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ABSTRACT
Scaled sandbox models are used to simulate the development of “basement’-controlled, salients. We investi-
gate the controlling factors on the development of closed curvatures in map-view, considering constant both
the sand pack thickness and the space between obstacles. These models are compared with the Fundéao-
Cambotas Fault System in the Proterozoic fold-thrust belt in the Quadrilatero Ferrifero region, along the
southeastern margin of the S&o Francisco craton. In the experiments, a pronounced curvature resulted from
the margin-controlled salient process in the presence (i) of a basal ductile detachment, or (ii) of pre-existing
structures. The results suggest that the convex-to-the-foreland, west-vergent Funddo-Cambotas Fault System
that borders the Archean basement highs and displaced older Transamazonian structures westward, is partly
a consequence of interaction of propagating thrusts with obstacles in the foreland.

Key words: experimental modelling, salients, brittle deformation, ductile deformation, Quadrilatero Fer-
rifero.

INTRODUCTION along an irregular continental margin with promi-
Research related to the origin of mountain belt cur-nent pre-existing basement highs in the foreland; 4)

o : over a basal detachment with lateral variations of
vature was initiated by the classical work of Carey heoloav- 5) with the int i flatet ;
(1955) who defined ‘oroclines’ as curved mountain' 0 09" )wi € Interaction ot late franscurren

belts that developed curvature because of the bent{?u"s a; Zhlg: ant_gle E;] the teCtOth t;anspg(rjt dl:_e ¢
ing of an initially straight orogen. Based on a bib- lon and 6) reflecting the geometry of a subducting

. . - . plate.
liographical compilation of the map-view geome- In this stud | db ) .
try of 20 fold-thrust belt salients and on physical N this study, analogue sandbox experiments

and numerical models, Macedo (1997) describecyvere carried out to analy_ze the Fund(_';\?-Cambot?s
. . Fault System curvature, in the Quadrilatero Ferri-
six types of salients or curvatures convex-to-the-

foreland, which may form when a thrust fault sys- fero, |r-1 map-view (F'g'_ 1). Based on the curreht
. . o . _tectonic models (Alkmim and Marshak 1998) this
tem propagates 1) in an irregular basin (involving

along-strike basin depth variation); 2) ahead of ansallent is related to the third type of curvature in the

. i . : ve classification, i.e., the margin- or * ment’-
indenter (a rigid crustal block in the hinterland); 3) above class c_a on. 1.€., e_ argin- or ‘base e_
controlled salients. We simulate the margin-
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that could have influenced formation of the parabolicplex to the north and the Bag&o Metamorphic Com-
curvature of the eastern Quadrilatero Ferrifero fold-plex/Rio das Velhas Arch to the south. These base-
thrust belt. Specifically, we examined the role of ment highs would have acted as obstacles, inhibiting
different basal-detachment rheology when the foldthrust propagation at both extremes of the curvature.
thrust-beltis molded onto an irregularly shaped mar- The nearly north-south Agua Quente Fault Sys-
gin, and the significance of a structural high, thetemis composed of a stack of west-vergentimbricate
Serra do Caraca structural high of the Quadrilatercstructures. Atthe eastern side of the Serra do Caraca
Ferrifero supracrustal sequence, in the hinterlandtructural high, Ribeiro-Rodrigues (1992) described
(Fig. 1). high-angle reverse thrust faults wrapping around the
Our experiments demonstrate that a highquartzite high. According to the author, these thrust
parabolic curvature similar to that of the Fundao-faults connect at depth to a basal detachment which
Cambotas Fault System is not likely to have formedemerges to the west, where it is known as the Caraca
only in consequence of two lateral ‘basement’ obstafault (Fig. 1).
cles. Other factors, such as pre-existing structures
in the subsurface, a horizontal layer providing a EXPERIMENTAL PROCEDURES

zone of weakness along which a ductile detachmenéix analogue modeling experiments were conducted

occurred or a third obstacle that progressively i a glass-sided deformation box with internal di-

sumed the role of a backstop moving between Strucfnensions of 30« 365 x 5cm (width x length

tural highs, should have influenced the deformatiorheight) The movement of the frontal wall, gen-

history. erated by the action of a coupled motor, allowed

a progressive deformation of the analogue material
arranged in horizontal layers under a constant dis-
The Quadrilatero Ferrifero is located in the south-placement rate of 2 cm/h to maximum displacement
ern portion of the Archean and Paleoproterozoic Sd@f 11 cm. All experiments were repeated several
Francisco craton, in southeastern Brazil. A Neoprotimes to test reproducibility.

terozoic fold-thrust belt of the Brasiliano orogeny Each experiment was photographed from
borders the entire eastern margin of the Sdo Frarnabove at a time interval of once an hour. At the end
cisco craton and involves the eastern part of theof the experiments the sand was wetted and vertical
Quadrilatero Ferrifero (Fig. 1). In this area, the sections parallel to the tectonic transport direction
fold-thrust belt is composed of two major thrust fault were cut and photographed. The models contained
systems: the Fundao-Cambotas Fault System in thivo rigid obstacles in the foreland representing two
foreland and the Agua Quente Fault System in thébasement highs, the Caetés Metamorphic Complex
hinterland. The map-view of the Funddo-Cambotasand the Bacdo Metamorphic Complex/Rio das Ve-
Fault System defines a salient (i.e., a convex to théhas Arch, and a rigid indenter in the hinterland, rep-
foreland curve). Based on field work and on geo-resenting the Serra do Caraca structural high (Fig. 1),
metrical and kinematic criteria, these thrusts wereas the main boundaries.

interpreted to be linked thrust faults limited later- No specific shortening values, based on pro-
ally by obliqgue ramps (e.g. Dorr 1969, Endo andfile restorations, are available for the Quadrilatero
Fonseca 1992). Alkmim and Marshak (1998) sug-Ferrifero. Therefore, we tested a range of different
gestedthatthe arcuate trace of the Funddo-Cambotafortening values and observed that the increase in
Fault System resulted from the westward propagaedeformation magnitude does not significantly mod-
tion of thrust sheets confined between baseify the curvature geometry in the sand models. The
ment highs composed of pre-existing Archean metamaximum shortening we used in our models was
morphic complexes, the Caetés Metamorphic Com30%.

THE QUADRILATERO FERRIFERO
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Fig. 1 — Location and simplified geologic-structural map of the eastern Quadrilatero Ferrifero with cross sections based on Endo and

Fonseca (1992) and Ribeiro-Rodrigues (1992). CMC — Caetés Metamorphic Complex; BMC — Bagao Metamorphic Complex; RVA —
Rio das Velhas Arch; SCH — Serra do Caraca structural high.
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In all the experiments the structural highs (thepack in height and strength as described from the
Caetés Metamorphic Complex and the Bacao Metaprototype (Ribeiro-Rodrigues 1992). The Serra do
morphic Complex/Rio das Velhas Arch) were rep- Caraga block, similar to the basement highs, was
resented by rigid triangular blocks placed in therepresented by a nearly vertical block in order to
north and south portions of the box, respectivelyreproduce the situation in which horizontal to sub-
(Fig. 2). The shape of these obstacles simulates thieorizontal stretching lineations were produced atthe
shape of the faults bounding the Funddo-Cambotasbstacle lateral borders, in nature. In the models
fault zones; on the south the border strikes N&5 V and VI we analyzed what structures would form
and on the north it trends NBH. These differ- if an obstacle in the foreland would partly block
ent strikes produce distinct angles of convergencéehe progressive displacement. The shortening began
(a) between the deformation front and the base-withthe Serrado Caragablock acting as arigid, fixed
ment highs,« = 45° in the south andv = 30°  obstacle. With progressive deformation, the Serra
in the northern domain. The block representing thedo Caraca structural high began to move together
Caetés Metamorphic Complex high always standsith the deformation front.
out above the sand column (3-5 cm). In contrast, the
block representing the Bacdo Metamorphic Com- ANALOGUE MATERIALS

plex/Rio das Velhas Arch is partially buried. This Analogue modeling in sandboxes provides a tool

configuration allows the deformation front to ad- ;. Lo . .
for investigation of regional-scale deformation pro-

vancg ovgr the southern high (except in model | andcesses. The geometric similarity factor (Hubbert
V) as indicated by the map pattern.

, _ ) 1937) normally used in sandboxes is 2@r 10-6.
Experiments | to IV differ mainly by the mod-

. ) Thus, we set up our models with3x 10> such
eling material used to test the supracrustal rock de; . .

) ] ) ) that the pack of analogue material whose thickness
formation. Model I (Fig. 2B), without any vertical

) ) ) o varies between 3 and 5 cm, represents, respectively,
anisotropy, is a “standard” experiment as it simu- 6 and 10 km in nature
lates the simplest conditions. In this model, a single Many papers (eg' Horsfield 1977 Vendeville
pack of different colored dry sand layers overlying gt al. 1987 McClay and Ellis 1987 a ’b) have de-

plastic sheet simulates the supracrustal rocks. One . .
) ) ) scribed the usefulness of cohesionless dry sand, as
thick (0.5 cm) mica layer and a sand bed interlay-

i ) ; T an analogue material to simulate deformation in the
ered with several thin mica laminations (< 0.1 cm)

o o . upper brittle crust. The quartz sand deforms in-
add mechanical instabilities in experiments Il and . . .
) o _dependent of strain rate and fails according to the
[Il ( Figs. 2C and D). In addition, in these experi-

_ Coulomb-Mohr criterion, with an angle of sliding
ments the base of the experimental box was Covereﬁiction close to 30. The quartz sand used in our

by sandpaper to increase the coefficient of fncuonalexperiments is 0.2-0.3 mm in diameter and was ar-

sliding. In the foreland of experiment Ill, a wooden ... . . . o
- tificially colored in order to permit the monitoring
wedge was used to represent a pre-existing faulted

ruct t deoth. A K of q Wi of the deformation.
structure a- epin- pe.u_: ° pL_”e san overy|-ng The mechanical properties of shear zones in the
a 0.5 cm thick layer of silicone simulated a ductile

] ) ) Quadrilatero Ferrifero are not well known. Thus, we
basal detachment in experiment IV (Fig. 2E).

. , employed a variety of different materials to simulate
In experiments V and VI (Figs. 2G and H) we

distinct types of detachments: (i) a plastic sheet,

used the same model setups as in experiments | anrg:presenting a narrow fault zone at depth, (ii) sand-

IV, respectively, except that we introduced the Serrapaper, simulating a low fluid pressure brittle shear

do Caraca structural high in the central-east portion . . . .
) o ) zone, and (iii) a linear-viscous silicone (Newtonian)
of the deformation box. This high was simulated

layer, modeling a high metamorphic ductile detach-

by & sub-cylindrical body that exceeded the Sandment which deforms by pervasive viscous flow.
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Fig. 2 — Schematic drawings of the experiments with respective boundary conditions. A — Plan-view of the experimental box used
for models | to IV. B-, C-, D- and E — East-west sections through experiments |, II, Il and 1V, respectively. F — Plan-view of the
experimental box used for models V and VI. Gdar — East-west sections through the experiments V and VI, respectively. Arrows
indicate sense of displacement of the moving wall. SCH — Serra do Caraca structural high; CMC — Caetés Metamorphic Complex;

BMC/RVA — Bag&o Metamorphic Complex/Rio das Velhas Arch.

To simulate the presence of a weak, non-lineamica crystals within the sand pack, to simulate a
material within the stratigraphic column (e.g. in- potential detachment level in quartzites. McClay
competent pelitic metamorphic rocks such as schist§1990) demonstrates that the intercalation of mica
or phyllites) we included a 0.5 cm thick layer of horizons among sand layers induces intrastratal slid-
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ing in the sand pack. In previous experiments wein the northern domain, and fault 3, a blind thrust
demonstrated that a 0.5 cm-thick layer of mica crys-with a ramp-flat geometry. The latter thrust has a
tals in a brittle-deforming pack produces bedding-staircase trajectory in cross section (Figs. 4C). In
parallel slip and plastic deformation during shorten-plan-view, two oblique ramps, which connect to the
ing through internal reorganization of the individ- blind ramp-flat thrust (fault 3) at depth, border the
ual mica crystals leading to thickening of the layer basement highs (Fig. 4A).
(Gomes et al. 1999). Inmodel lll, 27% shortening (10 cm) generated
To maintain similarity between forces in the a total of five emergent thrusts (Fig. 5). Oblique
model and forces in the prototype (Hubbert 1937)ramps border the structural highs and, with pro-
we used the shortening rate 0&210~°m/s so that  gressive deformation, local lateral ramps developed
silicone putty (viscosity of 5« 10*Pas at room along fault 5 in the extreme west. The cross sec-
temperature) behaves with a properly scaled vistion of figure 5B reveals the nucleation of a thrust
cosity. Assuming a deformation velocity in nature fault with a staircase trajectory (fault 5). The fault
of 3 x 1071%m/s (Richard 1991), and densities of trace of this staircase thrust has a lower ramp dip
continental crust and silicone of 2800kgfand  angle than that of the staircase thrust in model I,
1160 kg n3, respectively, we obtained for the vis- and it developed a second thrust ramp. This ramp
cosity of the detachment, in nature, the value ofwhich emerges in the distal foreland formed as a
3.2 x 10°%Pa s. This result is in the same order of consequence of the presence of the wooden wedge
magnitude as the viscosity of the lower crgs®'%-  (Fig. 5B).
1072 Pa 9, suggesting that the use of silicone under In experiment IV, an oblique fault ramp border-
the chosen shortening rate fulfills the dynamic sim-ing the Bagcdo Metamorphic Complex/Rio das Vel-
ilarity criteria. has Arch was formed in the southern domain, after
5.5% (2 cm) shortening. It was followed by the
DESCRIPTION OF THE EXPERIMENTS development of a frontal ramp in the foreland and
Model | was subjected to a west-vergent total short-qf anew thrust in the hinterland nearly at the same

0, I -
ening of 22% (8 cm). The deformation generated atlme' After16% (6 cm) shortening, the northern seg

thrust system in a forward-breaking sequence Withment of the first thrust appeared as a dextral oblique

initially straight traces in map-view. As the thrust ramp, along the southern margin of the Caetés Meta-

wedge grew, the foreland leading edge became pror_norphm Complex high (Fig. 6A). After this stage,

gressively more curved, and eventually developed ey .rogress_lve sho_rtenlrng was accommodated exclu-
trapezoidal geometry (Fig. 3) sively by increasing slip along the previously formed

. i . . faults. The variable deformation path from south to
The vertical sections in experiment | (not

. north, is interpreted as a consequence of the differ-

shown here) revealed three thrusts in the central )

. . ent angles of convergence of the deformation front

and northern domains, and the development of five lative to the b t-high ) i 6B

thrusts in the southern domain. The greater shortenr-e ative to the basement- '9 S margins. |gur§

. . Lo shows the two thrust faults in the central domain of
ing effects in the southern portion is interpreted as . » .

. model IV, both with the silicone ascending along the

a consequence of the different angle of convergence

(o) between the deformation front and both base{ﬁultpltine.tTh|s§>$la:nsthe stgong;j;sp:?cfemengof
ment highs(e = 45° in the southern and = 30° 0se TNrusts and the fow humber ot faulls formed.

. 0 .
in the northern domain). In experiment V, the 16% (6 cm) shortening

In experiment Il (Fig. 4) the total shortening produced three thrusts, all of them wrapping around

of 26% (9.5 cm) produced three thrusts in the 5 Cm_the Serra do Caraca structural high (Fig. 7A). These

thick sand pack: one completely emergent thrus{hrusts developed betweenthe Serrado Caraga struc-

(fault 1), a second fault (fault 2) which emerges onlytural high and the foreland basement highs, pro-

An Acad Bras Cienc (2003)75 (2)
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Fig. 3 —Plan-view line drawing of model | at the final stage of 22% (8 cm) shortening showing the slightly rounded, trapezoidal thrust
traces. Numbers 1 to 3 indicate the order of fault formation. CMC — Caetés Metamorphic Complex; BMC/RVA — Bacéo Metamorphic
Complex/Rio das Velhas Arch.
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Fig. 4 — Plan-view and profile line drawings of model Il, after 26% (9,5 cm) shortening. A — A horizontal cut located at 2 cm from
the top (at a height of 5 cm) displaying the fault traces. The elliptical and irregular contour lines reveal the ascent of the analogue
material which was particularly strong in the north, in the hinterland of the Caetés Metamorphic Complex. At the east margin of the
plan-view line drawing the positions of the vertical profiles are indicated. B- and C — Vertical sections cut parallel to the tectonic
transport direction showing the thrust faults at depth. Numbers 1 to 3 indicate the order of fault formation. CMC — Caetés Metamorphic
Complex; BMC/RVA — Bacé@o Metamorphic Complex/Rio das Velhas Arch.
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MODEL III

Boundary conditions
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s Gt

Wzl
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Fig. 5 — Plan-view and profile line drawings of model Ill, after 27% (10 cm) shortening. A — Plan-view showing the traces of thrust
faults, and of oblique and lateral ramps respectively along the structural highs and to their west side. B — Vertical section through
the central domain displaying thrust 5 (the youngest fault) with a staircase trajectory. The dip angle of the older faults varies because
of the mobile mica crystal layer. The plastic behavior of the mica layer (dashed, in the line drawing) is reflected by development of
thickened and thinned domains. Numbers indicate the order of fault formation. CMC — Caetés Metamorphic Complex; BMC/RVA —

Bac&o Metamorphic Complex/Rio das Velhas Arch.

ducing slightly rectangular, convex-to-the-foreland In experiment VI (Fig. 8), at initial stages of
horizontal traces. The curvature of the youngesshortening the same deformational process as oc-
thrust in the south (fault 3, in Figs. 7A and B) curred in model V was observed. Thus, the leading
reflects the higher rate of convergence in this do-edge of the Funddo-Cambotas Fault System only
main. The thrusts to the hinterland of the Serra dadeveloped when the Serra do Caraga structural high
Caraca structural high experienced a strong clockbegan to move, after 16% (6 cm) shortening. Up
wise rotation during progressive deformation (faultsto this stage, a single thrust had formed contouring
1, 2 and 3, in Fig. 7C). When the Serra do Caracahe Serra do Caraca structural high. This thrust was
structural high began to move with the deformationrotated to nearly vertical inthe Serrado Caraga struc-
front, a new thrust formed in the foreland. Figure 7Btural high hinterland (Fig. 8D). After 30% shorten-
shows in plan-view the curved geometry of this newing (11 cm), two younger thrusts with curved ge-
thrust (the Funddo-Cambotas Fault System'’s leademetries (faults 2 and 3, Fig. 8B) emerged in the
ing edge) after additional 2 cm shortening (21.5% offoreland. The vertical sections (Figs. 8C, D and E)
total shortening). The profiles cut in experiment V reveal thickening of the silicone layer and a strong
(Figs. 7C and D) show the Fundao-Cambotas Faultlisplacement along the youngest fault 3 as well as
System as a west-verging ramp thrust linked at deptlalong the backthrust of fault 2, north and south of
to a basal detachment beneath the Serra do Caratfae Serra do Caraca structural high. In contrast, a
structural high. relatively small slip was observed along thrust 2 and

An Acad Bras Cienc (2003)75 (2)
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Fig. 6 — Plan-view and profile line drawings of model 1V, with a silicone layer simulating a ductile basal detachment. A — The

experiment in plan-view after 16% (6 cm) shortening showing the thrust trace of the Fund&o-Cambotas Fault System in the foreland

(fault 1), and the Agua Quente Fault System in the hinterland (fault 2). B — Vertical section in the central portion of the experiment
exhibiting the thrust faults in profile view. Numbers indicate the order of fault formation. CMC — Caetés Metamorphic Complex;
BMC/RVA — Bacdo Metamorphic Complex/Rio das Velhas Arch.

its backthrust, in the immediate foreland of the Serraa greater thickness causes the thrust (whose dip an-
do Caraca structural high. This difference is a con-gle of 30° does not vary) to propagate further into the
sequence of the viscous behavior of silicone, whichconfined foreland. The present experiments demon-
allows material transfer out of regions submitted tostrate how, in a margin-controlled fold-thrust belt,
the highest compressive stress (the Serra do Caraghfferent structural situations may produce different
structural high foreland) into those of lower stresssalient geometries in map-view.

(the northern and southern domains). A comparison between the curvature of the real
Fundao-Cambotas Fault System with the respective
analogue models shows that only experiments | and
Il (Fig. 9) are totally different from the natural proto-
THRUSTS IN MAP-VIEW type. The “standard” experiment, model |, demon-
Margin-controlled salients were simulated in sand-Strates that the 3 cm thick sand pack (the 6 km-thick

boxes by Marshak (1988), Marshak et al. (1992)supracrustal rocks, in nature) does not reproduce
and Macedo and Marshak (1999) and their geomethe original. The obstacles impeded the progressive
try, in plan-view, was related to the length of a back-movement. The 5 cm-thick, mica bed interlayered,
stop or to the space between obstacles. The greaténd pack of model Il presented a similar result.
the distance between obstacles, the smaller the am- ~ Both experiments in which silicone was used
plitude of the salient and the stronger its tendencyl© Simulate the basal detachment (models IV and Vi)
to form a rectangular curved trace. According to produced, in the map-view, a closed curvature of the
Marshak and Wilkerson (1992), the increase in thdeading thrust. This curvature was produced by the
sand-layer thickness modifies this relationship sincdast degree of the propagation rate in the silicone. As

DISCUSSION

An Acad Bras Cienc (2003)75 (2)
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MODEL V

Boundary conditions

BMC/RVA

(A)

BATERFA

Fig. 7 — Plan-view and profile line drawings of model V which simulates the Serra do Caraca structural high between the Caetés
Metamorphic Complex and the Bag&o Metamorphic Complex/Rio das Velhas Arch structural highs. A — The thrust traces in plan-view
after 16% (6 cm) shortening with the Serra do Caraga structural high acting as a fixed obstacle. B — The same thrusts after 21.5%
shortening with the Serra do Caraga structural high dislocated 2 cm into the foreland. In B, the youngest fault (fault 4) represents the
frontal ramp of the leading edge of the Funddo-Cambotas Fault System, and faults 1, 2 and 3 simulate the Agua Quente Fault System.
At the eastern margin, the positions of the vertical profiles are indicated. C — and D- Vertical sections showing the thrusts in profile.
Note in section C, the strongly rotated thrusts of the Agua Quente Fault System in the hinterland of the Serra do Caraca structural high.
Numbers 1 to 4 indicate the order of fault formation. SCH — Serra do Caraga structural high; CMC — Caetés Metamorphic Complex;
BMC/RVA — Bacdo Metamorphic Complex/Rio das Velhas Arch.

the space between lateral obstacles decreases to thk a thrust fault with a staircase trajectory devel-
foreland the new thrust fault emerges with a strongoped as a consequence of the presence of a mica
parabolic geometry. layer and of a wooden wedge in the foreland. The
The leading edge of the Funddo-Cambotagarabolic curvature of thrust 4 in model V, without
Fault System salient of models Ill and V, resulted any weak detachment, is related to the presence of
from their special structural configuration. In model the Serra do Caraga structural high. With progres-
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MODEL VI

Boundary conditions

BMC/RVA

W

W .

(A)

(B) 3 2

Fig. 8 — Plan-view and profile line drawings of model VI which simulates the Serra do Caraga structural high between two basement

highs; the basal detachment is represented by a silicone layer. A and B — The model after 16% (6 cm) shortening with the Serra do
Caraca structural high fixed, and after 30% (11 cm) shortening, respectively. In B, the position of the vertical sections are represented.
C, D and E — Vertical sections showing thrusts and backthrusts. In D, note that fault 1 (representing the Agua Quente Fault System) to
the east of the Serra do Caraga structural high, appears nearly vertical. Numbers indicate the order of fault formation. SCH — Serra do

Caraca structural high; CMC — Caetés Metamorphic Complex; BMC/RVA — Bagdo Metamorphic Complex/Rio das Velhas Arch.
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FUNDAO-CAMBOTAS FAULT SYSTEM

MODEL I MODEL 11

w

MODEL IV MODEL VI

Fig. 9 — Simplified structural map of the Fundado-Cambotas Fault System and the
results of sandbox models | to VI.

sive deformation, the Serra do Caraga structural higi'HRUSTS AT DEPTH

was dislocated together with the previously formed

sand pile such that the whole deformation front as+ormation of thrusts with a ramp-flat geometry in
sumed the role of a new backstop, laterally confinednodels Il and Ill depends on the presence of the in-
between the two obstacles. The shortening producetérmediate mica crystal layer and on the presence
a new, strong curved thrust trace in map-view (faultof high shear strength along the basal surface. Re-
4, in figure 7B) which curvature was particularly sistance on the basal sliding surface blocked the
pronounced in consequence of the restricted spaderward-breaking faulting process. As deformation
between the lateral obstacles in the foreland. proceeds, the shortening was transferred to the in-
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terlayered low friction strata producing ramp andticularly clear in the horizontal section of experi-
flat segments, in competent and incompetent layerment I, where the weak stratigraphic layer is rep-
respectively. Gomes et al. (1999) describe the genresented by a mica crystal bed and the whole sand
eration of staircase-faults in experiments, and conpack overlies sandpaper. The strong ascent of the
cluded that they only form when a high sliding co- analogue material at the northern oblique ramp (Fig.
efficient contrast exists between basal and interme4B) suggests a pure shear dominated transpression.
diate detachments. In experiments without a weakrhis deformation was the result of strike-slip move-
interlayered bed, but with a high shear strength alongnent combined with clockwise rotation of thrusts
the basal surface, the shortening was accommodateghen movement was partly blocked in front of the
by the formation of an anticlinal stack (Huigi et al. Caetés Metamorphic Complex. In the viscous, high
1992, Gomes and Ferreira 2000). Similar staircasenobile silicone models (models IV and VI) simple
thrusts were produced experimentally by Perotti etshear wrenching prevails atthe oblique ramps, andin
al. (1999) in a sand pack interlayered with beds ofthe “standard” model | only pure shearing occurs.
glass microbeads, with a frictional angle of222°. A full spectrum of the deformation between con-
The models with silicone simulating the basal traction and strike-slip may occur at oblique ramps
detachment (experiments IV and VI) produced, atdepending on the detachment rheology (from pure
depth, quite different structural configurations com-shear dominated transpression to wrench dominated
pared to those with a pure sand pack or a sand-micaanspression, according to Fossen et al. 1994) but
pack. In experiment IV the thrust system developedmust be tested in a more complete modeling pro-
with a break-back sequence, in that the youngesgram. At the northern oblique ramp of the real
thrust formed in the hanging wall of the older one. Funddo-Cambotas Fault System two factors indi-
No backthrust formed in this model. In model VI, cate transpression: the sub-horizontal stretching lin-
the fault system in the foreland of the Serraeations on the southern border of the Caetés Meta-
do Caraca structural high developed a forward-morphic Complex and the Gandarela Syncline ge-
breaking sequence with simultaneous formation ofometry, in map-view. The syncline’s outcrop is
forethrusts and backthrusts. The development ofvider in the southwest than it is in the northeast
forethrusts and backthrusts in the brittle overburder{(Fig. 1), suggesting confinement near the Caetés
occurred when the ductile substrate was constrainelfletamorphic Complex.
by rigid buttresses. While the viscous silicone ac-
commodates the shortening by plastic thickening, CONCLUSIONS

the brittle sand produces fractures, developing fore:l_he experiments illustrate how variation in the

thrusts and backthrusts. The break-back Sequencﬁ‘leology of detachments and pre-existing structures

in model IV, resulted from the relatively longer dis- could influence the margin-controlled curvature of

tance between buttresses with the same shortenlr}% . ' . .
) i rusts, in profile and map-view. Thrust salients
as compared with experiment VI. The broad defor-

’ ) ) ) ) due to interaction with lateral obstacles produced
mation domain causes a minor thickening of both

a trapezoidal geometry in a pure, 3 cm-thick, sand

the silicone Iayt(;r a:nd t:e OVGI");Inﬁ S?nd_ pack. Inpack and a high parabolic thrust trace above a basal
consequence, e fow degree of SNortening Was aGy, tile detachment. In the first case, the obsta-

commodated by a second forethrust in the hinter- . .
. i cles impede progressive movement of thrust sheets,
land, instead of the backthrust in model VI.

whereas the fast degree of the propagation rate in
a silicone layer caused the development of oblique
ramps at the lateral obstacles and frontal ramps in the
An additional effect of the deformation in distal foreland. Anintermediate ductile detachment
a margin-controlled structural domain appears parproduces a high thrust trace curvature in map-view,

OBLIQUE RAMPS IN EXPERIMENT AND NATURE
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when a high sliding coefficient contrast exists be-cao ruptil, deformagéo ductil, Quadrilatero Ferrifero.
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