domain (Fig. 3.10).

3.1.7. Layered Model

As discussed in the Methods section, the putty flowed during the model
setup; thus, the exact initial distribution and thickness of the ductile unit is
unknown. However, the Layered Model still has utility, and [ will focus on
observations that are independent of the approximate distribution and thickness of
the ductile unit.

The top of the clay (Fig. 3.11) has fewer faults than the base of the clay (Fig.
3.12). At the top of clay, faults in the shear zone extend beyond the N-trending
discontinuities; however, at the base of clay, no faults form above the top of the rigid
blocks (Fig. 3.13). Thus, the deformation zone widens upward. At the base of clay,
the strike of the faults in the shear zone becomes more northerly with increasing
proximity to the N-trending discontinuity (Fig. 3.13b). In cross section, most faults
in the shear zones dip steeply (Fig. 3.14). The extensional domain has a set of N-

dipping domino-style faults with normal separation (Fig. 3.15).

3.2. Models that investigate the influence of the orientation of the shear-
dominated discontinuity
3.2.1. N5°E Model and N10°E Model

As in the Standard Model, two domains of deformation develop in the N5°E

Model and the N10°E Model: (1) a broad extensional domain containing, E-, ESE-,
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and ENE- striking normal faults; and (2) a broad shear zone with NNE- and NE-
striking oblique-slip faults (Fig. 3.16); this shear zone directly overlies the basal
shear-dominated discontinuity. As in the Standard Model, many faults have the
greatest displacement near the intersection of the shear zone and extensional
domain where ENE-striking faults link with NNE-striking faults with oblique slip.
Tips of ENE- and E-striking normal faults do not extend far beyond the buried shear-
dominated (N5°E- and N10°E-trending) discontinuities (Figs. 3.16 and 3.17).

The orientation of the shear-dominated discontinuities influences the trend
of the shear zone and the strike of the constituent faults. For example, the shear-
zone faults in the N10°E Model have a more easterly strike than the faults in the
shear zone of the N5°E Model. The shear-zone faults in the N5°E Model have a more
easterly strike than the faults in the Standard Model (Fig. 3.18a). For the shear zones
of the Standard, N5°E, and N10°E Models, faults in the north strike 10-20° clockwise
of the shear-dominated discontinuity, and fault segments are long (Figs. 3.18b and
3.18c). In the south, faults strike 30-40° clockwise of the shear-dominated

discontinuity, and fault segments are shorter (Figs. 3.18b and 3.18c).

3.2.2. N5°W Model and N10°W Model

As in the Standard Model, an extensional domain and a shear zone develop in
the N5°W Model and the N10°W Model (Fig. 3.19). The extensional domains have
normal faults that strike E, ESE, and ENE, as in the Standard Model (Fig. 3.19).
However, compared to the Standard Model, the extensional domains of the N5°W

and N10°W Models: 1) have fewer normal faults, and 2) these normal faults have



15

less displacement, characterized by smaller heaves (Fig. 3.19). The extensional
domains of the N5°W and N10°W Models also have zones with limited normal
faulting (Fig. 3.20).

At the surface, the trends of the shear zones of the N5°W Model and N10°W
Model do not overlie their respective shear-dominated discontinuities at depth (Fig.
3.21). The shear zones at the surface trend N and are dominated by N-striking
strike-slip faults, despite the N5°W and N10°W trends of the shear-dominated
discontinuities at depth (Fig. 3.21). The shear zones of the N5°W Model and the
N10°W Model also greatly differ from the shear zone of the Standard Model (Figs.
3.21 and 3.22). These shear zones 1) have fewer faults, and 2) do not extend as far
south as the surface faulting observed in the shear zone of the Standard Model (Figs.
3.21 and 3.22).

South of the faults in the shear zones of the N5°W Model and the N10°W
Model, NW-trending shadows (cast inside of broad undulations on the models’
surface) reveal the presence of NW-trending depressions that have limited faulting;

however, the Standard Model lacks such a NW-trending depression (Fig. 3.23).
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4. DISCUSSION
4.1. Summary of modeling results and comparisons to other models
4.1.1. Influence of putty thickness and distribution

The thickness of the ductile layer varied in the Standard Model, Thin Putty
Model, and No-Putty Model. The models show that as thickness of the highly ductile
unit (putty in the models, salt or overpressured shale in nature) increases, the
degree of decoupling between shallow and deep structures increases, and
deformation becomes more distributed (Fig. 4.1). Withjack and Callaway (2000)
came to the same conclusion for models investigating the cover deformation above
an upward-propagating normal fault (Fig. 4.2).

Figure 4.3 explores how the presence or absence of a ductile unit above the
rigid block influences the style of deformation. In the Putty-on-Discontinuity Model
where putty is present on both sides of the discontinuity, more decoupling occurs
between deep and shallow structures than in the Standard Model, where putty is
present on only one side of the discontinuity. In addition, the deformation in the
extensional domain is more distributed in the Putty-on-Discontinuity Model than in
the Standard Model.

The Variable-Putty Model (Fig. 4.4) further demonstrates the effect of putty
thickness on the degree of decoupling between deep and shallow structures. It
shows that an asymmetrical distribution of putty (salt or overpressured shale in
nature) yields an asymmetrical deformation pattern. Specifically, the extensional

deformation occurs in a broader zone (offset from the edge of the mylar sheet)
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where the putty is thicker, and is more focused above the edge of the mylar sheet
where the putty is thinner.

The Layered Model (Fig. 4.5) shows that: 1) faults do not nucleate directly
above the rigid block at depth; 2) faults are more numerous at the base of the clay
than at the top; and 3) like the top of the Thin-Putty Model, the base of the Layered
Model has both NNE-striking faults produced by right-lateral shear along the N-
striking discontinuities and ENE-striking extensional faults produced by the
northerly displacement of the mylar sheet. Fault orientations in the shear zone are
slightly different at the base of the model compared to the top. At the base, faults in
the shear zone have orientations that are more N-striking with increasing proximity
to the discontinuity, whereas faults that are present at the surface are more oblique
to the discontinuity.

Deformation at or near the shear-dominated discontinuity is similar to that
in other experimental models with strike-slip deformation (Fig. 4.6). In Ginting’s
(2013) model, brittle deformation occurs on both sides of the basal discontinuity. In
contrast, deformation in the Standard Model and Putty-on-Discontinuity Model
occurs above and to the west of the basal discontinuity, where putty is present
and/or thicker. Viscous flow and thinning of the putty promotes subsidence on the
west side of the discontinuity and produces a component of dip slip for faults in the
shear zone. In contrast, faults in Ginting’s (2013) model have predominantly strike
slip. Ginting’s (2013) model contains both R-type and R’-type Riedel shears,
whereas the Standard Model and Putty-on-Discontinuity Model only have faults

with the orientation of R shears at the surface.
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Deformation above the shear-dominated discontinuity in the No-Putty Model
is similar to deformation produced in the clay models (without putty) of strike-slip
faulting by Schlische et al. (2002) (Fig. 4.7). However, faults in the shear zone of the
No-Putty Model rotate easterly with increasing proximity to the southern edge of
the mylar sheet; these faults are transitional between the NNE- to N-striking faults
above the N-trending discontinuity and the E-striking faults above the southern

edge of the mylar sheet.

4.1.2. Orientation of the shear-dominated discontinuity

The orientation of the discontinuity relative to the movement direction of the
mylar sheet strongly influences deformation patterns in the cover (Fig. 4.8). In
models with highly oblique extension at depth, a shear zone develops parallel to the
discontinuity, just like in the Standard Model. However, in models with highly
oblique shortening at depth, the trend of the shear zone at the top of the clay does
not parallel the discontinuity at depth, and deformation in the extensional domain is
less pronounced at the surface.

The model with highly oblique extension at depth (N10°E Model) exhibits
primarily NNE-striking right-lateral strike-slip to oblique-slip faults at the northern
end of the shear zone. Farther south, the faults strike more easterly (more nearly
perpendicular to the displacement direction), reflecting the greater influence of
extension produced by northward movement of the southern edge of the mylar

sheet.
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In the model with highly oblique shortening at depth (N10°W Model), the
degree of extensional deformation is suppressed throughout the extensional domain
(Fig. 4.8); for example, the maximum heave on extensional faults is considerably less
in the N10°W model than for the NO°E (Standard) and N10°E models. A NNE-
trending strike-slip fault zone forms subparallel to the movement direction of the
mylar sheet (oblique to the discontinuity) in the cover layer. These deformation
patterns are markedly different from those produced in a sand model with highly
oblique shortening (Fig. 4.9) (McClay et al., 2004). In the sand model, a zone of uplift
forms parallel to the basal discontinuity. The sand model does not have a ductile
layer, and the surface deformation patterns are strongly coupled to the basal
boundary conditions. In the N10°W Model, the putty suppressed both the
shortening along the discontinuity and the degree of extension in the extensional

domain.

4.2. Application to Jeanne d’Arc basin

The hydrocarbon-bearing Jeanne d’Arc basin (Figs. 1.1a, 4.10a) on the Grand
Banks of offshore Newfoundland is a fault-bounded Mesozoic rift basin. As
discussed below, the presence of pre-existing zones of weakness, created before and
during an initial episode of rifting, and the synrift Argo Salt significantly influenced
the development of the basin. Late Triassic to Early Jurassic NW-SE to W-E
extension produced activity on the Murre, Mercury and Voyager fault systems
(Sinclair, 1995; Serrano Suarez, 2013; Stier, 2016) (Fig. 4.10a-b). The gentle dips of

the Murre and Mercury faults at depth (Fig. 1.1a) suggest that they are reactivated
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Paleozoic structures (deVoogd et al., 1990). Deposition of the Argo Salt occurred
during this initial episode of rifting. Rifting, perhaps episodically, continued
throughout the Jurassic (Withjack et al., 2012). During the Early Cretaceous, the
Jeanne d’Arc basin underwent NE-SW extension, and NW-striking faults with normal
separation (trans-basin faults) formed. Many of these faults detach within the Argo
Salt, although others may involve the basement (Sinclair, 1995) (Fig. 4.10c). Some of
the pre-existing, NE-striking faults were reactivated as strike-slip (or oblique-slip)
faults during this episode of extension (Sinclair, 1995; Serrano Suarez, 2013; Stier,
2016). Asin other rift basins with salt, the presence of the Argo Salt decoupled the
shallow and deep deformation in the Jeanne d’Arc basin (e.g., Sinclair, 1995;
Withjack and Callaway, 2000).

In the experimental models of this study, the edge of the rigid block simulates
a pre-existing, deep-seated fault (e.g., the Murre, Mercury, or Voyager fault systems),
the putty represents a highly ductile unit (e.g., the Argo Salt), and the clay layer
simulates the sedimentary cover above the Argo Salt. In the models, the northward
displacement of the mylar sheet produces extension in the putty and clay cover and
strike-slip deformation between the putty and clay layer and the rigid block as
hypothesized for the Jeanne d’Arc basin. Thus, these models provide templates for
the interpretation of the complex fault structures of the Jeanne d’Arc basin.

The Putty-on-Discontinuity Model demonstrates that putty on both sides of a
discontinuity (e.g., fault) will cause greater decoupling between shallow and deep
structures and a wider distribution of deformation in the extensional domain. Based

on these observations, where salt overlies NE-striking fault splays of the Murre
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fault, NE-directed movement of the salt would produce a wide distribution of NW-
striking trans-basin faults that curve to link with NE-striking faults (Fig. 4.11).

The Variable-Putty Model demonstrates that if salt thickness varies across a
basin, the deformation associated with salt mobilization would also vary across the
basin. Thus, an initial asymmetrical distribution of Argo Salt in the Jeanne d’Arc
basin (i.e., thicker on the northwest side bounded by the Murre fault) would
produce an asymmetrical distribution of trans-basin normal faults (Fig. 4.12).
Deformation in the central western part of the Jeanne d’Arc basin resembles the
deformation in the Variable-Putty Model, suggesting a variable distribution of salt
from East to West in this region of Jeanne d’Arc basin.

Two main fault orientations are present in the Terra Nova region of the
Jeanne d’Arc basin: N-striking and E-striking (Enachescu, 1987; Sinclair, 1995) (Fig.
4.13). Displacement on many of the younger E-striking faults is greatest where
these faults link with N-striking faults (McIntyre et al., 2004). Henza et al. (2009)
demonstrated similarities between this fault pattern in the Jeanne d’Arc basin and
those in clay models with two phases of non-coaxial extension. However, my models
show a similar pattern of N- and E-striking faults in the shear zone of the Thin-Putty
Model. Thus, multiple fault trends do not automatically imply that faults formed in
multiple phases of deformation; rather, a pre-existing structure at depth can
influence the geometry of deformation when salt is involved. Thus, not all of the E-
striking faults in the Jeanne d’Arc basin are necessarily younger than the N-striking

faults.
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Comparisons of the experimental models to the Jeanne d’Arc basin suggest
that the Argo Salt flowed (sub)parallel to the NNE-striking Murre and Mercury
border faults, producing overlying secondary structures like the trans-basin normal
faults and oblique-slip faults. However, the modeling study does not address the
cause of the salt mobilization; differential loading, tilting to the NNE, and basement-

involved extensional faulting are possible causes.

4.3. Suggestions for future work
This study identified several issues that require further study.

1. The N- and E-striking orthogonal faults form in the shear zone of the Thin-
Putty Model. Why does this fault pattern not form on the surface of the
Standard Model and the No-Putty Model?

2. Faults that bound basins are commonly the product of the linkage of multiple
normal faults. This linkage can result in the formation of a relay ramp
between fault segments. How would a segmented rigid block (in the basal
boundary conditions) affect the deformation observed at the surface when a
ductile unit is mobilized?

3. Discontinuities in the models have vertical dips. Does the dip angle also have
an influence?

4. The N5°W Model and the N10°W Model featured highly oblique shortening
between the N-directed movement of the mylar sheet and the oblique
orientation of the rigid block at depth; however, the surface deformation for

these models does not contain evidence of oblique shortening (e.g. pop-up
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structures, anticlines, thrust faults). At what angle of oblique shortening will
a model (with similar boundary conditions to this series) produce shortening

features at the top of the clay?
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5. CONCLUSIONS
The experimental (analog) models in this thesis investigate the style of cover

deformation (simulated with wet clay) related to the mobilization of synrift salt

(simulated with silicone polymer). When a synrift ductile unit flows parallel to the

strike of a pre-existing basin-bounding or other basement-involved fault (which

control the thickness of the ductile unit), two zones of deformation form within the
sedimentary cover: 1) a shear zone with oblique-slip faults that trends (sub)parallel
to the strike of the underlying faults (reactivated with a large component of strike
slip); and 2) an extensional domain with predominantly normal faults that strike

(sub)perpendicular to the flow direction of the ductile unit. At the surface of the

clay, some faults in the shear zone and extensional domain link, forming curved

faults with displacement maxima at or near the site of linkage. In some models, an
orthogonal set of faults develops in this region.

The following remarks summarize the other substantial findings of this
work:

1. When the subsalt pre-existing fault is reactivated in strike-slip and even mild
transpression, the faults at the clay surface initiate with the orientation of R-
type Riedel shears in the shear zone, but R’-type Riedel shears are not
present. The shear-zone faults initiate or evolve into oblique-slip faults that
always have a normal component of slip, most likely related to the
subsidence of the clay that occurs in the extensional domain. This contrasts
with the shear zone in the No-Putty Model, which is a strike-slip fault zone

with alternating push-ups and pull-aparts related to bends and step-overs.
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The initial thickness and distribution of the highly ductile unit affect the
development of secondary structures in the overlying cover. The thickness of
the ductile unit controls the degree of decoupling between shallow and deep
structures (in agreement with the modeling results of Withjack and Callaway,
2000). An initially thicker ductile unit produces more decoupling between
shallow and deep structures, producing both a broad extensional domain (in
the direction of flow of the highly ductile unit) and a broad shear zone (in the
direction normal to flow of the highly ductile unit). Varying the initial
distribution of the ductile unit produces subsequent asymmetrical
deformation in the overlying cover, with the extensional domain broadening
as the thickness of the ductile layer increases. Faults at the surface are less
numerous than faults at the base of the sedimentary cover that overlies the
ductile unit. In cross section, the shear zone has steeply dipping faults, and
the extensional domain has domino-style normal faults.

The orientation of a pre-existing fault, relative to the flow direction of the
highly ductile unit, influences the development of secondary structures.
When the flow of the ductile unit (relative to the pre-existing fault) produces
highly oblique extension at depth, deformation is distributed broadly in the
extensional domain, and the shear zone trends above and parallel to the
underlying pre-existing fault. However, when the flow of the ductile unit
(relative to the pre-existing fault) produces highly oblique shortening at
depth, (a) the trend of the shear zone in the cover is not parallel to the

orientation of the underlying pre-existing fault, and (b) secondary features in
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the extensional domain are muted in the clay. I infer that the ductile unit
distributes the deformation and, thus, inhibits the expression of shortening
in the shear zone and normal faults in the extensional domain. However, |
only investigated up to 10° of obliquity, and it is unclear if and when
evidence of surface shortening would have an expression and/or completely
mute the extensional structures.

Although the cause of salt flow in the Jeanne d’Arc basin is unknown (it may
be triggered by regional tilting, differential loading, and/or by deep-seated
extension), comparisons of the experimental models to the Jeanne d’Arc
basin suggest that the Argo Salt flowed (sub)parallel to the NE-striking Murre
and Mercury border faults, producing NW-striking faults with normal
separation (trans-basin faults) that locally curve into parallelism with NE-
striking basement-involved faults. In addition, an initial asymmetrical
distribution of salt across a basin can produce an asymmetrical distribution
of trans-basin faults upon salt mobilization; this resembles the trans-basin
fault pattern in the Jeanne d’Arc basin, and supports current interpretations
of the basin’s kinematic history as well as the initial salt distribution and
subsequent salt flow. The presence of coeval orthogonal faults produced
during the flow of the highly ductile unit in some experimental models raises
the possibility that not all of the E(NE)-striking faults in the Jeanne d’Arc

basin are younger than the N(NE)-striking faults.
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7. APPENDIX
7.1. Scaling (adapted mostly from Withjack & Callaway, 2000)

This thesis uses wet clay to simulate the sedimentary cover and silicone
polymer to simulate a highly ductile unit like salt. As in previous studies, (e.g.,
Withjack and Callaway, 2000; Eisentadt and Sims, 2005; Withjack and Schlische,
2006; Withjack et al., 2007), wet clay simulates the behavior of upper crustal rocks.
It consists primarily of kaolinite (having a grain size <0.005 mm diameter) and 40%
water by weight, having the following properties: 1) a density of ~1.55 - 1.60 g cm3;
2) a coefficient of internal friction of ~0.6; 3) a cohesive strength of ~50 Pa. In order
for comparisons with a natural prototype to be legitimate, experimental models
must maintain geometric, kinematic, and dynamic similarity with natural systems
(Hubbert 1937). Because the strength of upper crustal rocks increases with depth
(e.g., Byerlee, 1978), modeling materials must have similar properties. Therefore,

T=Cy + uoy, (D
where the variables 7 and o, represent the shear and normal stresses on potential
fault surfaces; Co represents the cohesion, and u represents the coefficient of
internal friction. A caveat, however, is that this relationship only holds for the
initiation of new faults, not the reactivation of existing faults. In nature, the
coefficient of internal friction for sedimentary rocks ranges from ~ 0.55 to 0.85 (e.g.,
Handin 1966; Byerlee, 1978).

To achieve dynamical similarity, properly scaled experimental models must
adhere to two conditions (Weijermars et al., 1993; Vendeville et al., 1995; Withjack

and Callaway, 2000). First, the coefficients of internal fiction of the modeling
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materials and the rocks in the upper crust must be similar. Second, the following
equation must hold:

Co=p" g U (2)
the model-prototype cohesive strength ratio (Cy) must equal the product of the
model-prototype ratios of density (p”), gravity (g*), and length (I*). The models in
this thesis have values of 0.62 and 1.0 for (p*) and (g°), respectively. Consequently
the values of (C3) and (/") must be similar to maintain dynamic similarity. Values of
C are highly variable in nature. They are typically less than 1 MPa in loosely
compacted sedimentary rocks and can be greater than 10 MPa for crystalline rocks
(Handin, 1966). Because the wet clay in the models has a cohesive strength of ~ 50
Pa, values of C* are between 104 and 10-¢. Consequently, I* varies between 10-* and
10-% in models, with the exact value being a function of the cohesion of the natural
prototype. For example, when clay simulates loosely compacted sedimentary rock, 1
cm in the model corresponds to 100 m in nature. However, if the clay simulates
crystalline rock, 1 cm corresponds to ~10 km in nature.

Dynamic similarity between natural prototypes and modeling materials that
simulate the ductile behavior of salt (viscosity ~1016 — 1020 Pa s) requires using a
viscous silicone polymer that has an effective viscosity um, of ~10% Pa s (Vendeville et
al,, 1995; Withjack and Callaway, 2000; Koyi and Sans, 2006).

Withjack and Callaway (2000) note that the following equation satisfies
dynamic similarity between the models and natural prototypes (when deformation

due to viscous flow occurs):

di=1[p*- g - (IN*/w (3)
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where d;. and pu*represent model-prototype ratios for displacement rate and
viscosity, respectively.

Reformatting equation 3 permits the determination of values for
displacement rates in models,

drm =p* + 9" Jtm 1-(T)?-P (4)

where d,., isthe displacement rate of the mobile wall of the modeling apparatus,
Um is the viscosity of the putty unit,and P = d,.,, * U, the product of the
displacement rate of a master normal fault in nature (analogous to the master
normal fault that forms in the wet clay above the southern edge of the mylar sheet in
the No-Putty Model) and the viscosity of a natural salt layer. Natural displacement
rates range from about 1 to 10 mm yr (or 10-7 to 10-8 cm s-1) and salt viscosities
range from 1016 to 102° Pa s; thus, P = d,, * U, ranges from 105 to 1012 Pa cm
(Withjack and Callaway, 2000). Using the displacement rate for the mobile wall in
this study (9 cm h't or 2.5 x 10-3 cm s'1), a midrange scaling factor of 10-> for [*, and
the accepted lower limit for salt viscosity (1016 Pa s) yields a value of 2.5 x 10->
cm s1 for the displacement rate of a master normal fault in nature; this value is
higher than the accepted range for fault-displacement rates in nature. Using the
accepted upper limit for salt viscosity (102° Pa s) yields a natural displacement rate
of 2.5 x 10-° cm s-1, which is lower than the accepted natural displacement rates
(107 to 10-8 cm s1). Thus, given the wide range of salt viscosities (1016 to 1020 Pa s),
using a midrange value for salt viscosity would yield an acceptable value for the

scaling of the displacement rate of mobile wall to natural fault-displacement rates.
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