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ABSTRACT

Thermal evolution of the continental lithosphere at a continent-ocean transform margin is examined using a two-dimen-
sional heat conduction model. All heating is assumed to result from the emplacement of new oceanic ridge against the
continent. The assumed initial continental temperature gradient is probably best applied to regions having experienced
finite-duration periods of rifting lasting tens of millions of years. A deep seismic reflection profile across the southern
paleo-transform margin of the Exmouth Plateau (northwest Australia) tests the predictions of the model. Using this
reflection profile, it is estimated that up to 3.5 km of sediments have been eroded from the continental rim, diminishing to
almost no erosion at 60 km from the continent-ocean transform boundary. This trend and these values for erosion can be
matched approximately using the model under the condition of local isostasy. A finite-difference scheme is employed, where
the surface elevation is the result of the competing (1) thermal uplift (up), (2) surficial erosion (down), and (3) local isostatic
rebound (up) in response to the erosion. The model predicts that most of the erosion ceases by 40 Ma after ridge
emplacement and that of the order of 1000 km? eroded sediments are shed for every 10 km of transform length.

1. Introduction

Passive margins are commonly offset along
their length by fossil transform segments [1]
known as continent-ocean transform margins.
These regions were first recognized for their im-
portance in constraining the movements of sepa-
rating continents, controlling the geometry of the
continents and, to some degree, in defining the
location of the fracture zones and oceanic trans-
forms as their oceanward extensions [2-4].

Kinematic models of continent—ocean trans-
form margins [5,6] usually distinguish an early
stage of development in which continent—conti-
nent shearing is emphasized as the dominant
process controlling the tectonic structural devel-
opment of a long, narrow region in which the
transform fault will eventually rupture. At a later
stage as seafloor spreading proceeds, the oceanic
ridge slides along the transform. Its leeward flank

* Present address: School of Earth Sciences, Flinders Univer-
sity, GPO Box 2100, S.A. 5001, Australia.

moves ahead of the ridge also in contact with the
adjacent colder continental lithosphere. In this
setting, heat conduction across the transform may
induce a thermal rise above sea level and subse-
quent erosion of the continental side [7]. As the
continental block is commonly blanketed by a
sediment pile (e.g., [8,9)), the effects of erosion
may remain registered as local unconformities
close to the continent—ocean transform boundary
[10].

A numerical geodynamic model for the evolu-
tion of continent-ocean transform margins, in-
corporating the effects of heat conduction across
the transform has been recently proposed [11] in
which observed crustal thinning across the South-
west Newfoundland continent-ocean transform
margin (offshore northwest Canada) is explained
by subaerial erosion of the thermally uplifted
continental margin. A fundamental aspect of this
model is that in addition to the heat input di-
rectly from the ridge, it can also account for the
input of heat from the adjacent ridge flanks slid-
ing past in advance of the approaching ridge. It is
assumed however, that the thermal history of the
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oceanic lithosphere is insensitive to the presence
of a colder shouldering continental block. Thus,
the evolving temperature field is estimated so
that at each new time step the boundary condi-
tions are described by a simple cooling half-space
model for oceanic lithosphere [12].

Few data sets exist from continent—ocean
transform margins to test the general applicability
of this model. Analyses of deep seismic reflection
and refraction results (expanding spread profiles
—ESP’s) from the southern continent-ocean
transform margin of the Exmouth Plateau, north-
west Australia provide some support for the
model by showing that several kilometers of sedi-
ments may have been removed by subaerial ero-
sion [13). It appears too, that additional crustal
thinning may have been produced by extensional
faulting across the margin, as along many rifted
passive margins [14-16]. However, Lorenzo et al.
[13] show that the immediately adjacent oceanic
crust may have an abnormally thick lower oceanic
crust which is continuous under the continental
side as an underplated gabbroic wedge. The exact
mechanism to explain the origin of the gabbroic
unit is unclear as yet and has not been incorpo-
rated into our model. We feel these observations
suggest that thermal exchange between continen-
tal and oceanic lithospheres may be responsible
for the unusual crustal structure.

Here we treat the two-dimensional thermal
conduction problem across a continent—ocean
transform margin by developing an analytical
two-dimensional analog of the plate model [17,18]
for oceanic lithosphere but in which the oceanic
lithosphere cools against a colder continental
block. The temperature structure for a “half-
plate” cooling model is used to estimate the
amount of thermal uplift and ensuing subaerial
erosion assuming that the lithosphere is in local
isostatic equilibrium. The effects of assuming lat-
eral strength in the lithosphere (regional isostasy)
are considered for the case of a continental plate
mechanically uncoupled from the subsiding
oceanic lithosphere.

2. Thermal modeling
The idealized geometry of a continent—ocean

transform margin system while the continental
lithosphere of both plates is still touching is illus-
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HALF-PLATE MODEL

Fig. 1. (A) Block diagram of idealized ridge-transform-ridge
plate boundary during development of a continent—ocean
transform margin. Position X on continent is heated by
progressively hotter oceanic lithosphere as ridge moves across
transform fault. On arrival, ridge is emplaced permanently
next to X. Half-plate model is used to examine thermal
evolution of lithosphere in the plane I-II, after ridge abuts
continent. (B) Initial and boundary conditions for half-plate
cooling model through section I—/1 in (A).

trated in Fig. 1A. A position on the continent
such as X, comes first into contact with the
flanks of a cooling ridge. As drifting proceeds, X
encounters increasingly hotter oceanic litho-
sphere until the ridge arrives and joins the conti-
nent as one plate. We examine using the two-di-
mensional models sketched in Fig. 1 the evolu-
tion of the temperature field in the plane I-II
through the ridge and continental block. In this
approximation we consider that the ridge is the
principal supplier of heat. A second-order contri-
bution comes from the ridge flanks moving in
advance of the ridge. As we shall see, if the ridge
arrives less than a few million years after breakup,
the thermal effects of the flanks are of second-
order importance. This assumption reduces the
number of physical parameters involved in the
model and allows analytical solutions for uplift.
Model parameters and physical constants used in
the calculations are given in Table 1.

2.1. Half-plate model
The temperature field near, and at the contact

between a cooling oceanic ridge and colder conti-
nental lithosphere is estimated using a simple
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TABLE 1
Parameters and constants used in thermal models
Symbol Name Value Units
a volumetric thermal 4x107% e°C-!
expansion coefficient
g gravitational acceleration 9.8 ms™?2
« thermal diffusivity 8x1077  m?s!
Pe continental crustal density 2670 kgm™?
Pm mantle density 3300 kgm™?
Pu sea water density 1000 kgm™?
Y Young's modulus 5x%10'° Nm~2
T, elastic plate thickness 1.5%10* m
v Poisson’s ratio 0.25
K erosion constant 1.5%10°7  yr-!
T temperature at base of 1333 °C
lithosphere
H thermal thickness of 125%10° m
lithosphere

two-dimensional “half-plate” model (Fig 1B). At
time t =0, the oceanic lithosphere (x < 0) has a
constant mantle temperature T,=7, and the
continental lithosphere (x > 0), a linear tempera-
ture gradient from 7= T, at its base (z=0) to

= 0°C at its top (z = H). For the simplest treat-
ment of the problem, the contribution of radioac-
tive sources to the temperature profile is consid-
ered minor [19]. At all times, the temperature at
the base and at the top of both oceanic and
continental lithosphere is kept constant at T=T,,
and 0°C, respectively. At x = —o, the tempera-
ture must change as that of a laterally infinite
cooling plate, and at x = +o the linear tempera-
ture gradient must remain unchanged.

The evolution of the temperature field is gov-
erned by the heat diffusion equation:
oT *T T 1
| ) 1)

where « is the thermal diffusivity that is consid-
ered constant throughout. We use non-dimen-
sional variables:

x z K

—— + —_—
ax2  oy?

x=H’ z=7_1-, I=mt (23)
T=Tm(1—z'+6) (2b)
e=0(x',z',1t") (2c)

Combining egs. 1 and 2 and dropping the primes
on the non-dimensional variables, we find:

a0 36 9% 5
— O — + —
ot ax? 9zl ©)

with the boundary conditions:

0=0atz=0,1; ¢>0 (4a)
and the initial conditions:
_ —m=lz x<0
8,=6(t =0) [0 x>0] (4b)

The appropriate solution for @ can be found
by separation of variables for:

8(x, z,t)=F(x,1)G(z)J(¢) (5)

Combining eqgs. 3 and 5 it is found that eq. Sis a
solution provided that:

oF 9%F

T (62)
13 198G

i el NP |- 6b
Ja G ax? Sk}

We solve eq. 6a in terms of the error function,
and 6b in terms of exponentials for J and sines
and cosines for G. The boundary conditions 4a
are satisfied if the amplitudes of the cosines are
zero and k =nw, n = 1,2,3,... The solution for 6

that satisfies the boundary condition can then be
written as:

@

|
0= —crfc[ 2‘/_) E A, e™"" sin nwz (7

where erfc(u)=1— erf(u) is the complementary
error function.

At t =0 we find that:

o= nz-:]A,, sinnwrz x<0 )
0 x>0
Thus the initial conditions 4b are satisfied if the
sum in eq. 8 is z; this requires:
2(- 1)n+l
R nm
The solution for 6 is:

b
B e C e
2er Vi

- 1 a+l

E (= ) ="'zt sin nmrz %)
The temperature distribution is obtained by com-
bining egs. 2 and 9. For x = —o, erfc(x/2V1) =2
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at all times and the temperature evolves exactly
as that of a one-dimensional cooling plate model
(e.g., [12,18)). For x = 4w, erfc(x /2t ) becomes
zero and the initial linear temperature gradient
remains unchanged with time.

In the region of contact between the two half-
plates, horizontal temperature gradients are sig-
nificant and the oceanic lithosphere loses heat
not only through vertical conduction but also
laterally into the continental lithosphere. The re-
sulting perturbation to the initial linear tempera-
ture gradient on the continental side is:

J.M. LORENZO AND E.E. VERA

The change in the density distribution is due
to the effects of thermal expansion, estimated by:

p(T) =p(To)[1 - aAT(x, z, )]

where « is the volumetric thermal expansion
coefficient.

Assuming that the lithosphere has no lateral
strength and rests in isostatic equilibrium in the
upper mantle, then the vertical changes in the
density structure are compensated by adjustments
to the surface elevation of the half plate. For
x > 0, we consider that the top of the continental

AT(x,z,8)=T—-To=T,6, x>0 (10) lithosphere is initially at sea level, so that the
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Fig. 2. Contour plots of uplift, elevation and erosion as a function of distance from continent-ocean boundary and millions of years
after initial ridge-continent contact for half-plate model. Contours in this figure and Figs. 3 and 8, result from a cubic spline
interpolation through points of a 1 Ma by 1 km grid calculated using parameters in Table 1. (A) Values for thermal uplift (U) are
calculated using eq. 12 from half-plate model. U is produced by thermal expansion of lithosphere in vertical direction and
readjustment of its base under conditions of local isostatic equilibrium. (B) Elevation (A) is a product of (1) thermal uplift, (2)
erosion of surface, and (3) isostatic rebound of continental lithosphere because of erosional unloading. As thickness of lithosphere
is reduced through erosion, surface eventually comes 1o rest several hundreds of meters below sea level. (C) Time accumulated
erosion estimates can be 3~4 times larger than maximum elevation value, (D) Overplot of cross-sections through (A), (B) and (C) at
a common distance of 25 km.
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consequent uplift, U(x, ¢), will be:
U(x, 1) =a[ AT(x,2,1) dz, x>0  (11)
L ond g

One third of the rise is due to thermal expansion
in the vertical direction and two thirds to uplift of

the base of the lithosphere in response to local |

isostatic readjustment. Substituting eq. 10 into eq.
11 and after integration, we obtain:

U(x,1)=T, Halerfc(z‘[_) i

@ c—(2n+l)11r2¢'

X e 2

,Eo 2n+1)* "’ — (12)
From eq. 11 on, we return to our initial conven-
tion of simple and primed variables to indicate
dimensional and non-dimensional variables, re-
spectively. Figure 2A shows a contour plot calcu-
lated using eq. 12. For a given distance, U gradu-
ally increases from zero to a maximum value that
is reached at a time (in Ma) that is roughly
numerically equal to distance (in km). After this
time, U starts decreasing asymptotically towards
zero (sea level) as the heat provided by the ridge
diffuses and the original linear temperature gra-
dient is recovered.

2.2. Subaerial erosion

In our models, U(x, t) > 0 implies that the top
of the continental block rises above sea level and
that erosion may ensue. We estimate the amount
of total accumulated erosion E(x, t) (denuda-
tion) using the formulation of Ahnert [20] and
Pitman and Andrews [21]. They have shown that
the rate of erosion, dE /dt, is proportional to the
average elevation, A(x, t), of a locality above the
eroding base level, which in this case is sea level.
This formulation then yields the relation:

E(x, 1)

=KA(X, 1) : (13)
at _
where K is the constant of erosion, determined
empirically.

~ In order to integrate eq. 13 to find E, how-
ever, a relationship between E, A and U must
first be established. To do this we assume local
isostatic equilibrium at all times. The final eleva-

tion is the result of several competing mecha-
nisms, namely: (1) thermal uplift that raises the
continental block above sea level (+U); (2) ero-
sion that lowers the surface of the uplifted conti-
nent (—E); and (3) isostatic rebound of the conti-
nental lithosphere in response to erosional un-
loading (+Ep./py,) where p, is the density of the
crust being eroded and p,, is the mantle densxty
For p, = 2670 kg/m? and p_, = 3300 kg/m? (Ta-
ble 1), this rebound is approxlmately 80% of the
eroded thickness. Thus in terms of the thermal
uplift and total accumulated erosion E, the final
elevation A is:

ety i), (1)

m

A(x, 1) =U(x, 1) = 2=

Equation 14 assumes that thermal uplift is not
modified by erosion, that is, U is simply com-
puted using eq. 12. Strictly speaking, erosion
changes the lithospheric thickness and hence the
temperature structure and uplift. These changes,
however, are of the order of 1% or less represent-
ing only second-order effects that are unimpor-
tant in the context of this paper.

Combining egs. 13 and 14 leads to an elemen-
tary linear differential equation for E that can be
readily solved in terms of a time integral that
involves the known uplift function U. In practice,
however, it is simpler to directly integrate eq. 13
numerically. We have used a straightforward fi-
nite difference scheme with a time- increment
value At of 100,000 yrs; smaller time increments
always yielded almost identical results. The inte-
gration process is started with E=A4=U=0 at
t = 0. The right-hand side of eq. 13 is calculated
and a finite difference version of eq. 13 is used to
obtain E(At). Equation 14 is then used to com-
pute A(At) (U is obtained from eq. 12) which is
reinserted into the right-hand side of eq. 13,
allowing for time to advance and the computation
of E(2At)... etc. In this manner we obtain not
only E, but also 4 as a function of time for a
given distance x; the process must be repeated
for every desired x. Figure 2B shows a contour
plot of A(x, t), the elevation, and Fig. 2C of
E(x, t), the erosion. In our calculations, erosion
takes place as long as the surface of the continent
is above sea level (A > 0). Below this level, the
continent is under water and there is no erosion.
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The time-distance boundary for the end of ero-
sion is marked by a straight 0-m elevation contour
in Fig. 2B or, equivalently in Fig. 2C, at those
places where the erosion contours first become
parallel to the time axis. In the integration pro-
cess, the lack of erosion is introduced by simply
setting K=0 if A4 <0, and the fact that the
continent is submerged by modifying A to
Ap./(p.— p.) (p,, = sea-water density) in order
to introduce an isostatically compensated sea-
water column.
The temporal evolution of variables U/, E and
A can be examined by comparing their behavior
at a common distance from the continent-ocean
transform boundary (Fig. 2D). At a distance of 25
km, a maximum value for erosion of 1629 m is
reached at ~ 65 Ma (elevation =0), although
more than 80% of the erosion is accomplished by
~ 40 Ma. Because of erosion, the elevation is
always less than or equal to the predicted thermal
uplift, and local maximum elevation is attained at
least 10 Ma before the maximum thermal pulse
arrives. Without erosion, the surface of the litho-
sphere would subside asymptotically towards sea
level but because of erosion, the surface eventu-
ally comes to rest below sea level.

2.3. Limitations of thermal modeling

Continent—ocean transform margins develop
along passive margins. Passive margins are widely
regarded to form through thinning of the litho-
sphere either over a finite period of time lasting
tens of millions of years (e.g., [22]) or practically
instantaneously (e.g., [19]). The thermal effects of
our model are sensitive to the initial thermal
thickness of the continental lithosphere (12) and
are therefore dependent on the previous rifting
history. A thinner lithosphere reduces the hori-
zontal thermal gradient, diminishing inflow of
heat from the abutting oceanic lithosphere and
attenuating the amount of uplift and erosion.
However, if the lithosphere is thinned over a
finite period of time, more heat can diffuse dur-
ing rifting than predicted by the instantaneous
stretching models. Consequently, at the initiation
of seafloor spreading, the continental tempera-
ture gradient would be closer to that of the initial
non-rifted continent and the thermal thickness of
the lithosphere would be greater. Predictions of

J.M. LORENZO AND E.E. VERA

the half-plate model are favored by long rifting
periods of time, lasting tens of millions of years.

In estimating uplift and erosion we have
treated the lithosphere as having no flexural
rigidity so that the temperature-induced density
changes are compensated locally by vertical dis-
placements of the lithosphere. It follows that
there should be no flexural coupling across the
transform as the lithosphere is infinitely weak.
This view is supported by available geophysical
data sets which show that the maximum extent of
erosion occurs in the proximity of the continent—
ocean transform margin [11,23]. By analogy to
oceanic fracture zone studies (e.g., [24]) even for
a small initial continental elastic thickness of
~15 km at the moment of ridge contact, the
effect of mechanical coupling would be to pull
the continental side down and displace the posi-
tion of maximum uplift/erosion of the order of
10 km away from the continent—ocean transform
boundary. Admittance function studies from
across the Southwest Newfoundland Fracture
Zone also conclude that the mechanism for com-
pensation at the transform suture is by local
isostasy [25].

Whereas mechanical coupling across the conti-
nent—ocean transform margin may not dominate
during its evolution, the continental lithosphere
could still behave elastically, away from the
boundary, without breaching the observational
constraints outlined above. This is the case of a
free-end plate or *“broken half-plate” model
which, while mechanically uncoupled from the
oceanic side, rises the greatest amount closest to
the heat source at the contact between the two
plates. By assuming that the lithosphere has non-
zero flexural rigidity, the temperature-induced
density changes will be compensated by a re-
duced uplift, but distributed over a broader re-
gion than in the Airy isostatic case. Like many
investigators of fracture zone evolution (e.g., [26—
29]), we treat the lithosphere as a thin two-di-
mensional elastic plate. The differential equation
that describes the flexural response of such a
plate to loading (P) is:

'y (x, 1)
P(x,t) =D—=— +gpny(x, ) (15)

where y is the vertical displacement of the base
of the lithosphere and g is the gravitational ac-
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celeration. D, the flexural rigidity, treated as
constant, is given by:
P e T

12(1-v?)
where Y is Young’s modulus, T, is the effective
elastic thickness of the lithosphere and w»
Poisson’s ratio. In our case, loading (P, units of
pressure) is directed upwards at the base of the
elastic plate, produced by the buoyancy force due
to the thermal expansion and which can be ex-
pressed as:

- H
P(x,1)=§agme AT(x, z,t) dz, x>0

As the base rises, the vacated space is occupied
by the fluid substrate which supplies an upward
directed restoring force, represented by the sec-
ond term on the right of eq. 15.

We solve eq. 15 considering that there is no
mechanical coupling across the fracture zone. The
non-coupling condition can be fulfilled treating
the continental side as a semi-infinite beam with
a free end. We derive the necessary end-condi-

U(x.1) - FLEXURAL UPLIFT (m), Te = 15 km
100 1 1 1 1 1 1 1 1 1

80 B

60

T

T

40 ¥

20 E\%. , / :
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DISTANCE FROM
CONTINENT-OCEAN BOUNDARY (km)
Fig. 3. Contour plot of flexural uplift as a function of distance
from continent—ocean boundary and millions of years after
initial ridge-continent contact for a broken plate model with
an effective elastic thickness (T,) of 15 km; see Table 1 for
other parameters. There is a shallow moat developed beyond
~ 60 km, but at smaller distances, contour pattern is very
similar to Airy case of Fig. 2C.

TIME (m.y.)

tioning forces to create a broken plate as pro-
posed by Hetenyi ([30], p. 22). The total rise of
the top of the lithosphere will consist of a flexural
component and a component due to the thermal
expansion:

U(x, t)y=y(x,t)+ %aj;HAT(x, z)dz, x>0

(16)

When T,=0 and hence D=0 in eq. 15, the
lithosphere does not have horizontal strength and
eq. 16 becomes identical to eq. 11 for the half-
plate model in local isostatic equilibrium.

Apparently the rift transects of many passive
margins exhibit an elastic thickness that lies be-
tween S and 10 km [25,31-34]. Figure 3 displays
the results of calculating the thermally induced
flexural uplift using eq. 16. Even for an elastic
thickness of 15 km (Table 1), the predicted values
are very similar to the “half-plate” Airy case of 0
elastic thickness implying that the local isostatic
approximation is appropriate for a first-order
treatment of the problem.

3. Southern Exmouth Plateau, an example of a
continent—ocean transform margin

3.1. Seismic reflection data

Thermal models that explain the evolution of
continent—ocean transform margins are still in a
preliminary stage of testing as there is little struc-
tural or stratigraphic information available with
which to make comparisons. Acoustic profiles
across such margins have in general only been
able to image the topmost portion of the pre-rift
basement on the continental side [8-10,35] and
not the structure of the adjacent oceanic crust.-
With the exception of the Southwest Newfound-
land continent—ocean transform margin [36-38],
only a recent seismic study of the southern Ex-
mouth Plateau, northwest Australia (Fig. 4) pro-
vides as complete a structural profile across a
continent—ocean transform margin [13).

The southern Exmouth Plateau forms part of a
broad starved passive margin which experienced
rifting in the Middle-Late Jurassic [39-41].
Seafloor spreading did not commence in the sur-
rounding basins until at least anomaly M10 time
[42] in the Early Cretaceous (~ 130 Ma; [43)]).
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Fig. 4. Bathymetric map of central and southern Exmouth Plateau (northwest Australia) study area with isobaths drawn every 1000

m. Ship track for seismic reflection Line 667 (thin straight line) crosses from center of plateau through paleo-transform margin and

into oceanic crust. Thick line segment refers to that portion of seismic profile discussed in text and seen in Fig. 5 (circled number).

Expanding spread profile (ESP C4) was shot almost at right angles to Line 667 over oceanic crust and in direction shown by arrow.

Solid triangle locates ODP Site 763, 1 km northwest of Line 667. Continent-ocean boundary (COB), continent—ocean transform
boundary (COTB) and magnetic isochrons (M10, M9, etc.) come from Fullerton et al. [53].

Part of the available seismic reflection profile is
shown in Fig. 5 and was gathered along Line 667
(Fig. 4) imaging both continental crust, and
oceanic crust of approximately M8 age (~ 128
Ma). From the relative positions of the magnetic
isochrons we can deduce that this portion of the
continental rim first came into contact with the
flank of the ridge at about M9 time (~ 129 Ma).
As the ridge moved closer, the area encountered
increasingly hotter oceanic lithosphere until the
arrival of the ridge about one million years later.

Seismic reflection profile 667 (Fig. 5) is taken
from Lorenzo et al. [13]. The nature of the major
tectonic—seismic units in the reflection profile is
extrapolated from the results of drilling at the
nearby Ocean Drilling Program Site 763 [44] lo-
cated 1 km northwest of Line 667, 55 km north-
east of CDP 5000 (Fig. 4). Along Line 667, the
faulted pre-rift basement consists of Triassic shal-
low-water reefal limestones and associated sedi-
ments. Resting unconformably above, lies a
“syn-rift” sequence of shallow-water terrigenous
sediments (about 1 km thick) of Tithonian-
Valanginian age (~ 150-130 Ma). This sequence
is in turn truncated by an erosional hiatus that
spans the Barremian-Hauterivian (~ 130-119

Ma). An onlapping “post-rift” sequence compris-
ing about 1 km of hemi-pelagic to eupelagic Ap-
tian—Recent carbonate oozes (~ 119-0 Ma) caps
the sedimentary package.

3.2. Estimates of crustal thinning

Between CDP 5000 and the continent—ocean
transform boundary to the south, the pre-rift and
syn-rift sections diminish in overall thickness (Fig.
5). We postulate that these variations in thickness
may be explained by thermal uplift and erosion of
the continent-ocean transform margin during
drifting. North of CDP 5000, the seafloor be-
comes horizontal and the post-rift section suffers
little diminution in thickness attributablé to ero-
sion (Fig. 3 in [45]). We can thus use the section
at CDP 5000 as a reference against which the
remaining sections can be compared—the differ-
ence can be attributed to erosion. We have estab-
lished, as standard for comparison, the distance
between the seafloor and the first high-amplitude
reflector below the top of the Triassic pre-rift
basement. This lower boundary probably corre-
sponds to a shallow detachment surface which
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Fig. 5. Seismic reflection profile shot across southern paleo-transfo
below by corresponding line-drawing interpretation. Profile has been

analysis of expanding spread profiles (ESP’s), shot perpendicular

rm margin of Exmouth Plateau (top) (Fig. 4), accompanied
depth-converted using velocity-depth solutions obtained from
to CDP Line 667 [13). Velocity vs. depth solution derived from

analysis of one such ESP (C4) in oceanic crust is superimposed on seismic section.

parallels the sedimentary reflectors [13] and was
chosen because it is an easily distinguishable and
laterally continuous reflector. The difference be-
tween the standard and the thickness measured
orthogonally between the two reference horizons
at any point is then ascribed to denudation. Val-
ues of denudation were calculated every 2.5 km,
or equivalently, every 100 CDP’s and are plotted
in Fig. 6. In Fig. 6 we have overlaid the calculated
amounts of erosion using the half-plate thermal
model integrated to 40 Ma.

The cut-off time for integration of 40 Ma is
constrained geologically by the nature of the
post-rift sediments. As long as the continental
rim lies above sea level, the eroded sediments

could become incorporated into the post-rift sedi-
mentary body. If so, the end of erosion could be
marked by a change in the sedimentary facies.
Hagq et al. [44] note a disappearance of the ter-
rigenous component in the post-rift sediments at
the Cenomanian/Turonian transition over all of
the southern Exmouth Plateau. This occurred
approximately 40 Ma after the ridge was em-
placed in our area of study (isochron M8). Ac-
cording to the half-plate model example in Fig.
2D, by 40 Ma most of the erosion is complete.
We can arrive at a more general but similar
conclusion by calculating the total area of eroded
section out to large distances through time, as
seen in Fig. 7. By including all distances even as
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Fig. 6. Observational (dots) and theoretical estimates of de-

nudation (continuous line) as a function of distance from

continent-ocean boundary derived from reflection profile of

Line 667 (Fig. 5) and calculations with half-plate model (Fig.
2), respectively. Model was run for a period of 40 Ma.

far as 100 km from the continent-ocean trans-
form boundary, the estimated maximum possible
area of eroded material is approximately 110 km?
and almost ~ 75% of this value is reached within
~ 40 Ma. For every 10 km of transform length,
these estimates imply that of the order of 10°
km3 of eroded sediment could be shed from the
elevated rim. The facies change could be a re-
gional phenomenon however, as Veevers and
Johnstone [46] recognized it as a feature of the
sedimentation patterns occurring along all of the
western Australian margin from 15° to 35°S.

The apparent values for denudation increase
southward until about CDP 6400, where the pla-
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Fig. 7. Plot of total area of eroded section out to distances of
100 km from continent-ocean transform boundary for half-
plate model, as a function of time after ridge-continent
contact.

100 120
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nar-parallel reflection facies in the pre-rift por-
tion terminates abruptly against a wedge-shaped
region of chaotic reflection patterns. Mutter et al.
[45] interpret similar features on the western
margin of the Exmouth Plateau as igneous intru-
sions. They are usually present within ~ 30 km
from the continent—ocean boundary and presum-
ably imply that extension occurred across the
transform. '

Between the chaotic reflection wedge and the
oceanic crust, the basement reflectors become
more laterally discontinuous and dip northwards
~ 15°. We suggest this was caused by localized
fault-block rotation during extension across the
margin. On the northern side of the block, the
amount of estimated denudation is significantly
smaller (Figs. 5 and 6), perhaps because faulting
took place prior to erosion and sheltered the
sediments.

By comparison, north of the chaotic reflection
wedge the structural style is distinctly different.
The pre-rift basement is folded and dissected by
high-angle normal and reverse faults with a vari-
able vergence (“flower structures”), some of
which can be followed even to depths of 10 km
(Fig. 5, CDP 4800). This structural character is
typical of strike-slip deformation zones and is
markedly different to the dominant extensional
geometric styles seen at rifted basins [47-49].
Crustal thickness estimates at the same distance
from the rifted continent—ocean boundary in the
center of the plateau indicate that extensional
factors are ~ 150% [45]. We have not been able
to determine the crustal thickness seismically near
this rotated block but, using a standard 30 km
thick continental crust as reference in conditions
of local isostasy, the great depth at which this
block lies, implies a thinner continental crust and
greater extension factors. Todd and Keen [11]
identify a narrow zone, 25 km wide, along the
southern Newfoundland continent-ocean trans-
form margin in which the crust thins from 8 to 20
km but they attribute the attenuation of the crust
wholly to subaerial erosion.

4. Discussion
Several thousands of meters of sediments are

apparently missing along the southern Exmouth
rim (Fig. 6), with respect to the adjacent plateau.
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Fig. 8. Contour plot of erosion as a function of distance from
continent—ocean boundary and millions of years after initial
ridge—continent contact for quarter-space model, using nu-
merical technique described in text. Comparison with erosion
for half-plate model (Fig. 2C) shows similar results for less
than ~10 Ma. Afterwards, however, top of quarter-space
continues to subside indefinitely, eventually falling below sea
level so that at ~ 40 Ma and at all distances erosion ceases.

Irrespective of the many inherent limitations of
thermal modeling [11], our study suggests that the
trend and order of magnitude of the observed
values of erosion obtained from the study of the
reflection profile are closely matched by the
half-plate model. At the continent—ocean trans-
form boundary, the half-plate model predicts ~
3500 m of denudation which decreases to almost
zero at distances beyond ~ 60 km from the conti-
nent—ocean transform boundary, where little ero-
sion is clearly identifiable in the seismic profiles.
We interpret this to be due principally to the low
thermal diffusivity of the lithosphere as well as
the finite heat supply. ‘ ‘

A cooling “quarter-space” thermal model can
also be used to estimate the amount of thermally
induced erosion across a continent—ocean trans-
form margin, but less successfully (Fig. 8). This
model idealizes the ridge—continent contact as
the juxtaposition of two infinite quarter spaces
and has been used repeatedly in oceanic fracture
zone studies [24,50-52). At time = 0, the temper-
ature distribution is identical to that of the plate

model. However, at time >0 the depth to the
base of the thermal lithosphere increases indefi-
nitely because the lower boundary constraint is
2= —m, T=T,, whereas in the half-plate model
the temperature at the base of the lithosphere is
kept constant. In general, the trend of the pre-
dicted values parallel the data but are smaller
than the predictions of the half-plate model by
~ 1000 m.

Several causes can explain a second-order dif-
ference of ~ 500 m that exists between the theo-
retical determinations using the half-plate model
and the seismic observations (Fig. 6). Some of the
parameters used in the modeling could be varied
to fit the data more closely such as K; the ero-
sion constant may have been larger in the geo-
logic past depending on the climate and rock type
being eroded. Additional uplift and erosion could
have been provided by the heat from the flanks of
the approaching ridge. From Fig. 1 we can de-
duce that the period of time this heating event
lasts, depends on the rate at which the ridge
moves along the transform and the distance it
must travel to arrive at any given point. In our
case, the continent was in contact with young
oceanic lithosphere (less than 1 Ma old), for ~ 1
Ma before the ridge abutted (slip rate ~ 3.2
cm/yr [53]). The accumulated erosion could
amount to an additional few hundred meters
(Fig. 2C) and perhaps explain the difference be-
tween the observations and the predictions of the
model. We note that the predictions of our model
may represent a low-end extreme of possible
thermal effects and that for a given offset, faster
slip rates would tend to further increase these
effects [11].

Near our study area, the crustal extension fac-
tors are approximately 150%. Using the quarter-
space model as a simple guide, we estimate that a
lithosphere thinned by the same amount would
decrease the maximum amount of erosion by
about half. However, during the long rifting his-
tory that lasted from the Middle Jurassic until the
start of seafloor spreading in the early Creta-
ceous, the continental lithosphere may have had
sufficient time (~ 50 Ma) to thermally equilibrate
to the initial conditions of our model. For a 50
Ma rifting phase, the post-rift subsidence may
decrease by as much as 50% over the predictions
of less realistic instantaneous rifting models [22].
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In fact, the syn-rift sediments were very near sea
level at the beginning of drifting [44). We propose
that because of the attenuated post-rift subsi-
dence, the thermal consequences of ridge em-
placement would not deviate substantially from
the predictions of our models, namely up to sev-
eral thousands of meters of erosion, increasing
towards the continent-ocean boundary.
According to our model, ~ 1400 m of uplift
can be expected close to the margin within a few
million years after the initiation of heating. These
predictions may be tested to some degree in
other geological settings. For example, lateral heat
conduction can induce uplift of the unthinned
continental lithosphere adjacent to rift valleys. In
the Gulf of Suez region, at least 1 km of rift flank
uplift has taken place since rifting began ~ 20
Ma [54]. Half the present-day uplift can be ex-
plained by conductive effects [55]. Although the
different tectonic setting and smaller lateral tem-
perature gradients may be responsible for the
smaller rates of uplift, the continental lithosphere
experiences substantial thermal uplift.
Continent—ocean transform margins may also
be affected by mass wasting which could cause
submarine erosion of the continent—ocean trans-
form rim. Along the Guayamas continent—ocean
transform margin in the Gulf of California [56],
mass wasting has eroded the transform ridge and
contributed to thickening the adjacent basin de-
posits at the base of the slope. Corresponding to
the region of the interpreted fault block in the
seismic profile of Line 667, Exon and Willcox [57]
have suggested that a zone of slumping occurs
along the lower continental slope of the southern
Exmouth Plateau between depths of ~ 3000-4800
m. Their slumped sequence is characterized by a
blanketing chaotic reflection facies with a hum-
mocky seafloor surface and whose thickness in-
creases toward the toe of the slope. Our seismic
profile does not seem to exhibit these features.
The chaotic facies wedge that is present inter-
rupts the sedimentary reflectors along a very steep
interface and down to depths of 10 km or more.

5. Conclusions
Crustal thinning at continent-ocean transform

margins may be produced by extensional faulting
and thermally induced subaerial erosion. A sim-

J.M. LORENZO AND E.E. VERA

ple half-plate heat conduction model that envis-
ages ridge heating of juxtaposed continental
lithosphere is used to explain erosion of up to
3500 m of missing sediments along the southern
Exmouth continent—ocean transform margin,
northwest Australia. )

Interpretation of seismic reflection data sug-
gests that the maximum degree of erosion occurs
in the proximity of the continent—ocean boundary
and so a local isostatic assumption appears suffi-
cient for a first-order treatment of the problem.
After the ridge is emplaced, oceanic lithosphere
cools through vertical as well as lateral conduc-
tion of heat into the colder continental block. We
propose that the protracted rifting history which
lasted perhaps as long as 50 Ma, favors the half-
plate model because it gave the continent time to
equilibrate thermally and acquire a thermal gra-
dient that was close to the pre-rift state and
hence also close to the initial conditions set by
our model. Second-order discrepancies of a few
hundred meters between the predicted estimates
for erosion of the model and the data may be due
to the thermal effects of the ridge flanks which
were not considered in the modeling.

Theoretical results from the half-plate model
imply that almost 75% of the erosion is accom-
plished within the first 40 Ma of thermal evolu-
tion and that of the order of 1000 km® of sedi-
ments are shed for every 10 km of transform
length. As well, because of erosion, the surface
elevation is always less than or equal to the
predicted thermal uplift and the maximum eleva-
tion is attained before the arrival of the maximum
thermal pulse. Hence, surface elevation is only an
approximate indicator of the stage of thermal
evolution.
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