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Elasticidade e Flexura

Ver derivacao
completa da
equacao em
Turcotte & Schubert
(1982, 2002)

W = deslocamento flexi
h = espessura efetiva d
placa elastica (Te)

g(x) = carga vertical

P = esforcos horizontais
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Solucao Equacao Diferencial Flexura 2-D

d*w L p d*w

D
dx* dx?

+ Apgw = q,(x)

P =0, for¢as horizontais sao desconsideradas
D = constante

g, = linha de massa ou carga digital

Placa continua, placa rompida, condi¢cbes de contorno
Condicionam tipo de solucao



Assumptions :
1. Linear elasticity
2. Plane stress
3. Cylindrical bending
4. Thin plates (1.e. plate
thickness << radius
curvature)
5. Neutral surface,
fixed at the half depth

Depth (km)

Elastit plate (flexure) model

Free-air aravity anomaly

=

Bulge

> e

"Drriving” lowd

"Infill" load
Bulge

Flexed Ocean

crust

f
=4

T T
] =20}

< 11Kh

0

T 1
1K) 200 3000 EH

Distance (km)

Parameters:
D = flexural rigidity
y = flexure
2., = density of
subsirate
P e = density of infill
E = Young’s modulus
T. = elastic thickness
v = Poissons ratio




Line loads

Continuous plate :

AR i * Bulge

M= 4
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Flexure
1/t = flexural parameter s
1/4
1= (P m—P infitt) 9
7 4 D
f::' E——— 1: -.I}. 3 L L L
Cixage | Tt 006T Discontinuous (ie broken) plate :
Flexure 2 P J% )

y= b e~** Cosdx
| (Pm—Pinfin) 9

Distributed loads can be modelled as one or more line loads




Parameter Definition Value/Unit
w(x) deflection of plate m
(positive down)
D(x) flexural rigidity Nm
h elastic plate thickness m
F end load Nm"
q vertical load Nm™
Ap density contrast
(Pon = Pw)
g acceleration of gravity 9.82ms™
E Young's modulus 6.5x 10"’ Pa
v Poisson's ratio 0.25
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Profundidade em funcao de Te

e largura da carga
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Distancia do inicio da
ombreira flexural
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S Solucao Equacao Diferencial de Flexura
Placa Rompida
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(Te) increases from 50, 100, and 150 km from leflt to raghl in all graphs, Te=50 km (dotitcd lime), B ]
Te=100 km {contimeons line), and Te=150 km (dashed line). 1999



Elasticidade
e flexura

- Geodindmica - CAGEO 2011
GEOCIENCIAS
Renato Almeida

Feicoes Flexurais

@ Perfil flexural placa continua x rompida

Para uma mesma carga, € mesmo Te
placa rompida flexiona mais e ombreira
mais proxima da carga;

2. Amplitude da ombreira flexural é cerca de 4% da
flexao da placa sob a carga (maxima flexao) nos
dois casos;

3. Quanto mais rigida a placa, maior o comprimento
de onda da flexao;

4. Dificuldade de reconhecer posicao da ombreira,
por isso utiliza-se anomalias de gravidade para
modelar deformacao.
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Gravimetria

Anomalias de Gravidade e Flexura da
Litosfera em Cadelas de Montanhas

Artigo: Karner, G.D.; Watts, A .B., 1983
Journal of Geophysical Research, 88, 10.449-10.477



Baixo flexural nao compensado
Anomalias: Ar livre negativa
Bouguer negativa

Crosta- 2.8 gcm—3

Bouguer

Ar livre

Alto topografico compensado
por raiz crustal profunda:
Anomalias: Ar livre positiva,
Bouguer negativa

Assinatura gravimétrica



Himalaias

L' TS5 =10 a5~ S0 95
T T I I I L
35T 135°
e
&
f [‘
G B TIBETAN o
~ #
Ao PLATEAL
i i, -
Ii| &hjf B
l "\
. h "Ey, '“-'l:.r
309 Ilr e, 30"
h l F
lll "I T
-u. . “llli" IH‘
lll! |J!’Ji -r._‘_ ..._‘_li'.-, g
R
o i ToAT o
- -_-_
25 ""F""_‘"_ SHILLONG 125°
PLATE&L
P d L #
Km
]
750 a5 a0 25
- Cragame sediments and opksaldes {indus Flysch] - Lower Fimalayos, melamashesm mest |y reversed E nchan Shisid
[[[l:[lmnhllmn Hmulu,-m_rﬂr-q;HMrr.an’r:_lT' ’f’"r"‘!m} Wf “ral hel b b Mon Centrol Thrust

i Moin boundary Fouli
[EI[] Higher Himalaygs, melomorpheam narmal I: Subrmmalayme | Swchkal



Alpes Europeus

4° &° 0° 12°
] T

50°f f ' '

14°

-
[
]

lI|III + +
+ o+ o b+
N + + 4+ &+ +
# o+ + + + +
ok + 4+ ¥ -
'_'_HI:IHEIHI- -
+ 4 + + + +
+ + + o+ +
48°L oo 4 -
o4 = o+ +
+ & + +

{4s°

46°

o % &

446"

&k + 4 4+ + & *
+ & &

Sedimears o the [ Drgteline pe
malosae bose ond < . digine ol uiorec ard
pEE! - arGgenc =T symorphe pase
sedameniy niest facks
Sedemanty of 1he [+ ]| Crpstaling pa
P aed werkin upn[ rozhkd &l ihi
Eains + _+ HAlacterndl Fdidils
Contfiantal shatl Chgeoane o
fype wad manicry H-ul:lne- pabarscy
rechs

LIGLIR| AN o] F seh sedimeniy + Carvase-lesshr-

S A H apa o on g ‘I_f Gushicore Gad wm

Dghisdilgs, uiia Rmmlnﬁuurﬂ*ﬂ'
moies, buesches prodi lpeghin
andl peioglek

# * F + £ F & = = ¥

44° ADRIATIC

SER

{aae

E

42°f :

L § L 1
& a= |0 2= 14° 16° 18



Apalaches
(Estados
Unidos)

g2° S0* 88° B2* 80*° Ta* 76 74" T2 7o &8° 66
1 L] T
5-—/’/ . 1 p 1 - [ T = ] F 1 k] i il
48°f & T b e R i)
. Canadian Shield” ., ,. ; j
] - = & ; = [ = .
i - it = = & £ .
agd iy ST Lot E - A
WISCONSIN “ARCH P A '-',“‘ Bl = : - ‘_‘ o g
! i : : .- L P, L
a ¥ - . . ) . .-_'“"l_:_-'_.l__‘\_r ;
o . el
44 ; e B : e B o i -
& == ; S - =
(ot
: ffa.wmmy;fﬂ 2
450 3 BASIN: i =
;- A4l Feage i
o oap —
40° P . =L
s T T
] 'rl N | "- - s ol H
& 7 i... ----- "*J -
© I - i L
33 ", : e H
e =F 3
] e E
- . . COASTA
36 [t W sEsEPi i ‘_,-“" H.m"
mams - ¥ " : s
----- = EMBAYMENT _ - '"__.-r'( . -.::;t_h
5 . 5 . = ;H COCORS e ok
- -
24° e l/_f l:rln wadl li-r. ey
[ S, FALL LINE ey e
s
[aaiid ]
rannd Fon T = LS e S
Efad S :rw-.ﬂ-h
"
Dm:ﬂ - e Targl gl
ine Sunbarand md
GULF OF MEXICO Alicfoany piciesy = ===we e Gy

Lmataval

km
0 200 400

8e° B4* éE‘

a0®

‘9‘2’ E_EP 30@

a

44°

42*

40°

ig®

3g°

349"



Himalayas

Topography | Gravity anomalies
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Como estimar Te?
*Modelagem flexural em varios contextos

Caneme tectonicos (bacias, montanhas, etc),
resolvendo a equacao diferencial da deformacao
de uma placa elastica fina.
*Correlacao entre topografia e anomalias de
gravidade (Bouguer ou Ar-livre) ou geoide.
*Te ¢ uma fracao da espessura da litosfera
definida sismologicamente (Burov & Diament,
1995).
eParametro importante para qualificar estado
termico da placa no momento do carregamento
eUtilizado em modelagem de bacias do tipo
ante-pais e evolucao de margens continentais
extensionais (erosao e retragao escarpas)
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Analise Espectral: Coeréncia Bouguer X
Topografia

~ {B-H*)
gik) = H RS

Coeréncia teorica obtid
s \ PN resolvendo a equacao
NN flexura da placa elastic
fina, com diferentes Te.

COHERENCE

| EAST AFRICA

01 01 «l

WAVENUMBER  km' FOrsyth, 1985



Gravimetria
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Mapas de Te

Utilidade e aplicacoes;

Correlacionar Te e provincias tectonicas, estado termico
de placas litosfericas Reologia da
litosfera
Modelagem direta de deformacao em diversos contextos
tectonicos

Abordagem 3-D ou 4-D de deformacao de placas,
equacao flexura de placas elasticas utilizando diferencas
ou elementos finitos. Simulacao mais complexa e realista
do ponto de vista geoldgico.
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Estimativas de Te para a Africa

Elasticidh

4{! 5 i i i i i L L 4[]
Gravimetria
30 ~ 30
20- L 20 100
80
Bacias 10- r 10 60
4{] —
07 = ] . £
etanh 0 %
-104 ™ - -10 20
i 10
4871 - .30
<0 —~ 5
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i
By 2 T 1% |
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Hartley et al., 1996

Areas em branco, faltam dados gravimeétricos
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e flexura

Te a partir de mares terrestres

Gravimetria

LITHOSPHERE EFFECTIVE ELASTIC THICKNESS

0 2 30 40 5 680 TO B0 M0 100
km

Mantovani et al., 2005
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Conclusao e Perspectivas

A reologia elastica linear permite que uma gama ampla de
Gravimetria aplicactes desde modelagem de deformacao de varios
contextos geologicos bem como conhecer a reologia da
litosfera;

Extensdo da modelagem para casos 3-D e 4-D, permitira
reproduzir e estudar deformacdes mais proximas da reali-
dade geologica. Diferencas e elementos finitos podem
incorporar variagao lateral de Te e geometria das cargas
de qualquer tipo e distribuicdo espacial;

Novos dados geofisicos da parte mais profunda da litosfera
fornecem vinculos importantes nas modelagens, diminuindo
a ambiguidade de solucoes;

Novos modelos do geopotencial da Terra, permitira que de
forma independente da modelagem, Te sejam estimados, para

posterior utilizacdao em modelagem direta.
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Bacias de Antepais

- Contexto tectonico

Bacias de - Mecanismos de subsidéncia
Antepais

- Estrutura

- Evolucao

- Estilos de preenchimento

- Exemplos e geologia do petroleo
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Antepais- area estavel, adjacente a um cinturdo orogéenico, em direcao a qual
ocorre transporte tectonico por cavalgamentos e dobras assimétricas. Geralmente é
uma parte da crosta continental, na borda de um craton ou plataforma.

Contexto tectonico — Bacias de antepais ocorrem em areas adjacentes a zonas de

espessamento crustal, principalmente por flexura causada pela sobrecarga de
grandes cavalgamentos.

Bacias de
Antepais . i .
- Bacias de retroarco de antepais (retroarc foreland basins)

- Bacias colisionais de antepais (collisional foreland basins)

-Bacias periféricas de antepais (peripheral foreland basins)

- Bacias colisionais de retroarco (collisional retroarc basins)
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Mecanismos de subsidencia:

- Flexura adjacente a alto topografico (sobrecarga do orégeno)

Bacias de - Sobrecarga do sedimento
Antepais

- Efeitos da subduccao tipo A

- Efeitos da topografia dinamica (em retroarco)



Bacias de
Antepais

GEOCIENCIAS

A. PERIPHERAL SETTINGS
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ey

B. RETROARC SETTINGS
MAGMATIC ARC

LOAD-DRIVEN SUBSIDENCE
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Table 4.1 Cquivalent elastic thickness {79 compiled by Wats (2000) for the continental lithosphers at sites of foreland basins,
Parmicular foreland basins may appear more than onee i’ estimates have been made by different authors. Sources given in Watrs

(2001, Table 6.2, pp.251-3).

Site Age of Plate age Age of Load age Te (km) Te error
plate (Ma)  error (Myr)  load (ka)  error (kyr) (km)
Idahu—'u"-'fﬂming 2650 50 125 25 220 0.0
Alps East 350 50 110 0 50.0 10.0
Alps West 275 25 110 L] 250 10.0
Appalachians 1050 50 375 75 105.0 25.0
Himalaya East 1200 500 52 2 0.0 10.0
Canges 1500 500 52 2 B6.5 25.0
Kunlun-Tarim &00 200 52 2 40.0 5.0
Apennines 300 50 5 0 11.5 6.5
Carpathians Southeast 1600 200 110 0 30.0 10.0
Bolivian Andes 950 350 60 0 45.0 20.0
Transverse Ranges 5 100 (1] 50 0 10.0 10.0
Transverse Ranges N 100 0 50 0 50.0 0.0
Zagros 700 200 35 10 50.0 25.0
Ebro 275 25 40 5 18.6 6.9
Aquitaine 275 25 40 5 25.5 5.0
Calville 1900 100 140 20 65.0 5.0
Carpathians 1600 200 110 0 220 0.0
Calabria 300 50 2 2 18.7 4.7
Urals 1500 108 325 50 75.0 25.0
Apennines 300 50 5 ] 200 50
Ormian 700 200 85 10 13.0 3.0
Urals 1500 100 325 50 75.0 25.0
Verkhoyansk 1950 150 230 40 50.0 10,0
Pamir 300 100 52 2 15.0 5.0
Tien Shan Tarim B0O0 200 52 2 40.0 2000
Sicily 275 25 25 1] 6.0 4.0
Himalaya West 1200 500 52 2 34.0 6.0
Greater Caucasus 1600 200 100 1] 45.0 5.0
Kilohigak 2575 75 1965 45 12.0 4.0
Thelon front 2575 75 2000 0 58.0 0.0
Grenville front 2700 100 1050 50 126.0 0.0
Labradaor Trough 2375 75 1585 30 120.0 0.0
Cape Smith 2575 75 1800 50 740 0.0
Mew Cuinea East 700 100 25 0 10.0 0.0
Mew Cuinea West J00 100 25 0 75.0 25.0
Tarim 1800 50 200 50 55.0 5.0
Ebro 275 25 40 0 20.0 0.0
Dzhungarian 1800 50 200 50 12.5 12.5
Alps West 275 25 17 0 10.0 5.0
Po Basin 275 25 30 0 5.0 0.0
Apennines 300 50 5 1] 6.3 2.2
Guadalgquivir Betics 275 25 25 0 10.0 5.0
Apennines 300 50 5 V] 20,0 0.0
Carpathians 1600 200 110 o 40.0 ]
Hellenides 300 50 2 2 70.0 0.0
Himalayas 1200 500 52 2 80.0 0.0
East Alps 150 50 110 0 40.0 0.0
South Alps 300 50 110 () 20.0 0.0



Table 4.1 Continued

Site Age of Plate age Age of Load age Te (km) Te error
plate (Ma) error (Myr) load (ka) error (kyr) (km)
West Alps 275 29 110 0 50.0 0.0
South Alps 300 50 110 0 15.0 0.0
Apennines 300 50 5 0 15.0 0.0
Oman 700 200 85 10 35.0 13.0
Apennines-Dinarides 300 50 2 & 12.5 2.5
Plio-Quaternary
Apennines-Dinarides 300 50 40 5 7.5 2.5
Eocene-Oligocene
Kopet Dag 1600 200 52 2 25.0 5.0
Karakorum India 1200 500 52 2 20.0 10.0
Karakorum Asia 1200 500 52 2 110.0 10.0
Andes Peru 9250 350 60 0 39.0 16.0
Himalaya East 1200 500 52 2 90.0 0.0
Tarim 1800 50 900 50 40.0 0.0
Atlas East 300 50 25 0 20.0 1.0
Atlas West 300 50 25 0 9.0 1.0
Appalachians 1050 50 375 75 70.0 20.0
Alps East 350 50 110 0 25.0 10.0
Alps ‘West 275 25 110 0 10.0 5.0
Carpathians Southeast 1600 200 110 0 12.0 8.0
Andes Colombia 950 350 80 0 45.0 40.0
Andes Equador 950 350 80 0 25.0 20.0
Andes North Peru 950 350 60 0 35.0 35.0
Andes Peru 950 350 60 0 25.0 20.0
Andes Peru-N, Chile 950 350 60 0 45.0 40.0
Andes Argentina 950 350 60 0 30.0 20.0
Ouachita 1050 50 375 75 50.0 10.0
E. Papua New Guinea 97 32 30 5 20.0 10.0
W. Papua New Guinea 387 132 30 5 75.0 5.0
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A rigidez flexural (ou espessura elastica equivalente) varia
com a temperatura:

Te coincide com isoterma de 450° ou varia de 900 a 3007?

Bacias de

Antepai '
it Aumento da temperatura reduz muito Te.

Descolamento da crosta em relacao ao manto é outro processo
possivel de reducao de Te:

Para grandes curvaturas de inflexdo, o esforco pode superar o
envelope de deformacao, causando descolamento e flexura
independente das porcoOes rupteis de crosta e manto.



(a) (c) Low curvature - flexes as a whole

_ETeK ree |_MKE_T" Effective Te=89km
T12(1-v9) 2 -9
stress differences (MPa)
Stress -1400 -1000 -600 =200 0 200 600 1000
L ; Byerlee's law
Quartz flow law
T
) sl (d) livine flow |
Tl Tey! (Te\? gl Teax High curvature - A Tiow
“12(1-v9) L 2 ) g (E) “12(1-v9) 4 plate decouples during
mre TP Henure
Te= I;—_EU _“)?;I =63 % of(a) Effective Te =44km Stress differences (MPa)
Fireas -1400 1000 600  -200 O 200 600 1000
7/2
40-
‘é T
Depth ;
Olivine flow law
Depth (km)

Fig. 4.15 The effccts of decoupling at high curvatures illustrated by cross-sections of stress in the flexed lithosphere (after McNutt
et al. 1988). (a) Distribution of fiber stresses in an elastic plate of thickness T showing extension in the upper hall of the plate and
compression in the lower halfy (b) A purely elastic plate that is decoupled at 772 so that the upper and lower portions flex inde-
pendently with the same radius of curvature as in (a). The equivalent elastic thickness is 63% of that in {a). M is the bending moment,
K the radius of curvature, E Young's modulus, v Poisson's ratio; (¢} and (d) Rheologically layered continental lithosphere showing the
failure envelope under extension (positive stress) and compression (negative stress). The strength is limited by frictional sliding (Byerlee's
law) in the upper crust and uppermost mantle and by ductile flow in the lower crust and lowcer lithosphere. The hatched areas rep-
resent the stress resulting from flexure superimposed on the failure envelope. In ¢} the plate is flexed at a very low curvature. The
fiber stresses rarely exceed the failure eriterion of the plate (there i a small amouwnt of yielding at the wop and botvern) and the equiv-
alent elastic thickness (89km) is almost exactly the same as the thickness of the elastic plate. In (d) the plate & fexed to a high cur-
vature, This leads to the failure criterion being exceeded and a decoupling zone forms in the lower erust. The equivalemt elastic
thickness calculated for the total bending moment sustained in both the crust and the mande is just 44km. Decoupling therefore has
strong potential mechanical implications for flexure,
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Elasticic

Estrutura geral - o sistema de bacias de antepais

Bacias de antepais sdo fortemente assimétricas, com fundo inclinado em
direcdo ao orogeno e subsidéncia diferencial (em gangorra), com as maiores taxas
nas proximidades da sobrecarga.

TR A subsidéncia e deposicdo ndao ocorrem apenas na depressao periférica
Antepais (antefossa — foredeep), mas também:

- Sobre a cunha orogénica cavalgante (wedge-top)
- Sobre a area soerguida da porcao distal da bacia (forebulge)

- Atras do forebulge (back-bulge)
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Principais caracteristicas de cada zona

Wedge-top: Em muitas zonas de colisao a elevacao topografica nao coincide com a
falha frontal de cavalgamento, havendo deposicdo significativa sobre a frente da
cunha cavalgante.

Essa zona deposicional é uma area proximal, com granulacao mais grossa,
deformacdo progressiva, abundantes discordancias e preservacao como bacias
isoladas sobre blocos cavalgantes (bacias tipo piggy-back ou thrust-top)

Bacias de
Antepais

LOAD-DRIVEN SUBSIDENCE
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Antefossa (foredeep): Area principal de subsidéncia, com maior potencial de
preservacao.

Bacias de

Antepafs O aporte sedimentar principal vem do orogeno, formando cunhas clasticas com

grande espessamento em direcdo a borda ativa e rapida diminuicao da granulacdo
para a porcao distal.

A deformacdo compressiva sin-sedimentar também diminui para a porcao
distal, com cavalgamento do orégeno na borda, importante deformacao por falhas
inversas e dobras assimétricas na porcao proximal e dobramentos progressivamente
mais suaves na porcao distal.

Sucessivos eventos de reativacao podem causar discordancias angulares na
bacia.



Bacias de
Antepais
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Forebulge: Normalmente, a subsidéncia flexural adjacente ao orégeno tem como
conseqiiéncia a elevacdo de uma area na outra borda da bacia (forebulge).

Essa area pode ter apenas subsidéencia diminuida, com menores taxas de
geracado de espaco de acomodacado e maior recorréncia de discordancias por
tectonismo ou queda eustatica, ou pode ser area de soerguimento, com erosao de
depositos anteriores e potencial como area-fonte.

No caso de soerguimento, pode ocorrer distensao decorrente do arqueamento,
com potencial para desenvolvimento de pequenas bacias distensionais de
subsidéncia mecanica.

Back-bulge: A area além do forebulge pode estar sujeita a uma subsidéncia flexural
secundaria, com a formacao de bacias rasas sobre a area cratonica.
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Elasticid

Evolucao
O momento anterior:
Bacias - Bacias colisionais de retroarco — ocorrem sobre a area de retroarco, onde haviam
Antep bacias vulcano-sedimentares distensionais ou bacias de retroarco compressivo

(retroarc foreland basins).

Evolugéo
- Bacias periféricas de antepais — ocorrem sobre margens continentais passivas da

placa que sofre subduccao (a placa cavalgada).
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Evolucao
Etapas:

1- Fechamento de oceano - bacia oceanica remanescente — importante
sedimentacdo de agua profunda — "flysch".

2- Inicio do cavalgamento — aumento da declividade do talude — turbiditos e
olistrolitos — reativacao das falhas normais pré-existentes — "flysch".

3- Fase de aguas profundas — reversao das estruturas herdadas (falhas listricas
normais passam a cavalgamentos) — subsidéncia flexural acentuada — muita geracao
de espaco e pouco aporte — sedimentacao de aguas profundas com fonte no orégeno
— "flysch" sin-orogénico.

Evolugéo 4- Fase continental e de aguas rasas — grande elevacdo da area-fonte — grande

aporte sedimentar — colmatacdo da bacia — molassa orogénica.

5- Inversaio da bacia — deformacdo, erosao de sedimentos previamente
depositadados — formacao de discordancias.
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Evolucao

A cada evento de reativacdo repetem-se as fases 3 a 5, com deformacao das
unidades anteriores, formacdo de discordancia e avanco do depocentro em direcao
ao craton.

As discordancias sao mais marcantes no forebulge, que também migra em
direcdo ao craton em eventos sucessivos.

A preservacdo de bacias de antepais no registro geoldgico antigo depende da
evolucao geoldgica posterior. O potencial de preservacao é pequeno, pois quando a
= Me:pl area soerguida e erodida, a sobrecarga deixa de existir e a bacia soergue.

A parte preservada € aquela mantida pela deformacdo visco-elastica da
litosfera (parte da deformacao é permanente), e pela carga do sedimento da bacia.
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Termos antigos

Pesquise o significado e flysch e molassa.

Discuta seu significado em termos de espaco e aporte sedimentar.

Bacias ¢

Evolugéo
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Elasticid

Pulso tectonico

7000

6000 -
Bacias 5000
Antep 4000

3000

2000

Evolugéo

time (200 ky steps)

—— Subsidence rate {m/step) ——— Sedimentary yield (t*km-**year-1)
Prof calculada
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Elasticid

Pulso tectonico, quiescéncia e novo pulso
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Antep 3000-

2000+
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time (200 ky steps)

— Subsidence rate {m/step) —— Sedimentary yield (t*km-**year-1)
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Elasticid

Clima simula pulso tectonico
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resultando em deformacdo visco-
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Foreland basin subsidence driven by topographic growth versus plate subduction
H.D. Sinclairl, and M. Naylor
GSA Bulletin: March/April 2012: v. 124: no. 3/4: p. 368-379: doi: 10.1130/B30383.1

Figure 1. Thrust wedge—foreland basin systems showing
the primary controls on basin

subsidence. (A) The geological processes involved in the
growth of mountain topography

and the subsidence and infilling of foreland basins. (B)
Primary quantifiable components

of thrust wedge—foreland basins systems. Three primary
fluxes determine the development of

the foreland basin (Fe—erosional flux) and the thrust
wedge (Fa —frontal accretion, Fad—

advection into rear of thrust wedge). The topographic
load can be approximated by a thrust

wedge (Davis et al., 1983), and it grows by the outward
propagation of the deformation

front, which is continually countered by the process of
internal shortening. (C) The present

paradigm for the signal of accelerating subsidence of
foreland basins (Allen and Allen, 2005;

Angevine et al., 1990; DeCelles and Giles, 1996; Miall,
1995; Xiangyang and Heller, 2009).
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Pro- vs. retro-foreland basins
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Pro- vs. retro-foreland basins
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Fig.1. Cartoon of a steady-state doubly vergent orogen. (a) The pro-foreland basin lies in the flexural depression over the subducting
slab which advances towards the orogen art the regional convergence rate, . The retro-foreland basin lies in the flexural depression above
the over-riding slab which is predominantly stationary with respect to the orogen. (b) The mass budget of the wedge svstem is controlled
by the relative rate of the accretionary and crosive fluxes (F; and Fp;, respectively). The rate of accretion of new material from the
downgoing plate is a function of the convergence rate and the thickness of material that is accreted from thart plate, &y The cross-
sectional area of the mountain’s topography is described by two triangles of height /7 and surface taper angles %, and %,.,,, that abut at
the load divider.
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Fig. 8. The Pyrenees mountain belt as a type example of a system with a pro-foreland (Ebro Basin) and retro-foreland (Aquitaine Basin)
foreland basin that can be compared in terms of their stratigraphic infill and tectonic subsidence histories. (a) Summary cross-section of
the Pyrenean mountain belt formed by the Iberian plate of Spain subducting beneath the European Plate of south-western France. This
section is constrained by the ECORS deep seismic section (Choukroune, 1989), other geophysical measurements (Pous eral., 1995) and
surface geology (Munioz, 1992). (b) Close-up of the stratigraphy of the Ebro (Vergés, 1999) and Aquitaine Basins (Desegaulx er al., 1991).
(c) Subsidence plots from two wells located near to the deformation front in the Aquitaine Basin (Desegaulx & Brunet, 1990) and from
structurally restored stratigraphic profiles from the central South Pyrenean fold and thrust belt (Verges, 1999). Note that the Ebro Basin
contains a limited section of stratigraphy dominated by Upper Eocene strata; the subsidence plots through this record a rapid phase of
accelerating subsidence at this time. In contrast, the Aquitaine Basin contains a much broader chronostratigraphic range, and shows
only minor tectonic subsidence during the early stages of orogenesis, but this decreases to zero. These contrasts match predictions made
for pro-foreland vs. retro-foreland foreland basin development, respectively.
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Fig. 9. Summary ¢gure contrasting the basin
characteristics of Pro -foreland (left-hand side) and
Retro-foreland (right-hand side) foreland basins. (a)
The Pro -foreland foreland basin exhibits dramatic
basin onlap of the cratonic margin, at a rate greater or
equal to the plate convergence rate dependent upon
whether the thrust wedge is in a growth or steady- state
phase, respectively; in contrast the Retro -foreland
basin records little onlap except in the early stage of
growth.This contrasting onlap pattern is clearly seen in
the chronostratigraphic equivalent, (b) which also
illustrates the relatively limited chronostratigraphic
interval preserved in the pro- foreland basin relative to
the retro -foreland basin. Note that the reference frame
for both chronostratigraphic ¢gures are their respective
cratonic plates (cf. Appendix B and Fig. 10), and not an
absolute frame.The degree to which foreland basin
deposits are accreted and preserved in the thrust wedges
also contrasts markedly due to the ongoing advection of
the pro -foreland basin’s succession into the pro -
wedge, in contrast to he retro -foreland basin
succession which will nly be accreted during growth of
the mountain belt. Hence, the oldest deposits preserved
in the foredeep of the pro -foreland basin equal the
width of the basin divided by the convergence rate. In
contrast, the oldest strata preserved in the foredeep of
the retro -foreland basin record the initiation
oforogenesis. The tectonically driven subsidence of the
two basins also contrasts, (c) The pro -foreland basin
records accelerated subsidence over a relatively short
interval of orogenesis. In contrast, the retro -foreland
basin records the full history of the basin with initial
uniform subsidence during growth of the mountain belt,

€ Growth —>€— Steady — and hence of the retro -thrust wedge, followed by zero

state

«ff— Depth

TIPS —

subsidence during steady-state when the retro - wedge
no longer accretes new material. During this latterstage,
the retro -foreland basin record a condensed
stratigraphic succession which is likely to be dominated
by bypass of the sediment generated in the mountain
belt and exported farther a¢eld.



Preenchimento

Bacias de antepais tem proveniéncia do alto soerguido (orégeno colisional),
com abundantes litoclastos metamorficos e assembléias de pesados ricas em
minerais metamorficos.

Outros fatores, como o clima e o padrdo de drenagens podem influenciar muito
o tipo de preenchimento — grande diferenca entre os depositos das bacias Alpinas,
Himalaianas e do Golfo Pérsico.

A proveniéncia matamorfica ndo € exclusiva de bacias de antepais. A idade do
metamorfismo tem que ser proxima da idade da bacia.



Exemplos de diagramas discriminantes de proveniéncia
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Fig. 3 Sandstone framework detrifal compositions and their provenance bypes. Framesork mode diagrams according to Dickinson and Soceek (1979),
and data from Table 1. (&) O-F-L; (b) Qm=F-LE () Op-Lv—Ls; and {d) Gm-P—K. Jurassic provenanca evolulion of the Feixi and the Huoshan secions
are indicated by solid arrows and dolted arrows, respactively. The component codes of the triangular plots are the same as those in Table 1.2, Fenghuangtai
Formation; [, Sanjianpu Formation; @, Fhougengshan Formation; 4, Yuanlongzhan Formation; 8, Fanghushan Formation .
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Preenchimento

Bacias de antepals sao assimétricas, com maior subsidéncia proximo a
sobrecarga.

A assimetria é contraria aquela de bacias de margem passiva, pois o aporte
sedimentar principal vem diretamente para a area de maior subsidencia.

A ciclicidade é controlada principalmente pela variacdo das taxas de
subsidéncia e de aporte sedimentar, que obedecem a ciclos de reativacao tectonica.
A eustasia é mascarada pelas altas taxas de subsidéncia durante os cavalgamentos e
por eventos de soerguimento que simulam queda eustatica.

Evolugéo
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Exemplos

Gravimet

- Himalaia

- Bacias Alpinas

- Golfo Pérsico

Exemplos
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e flexura

Gravimet

O sistema de bacias dos Orogenos da Eurasia.

Exemplos
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A Bacia do Ganges
- Resposta a cavalgamento da Asia sobre a India

Bacias - Grande Te (~90 km)

Antepa

- Flexura menor que a prevista pelo modelo (forca contraria a
flexura?)

- Preenchimento aluvial tropical

Exemplos
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A Bacia do Po

- Respota a cavalgamento dos Alpes e interacao com subduccao

do Mediterraneo.
Bacias
Antepa

- Te muito pequeno (<10 ou ~5 km!)

- Preenchimento aluvial e marinho.

Exemplos



U e :
Tpr—— |

L W OGIS 2008



Filz Edit ‘iew Add Tools Help

0O (Basle) . o o {Munich)

tx (Berne)

Iy %4

>

L
---r

& L
7

f (Geneva) #ij Hls
v - -'\%,u el
11 ¥ i - -

L

.-i
e ¥
- i ) F
£ L
'-.- . E %
. - g J.: FiNe -
o ‘;:"ﬂ.‘ war
.,.-_" il 2 ‘i i
I g '-ﬁr o

Ty Y '

‘o (Milan)

d :
(Plaisance) I{F’auua} O (Venice)

O

o] (Genoa)

Image &2006 TerraMelrics
© 2006/ Europa Technologies
L A , .
Image & ZUUfE GeoContent
& L & .
Pointer, 46°24'33.10° N 10°08'11.42° E Streaming |||[|111115100% Eye all 624:25km




LR - - . M L
ﬂ; TR = = Bohemian Massif I" ﬁ g
-3 i d Y -
h m i] é” L g b ! I,'r 'l..fi-|:n_|_'|:'.'.'a_5I
& Lo n dE - Munich o
c,g':z‘ G ) o [ ] o
; ! . £
- h_J’ \."_I-"-
b ] '5'1"'{"' i

Eastern Alps

Austro Alpine

1
A = N ——
Tis S?UFhﬁlﬁlple r""':l1[|'|'|‘:?}
E [I..-I.I.l e e
. CA e —d T T T T, T T T TT
Sy L1 Sﬂuthern L Alps AL,
'33 R }-'r*-L‘-Iuqu_: I rlh?%__l [T Venice _,x“';; e _ﬂl:rllj?alﬂ"fl 5
= = SET T | Pl e
4 Milan *""14# 7 .\_‘.I.ljljllll :
\ L B
. Po Basin L
. x i
: w2 pdriatic _— major thrust fault
K == strike-slip fault
b, . normal fault
5 _-== margin of )
o Tertiary basins
100 km

Fig 1. Structural map of the Alps showing major tectonic unis and fault systems, as well as the associated toreland basms. The study
area { Fig. 2)1s outhined.



GEOCIENCIAS  tweman Geodinamica - CAQEO 2011
Renato Almeida

e flexura
Cogaiaing Hasmanl el
Spdmarialy Goesd

2 Carbonaty Ramp Develogmant

g1
- - -
Wy i bel | R B —
e
e - U e e
-, ' Meaiparup an &
) Aieienl o Cipaht nmogan lem Ehpgen Hariiona §igaeF
"
e BN i D
U Wi 1 ¥
y ol

Fut s Poadion ol
. ht-ol Semapra e
Tiwi%d

(TR R0 Th T 3]

4 Empiacement ol Surface Mt Shawts

51
Famurnddn el I Uil i ST eyl e
Bl il dprmiat 1Pagsyd
5 Seuin Hebvata (N Ih Penae Shirets Tiius oyer Basin T
51

Exemplos




GEOCIENCIAS Geodinamica - CAGEO 2011
Renato Almeida

Plig-Pipisiocene loradeepn doepoceniers

Dhigo -Mocene furbidites Oligo-Miccene lne-gramed deposils

Bacias ¢ % P Blind faull «
Duplexes Imbricate fan foid drape

- " e o T Mmoo Tivt -
- Toimsmar  praipeanios 1 nel) EH:I'Ihn."P'. ey m CHrigs Wiwas o degeole . ] Py | P oo sl

Fig. 11.8 Typical [old-thrust belt and associated foreland basin:
Apenninic-Adriatic foredeep, ltaly. Foreland basin is of Plio-Pleistocene
age, and reaches a maximum depth of 1200 m. Width of section is approx-
imately 100 km. (Reproduced with permission from Ori et al., 1986.)
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A Bacia do Golfo Pérsico

- Respota a cavalgamento dos Zagros sobre a Placa da Arabia

- Te 50 km
- Preenchimento marinho, costeiro e aluvial arido

- Flexura maior que a esperada (forca adicional de subsidéncia?)
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FIGURE 8. Zagros structural cross sections. Sections A 1o C are sections across the Zagros foreland basin (Dezful embayment) from the plains area to the
thrust belt. Section D is a schematic section across the northeastern Arabian shelf from the Arabian shield across the northern Gulf and the Zagros foreland basin
to the Zagros thrust zone, Sections A to C from Falcon (1974), based on field sections by BP (19568). Reproduced by permission of The Geological Society (London).
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