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RESUMEN

Se modela la respuesta flexural isostdtica de la litosfera, inducida por fallamiento listrico normal, suponiendo que la region
fragil de la corteza superior se extiende por cizalla simple, y que la region ductil de la corteza inferior y manto superior se
extienden por cizalla pura. A partir de la solucién de la ecuacién diferencial parcial que describe el estado de equilibrio, bajo la
accion de las diversas cargas aplicadas, se obtienen expresiones analiticas simples para calcular la respuesta flexural isostatica
debida a fallamiento listrico normal de escala cortical en un escenario 3-D. La aplicacion de dichas expresiones se ilustra con un
ejemplo donde se utiliza una falla listrica normal y curvilinea definida analiticamente.

PALABRAS CLAVE: Isostasia, extension cortical, fallamiento listrico normal.

ABSTRACT

The flexural isostatic response of the lithosphere, induced by listric normal faulting, is modeled by assuming that simple-
shear extension takes place in the brittle upper crust while the lower crust and upper mantle extend in pure shear. The partial
differential equation describing the equilibrium state under the action of applied loads provides simple analytical expressions for
computing the flexural isostatic response 3-D. An example using an analytically defined curvilinear normal fault is provided.

KEY WORDS: Isostasy, crustal extension, listric normal faulting.

INTRODUCTION

Isostasy is a process by which the Earth’s surface el-
evation is adjusted in response to changes in mass density at
depth or a redistribution of mass on its surface. The weight
of surface loads is balanced by mass density anomalies in
such a way that at some uniform depth the pressure is every-
where constant, in a state of hydrostatic equilibrium. Under
ideal conditions all crustal columns exert equal pressure at
this depth, and a column extending above sea level has a
mass equal to the compensation mass at depth.

There are two main types of models of isostatic com-
pensation, local and regional. In local models the compen-
sating mass density is determined only by the topographic
load above it, and compensation occurs by thickening a crust
of constant mass density (Airy, 1885) or by lateral changes
in crustal mass density (Pratt, 1885). Thus, any topographic
load must give rise to vertical crustal movements. The litho-
sphere has zero strength and will creep or fail in response to
any stress.

In regional compensation the lithosphere is assumed to
behave as a composite layered body, where the upper crust
behaves as an elastic plate while the lower crust and upper
mantle behave as a fluid. The compensating mass density is
distributed laterally on a regional basis (Banks et al., 1977,
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Forsyth, 1985). In the regional flexural model, the response
of the plate is characterized either by the flexural rigidity
or by its effective elastic thickness. The Airy model corre-
sponds to a regional compensation model of zero flexural
rigidity.

The aim of this work is to examine the three-dimen-
sional (3-D) flexural isostatic response of the lithosphere
to extension induced by crustal scale listric normal fault-
ing. This is relevant, in order to understand the geometry
of sedimentary basins and crustal structure associated with
rifting in the continental lithosphere. The upper crust is
treated as a thin elastic plate overlying a fluid lower crust
and mantle, assuming that the crust is mechanically
decoupled from the mantle. Following Kuznir and Egan
(1990), extension in the brittle upper crust occurs by simple-
shear faulting, while pure-shear ductile deformation oc-
curs in the lower crust and mantle lithosphere.

The response of the lithosphere is found by solving
the partial differential equation that describes the equilib-
rium condition of a thin elastic plate (Banks et al., 1977;
Turcotte and Schubert, 1982; Kuznir and Egan 1990; Egan,
1991). The solution is carried out numerically, in the
wavenumber domain, using a discrete 2-D Fourier trans-
form algorithm (Press et al., 1986).
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I first describe the partial differential equation for the
equilibrium condition of a thin elastic plate under the action
of a distributed 3-D load. That is followed by the method
used to construct the listric normal fault and basin geom-
etries. Next, considering a final time frame in the extension
process, the partial differential equation is adapted to com-
pute the flexural isostatic response induced by crustal thin-
ning, the response to pure-shear extension in the lower crust
and mantle lithosphere, and the response to the load due to
sediments infilling the basin.

FLEXURAL DEFLECTION OF A THIN PLATE

The flexural isostatic response of the lithosphere w
caused by a distributed 3-D load can be modeled assuming
that the crust behaves as a continuous and homogeneous thin
elastic plate, which is in equilibrium under the action of all
of the applied loads. Assuming that no horizontal forces are
acting on the plate, the equilibrium equation (Turcotte and
Schubert, 1982) is given by

D-Viw(x,y)+(p, = pew(x.y)=p(x.y), (D)

where V* is the biharmonic differential operator, D = ET?/
12(1-v?) is the flexural rigidity of the elastic plate which de-
termines the wavelength and amplitude of the deflection, E
is Young’s modulus, v is Poisson’s ratio, T represents the
effective elastic thickness of the plate, p(x,y) is the net force
per unit area exerted by the applied load, g is the gravita-
tional acceleration, and p,, and p, are the mass densities of
the mantle and the load material, respectively.

The solution of (1) is accomplished in the wavenumber
domain via the 2-D Fourier transform, and once the solution
is achieved, its representation in the spatial domain is ob-
tained via the 2-D inverse Fourier transform. The Fourier
transform pair definition used in this work is given by

S[n(x, )] = Ak, &, ).

:j J h(x,y)exp[—iZﬂ(k'x.x+kyy)] dxdy
e e ®)

and

37 [n(k k)| = ()

- I Jh(kx,ky)exp[ﬂn(kxx+l<yy)]dkxdky

—00 —oo
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where k, and k, are wave numbers in the x- and y-direc-
tions.

THE LISTRIC NORMAL FAULT
CONSTRUCTION

Normal faults are typically steeply dipping, usually
in the range of 55° to 70°, but their dips can be even greater,
approaching 90° in some near-surface faulting. However,
some normal faults dip substantially less than 50°, even as
low as a few degrees in the extreme. Normal faults that
gradually flatten with depth are called listric normal faults.

Suppe (1985) pointed out several reasons for this large
variation in dip of normal faults: Many normal faults pass
downward into a relative flat stratigraphic décollement con-
trolled by ductile lithological units of shale or salt, along
which the hanging-wall fault block slides; More-deep-
seated normal faults associated with crustal extension may
flatten either abruptly or gradually into the ductile lower
crust or upper mantle.

Listric normal faults flatten out at depth on a surface
known as a detachment surface. According to Wernicke
(1985), detachment surfaces act as relays that partition ex-
tension in the upper and lower lithosphere.

Following Egan (1991), the listric fault geometry F
is defined here as

F(x,y)= 2,1 - exp(=£,(x.7)/ Z,). @

where Z, is the depth at which the fault detaches, and f,
denotes the locations of points where the fault outcrops.
The crustal thinning S produced by extension along this
fault is

S(x,3) = F(x,9) = Zy[1 = exp(~(fo(x.3) = ()12,
)

where x and y represent coordinates along the east and west
directions, and e denotes the location of the maximum
amount of extension, in the direction of tectonic transport,
which is assumed here to be along the x-direction.

Equations (2) and (3) were used to outline a cross
section containing a listric normal fault that outcrops at
f, =0 and detaches at a depth Z, = 20 km, at three stages,
where the location of the maximum extension lies at 10, 20
and 30 km (Figure 1).
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Fig. 1. A cross section of a listric normal fault, outcropping at the origin, is shown at 10, 20, and 30 km of maximum extension. The listric
fault detaches at a depth of 20 km.

CRUSTAL THINNING BY LISTRIC NORMAL
FAULTING AND FLEXURAL ISOSTATIC
REBOUND

Consider the case of a 200 km long curvilinear listric
normal fault that outcrops at discrete locations (x;, y;), where
y;takes regularly distributed values separated 2 km apart be-
tween y =+ 100 km, and

x; =30 sin[g (y, - 100)/ 100] ©)

The listric normal fault detaches at a depth Z,= 20 km,
causing a maximum extension e = 30 km at y, = 0, due to the
hanging wall displacement along the eastward x-direction
(Figure 2a).

The empty basin geometry S, created as the hanging
wall is displaced in the tectonic transport direction (Figure
2a) can be treated as a negative load upon the crust, causing
isostatic uplift. The differential equation at equilibrium state
under the action of all applied loads is given by

DV*w,(x,5) + (P, = P )gw,(x.y) = =p.gS(x,y), (D)

where p, and p, are the mass densities of the air and crustal
unloading material. Fourier transforming both sides of equa-
tion (7) yields

(znk)4Dws(kx’k)')+(pm - pa)gws(kx’ky) ==P, S(kx’ky)’
®)

which can be written as

. ky):_( p. )[1+((2nk)4D ] S(kok).

Pm ~ Pa pm_pa)g
&)

where k = \/ k? + k}z, , and inverse Fourier transforming this
last result yields w, (x,y).

Considering an original crustal thickness C, = 30 km,
the flexural isostatic rebound induced by crustal thinning due
to listric normal faulting and the final configuration of the
empty basin are shown in Figures 2b and 2c, respectively. A
cross section of the 3-D geometry of the processes described
above, along y = 0, is shown in Figure 3. The model param-
eters used in this and subsequent computations are listed on
Table 1.

FLEXURAL ISOSTATIC RESPONSE TO DUCTILE
EXTENSION IN THE LOWER CRUST AND UPPER
MANTLE

In the ductile environment of the lower continental crust
and upper mantle, extension is assumed to occur by a re-
gionally distributed stretching or pure-shear ductile defor-
mation (McKenzie, 1978; Egan, 1991). The amount of crustal
thinning by pure- shear (P) is given by

P(x,y)=(Co = Zy)[1 = 1/ B(x.¥)] . (10)
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Fig. 2. (a) 3-D view of a 200 km long listric normal fault is shown over a flat lying land at sea level. The fault detaches at a depth Z, = 20 km,

and the amount of extension varies from zero at the northern and southern extremes of the fault to a maximum of 30 km at y = 0, where the half-

graben basin reaches a maximum depth of about 15.6 km, and it shallows eastward, approaching sea level in a distance of about 120 km. (b)

The flexural isostatic response to 30 km of extension induces a regionally distributed uplift that varies accordingly with the amount of

extension, reaching a maximum of about 5.7 km with respect to the base of the original crust. As a result of the flexural rebound the basin

geometry is deformed (c). The basin shallows to a maximum depth of about 9.9 km below sea level, and the footwall is uplifted about
3.5 km above sea level.
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Fig. 3. Flexural isostatic response to 30 km of crustal extension induced by a listric normal fault (a) is shown in a cross section along y = 0.
The uplift (b) is regionally distributed along some 290 km, causing (c) the Moho to shallow from an original depth C;, = 30 km to about 24
km below sea level; both the foot wall and the hanging wall are uplifted, reaching maximum highs of 3.496 and 1.140 above sea level,
respectively, and the maximum depth in the basin is 9.876 km below sea level.

where C,is the original crustal thickness, and S is the exten- assigned a sinusoidal distribution such that

sion factor (McKenzie, 1978). Due to the ductile nature of

the lower crust, the pure-shear extension is regionally dis- Yy) = n V) /W —e sinlmx /W) +1 1
tributed with respect of the localized faulting above, and S is Alx.y) 2 [ 0) (y)] ( )+1, (b
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Table 1

Assumed values for model parameters

Original crustal thickness Cy =30 000 m
Young’s modulus E=1x10" Pa
Poison’s ratio v=0.25

Effective elastic thickness T =10 000 m
Flexural rigidity D=0.711x10*" Nm
Density of air p,=0 kg/m3
Density of sediments p, =2400

Density of crust p. =2670

Density of mantle P,, =3300

where W is the width over which the pure-shear is distrib-
uted and e denotes the maximum extension along the y-axis.
The resulting flexural subsidence (w,) is calculated by solv-
ing the following differential equation:

D’V4Wp(x’y)+(pm _pa)gwp(x'y):(pm _pc)gP(x’y) :
(12)

Fourier transforming both sides of equation (12) yields
the following result:

. (pw-p.)[,, Cx0'D )
p(kx,ky) ( ](1 (pm—pa)gJ P(kx,ky),

Pm ~ Pa
(13)

and the inverse Fourier transform of this result yields w,(x,y).

In the current example, the listric normal fault is assumed to
detach at a depth Z, = 20 km, below which extension occurs
by pure-shear. The amount of crustal thinning by pure-shear
(P) varies between zero, coinciding with the basin’s limits
above, and some 2 km, up from the original crustal thick-
ness, and it is symmetrically distributed along and across the
basin above (Figure 4a). The flexural subsidence (w,) induced
by the mass unbalance is a smoother version of the former,
with maximum amplitude less than 500 m. The crustal thin-
ning and the flexural subsidence, induced by pure-shear in
the lower crust are shown (Figure 5) in a cross section along
y=0.

46

FLEXURAL ISOSTATIC RESPONSE BY SEDI-
MENTS FILLING THE BASIN

The material infilling the created basin acts as a down-
ward acting load upon the lithosphere inducing further sub-
sidence, and the flexural isostatic subsidence (w;) result-
ing from the basin fill is calculated from the solution of
the following differential equation:

D-Viwi(x,3)+(p,, = pi)gwi(x.y) = p;  B(x.).
(14)

where B defines the basin depth to be filled with material
of mass density p;. Fourier transforming both sides of equa-
tion (14) yields the following result:

wi(kx,ky){ pi )(1+((2”k)4D)_]B(kvy,ky),

Pm — Pi pm_pi)g

5)

and the inverse Fourier transform of this last result yields
wix,y).

After crustal thinning by listric normal faulting, flex-
ural isostatic rebound, and ductile extension in the lower
crust and upper mantle, the originally flat lying land is
deformed to reach the geometry shown in Figure 6a. In the
last stage the empty basin is filled with sediments of mass
density p;, which causes additional subsidence (Figure 6b)
and the final geometry shown in Figure 6¢c. In Figure 7
this last stage results are shown in a cross section along y
=0.

CONCLUSION

The flexural isostatic response to crustal extension
induced by crustal scale listric normal faulting is exam-
ined in a three-dimensional scenario. Assuming that no
horizontal forces are acting upon it, the upper crust is treated
as a continuous and homogeneous thin elastic plate, which
is in equilibrium under the action of all of the applied loads.

Using a simple analytical description for the listric
normal fault geometry, the flexural isostatic response of
the lithosphere, caused by a distributed 3-D load, is mod-
eled assuming that simple-shear extension takes place in
the brittle upper crust, while the lower crust and upper
mantle extend by pure-shear ductile deformation. The par-
tial differential equation describing the equilibrium state,
under the action of all of the applied loads, is solved in the



Flexural isostatic response to extension

e
ﬁ.,—ﬁ"
£ T
/Zﬁ#

Fig. 4. The listric normal fault is assumed to detach at a depth Z, = 20 km, below which extension occurs by pure-shear. The crustal thinning
by pure-shear (a) is symmetrically distributed along and across the basin above. The flexural subsidence (b) induced by the mass unbalance is
a smoother version of the former, and as a result the basin geometry is modified (c).

wavenumber domain, providing simple formulae to compute
the flexural isostatic response to crustal extension induced
by crustal scale listric normal faulting in a three-dimensional
scenario. The formulae and methods reported here are illus-

trated with one example using a curvilinear listric normal
fault with variable amount of extension, where the partial
differential equations are solved using a 2-D discrete Fou-
rier transform algorithm.
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Fig. 5. Crustal thinning and flexural subsidence, induced by pure-shear in the lower crust and upper mantle, are shown in a cross section along
y = 0. The crustal thinning by pure-shear (a) is symmetrically distributed along some 142 km, coinciding with the basin’s limits above, its
maximum reaches 27.857 km below sea level and it is located under the eastern basin’s margin. The flexural subsidence (b) induced by the
mass unbalance is a smoother version of the former, with maximum amplitude of some 363 m, which furthers deforms the basin geometry (c).
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Fig. 6. After crustal thinning by listric normal faulting, flexural isostatic rebound, and ductile extension in the lower crust and upper mantle,
the originally flat lying land is shown in (a). Filling the basin with sediments of mass density p; causes additional subsidence (b), and the final
geometry shown in (c).
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Fig. 7. After crustal thinning by listric normal faulting, flexural isostatic rebound, and ductile extension in the lower crust and upper mantle,

the originally flat lying land is shown (a) in a cross section along y = 0. Filling the basin with sediments of mass density p, causes additional

subsidence (b) that is regionally distributed with a maximum deflection of about 700 m. In the final geometry (c) the maximum footwall uplift

is 2.87 km above sea level, while the hanging wall is only about 400 m ASL and the maximum basin depth is 10.8 km BSL. The final mantle
uplift is at about 23.7 km below sea level.
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