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ABSTRACT

This thesis applies extensional model to the Carolina trough in order to
predict the evolution of this basin where only seismic stratigraphy is
available. The wvalidity of these predictions 1s estimated by studying the
effect of data uncertainties and model assumptions. A very simple model is
applied first. Further complications are then introduced in order to
better account for the data.

The simplest model is applied in order to obtain first order results and
evaluate the error range due to data uncertainty. It is a one dimensional
uniform extension model, which uses McKenzie's (1978) analytical formulae
for the thermal evolution, coupled with a local isostatic response to the
sedimentary load. Lateral transfer of heat and sediment thermal blanketing
effects are ignored. The results show that the amount of extension is
poorly constrained landward of the hinge zone due to data uncertainties.
The predicted crustal thickness is not compatible with gravity data; the
early predicted paleowaterdepths do not look very realistic and are not
compatible with the inferred shelf environment especially landward of the
hinge zone. Overall predicted Cretaceous water depths tend to be too deep
but to analyze this secondary problem further would require more
information about the amount of sediments eroded during the evolution of
the Carolina trough.

The next model is applied in order to correct the problems encountered
before. It is a two dimensional uniform extension model, where the thermal
evolution is numerically simulated (Sawyer, 1982), coupled with a flexural
response to the load. Lateral heat flow and thermal blanketing are taken
into account and the flexural plate thickness is controlled by the depth to
a relaxation temperature TgR. For a value of 350°C for TR, the predicted
crustal thickness is reasonably compatible with gravity data and the
predicted paleowaterdepth and stratigraphy look more realistic. However
the early paleowaterdepth predictions are still too deep landward of the
hinge zone, suggesting higher initial heat input than accounted by uniform
extension. As for the one dimensional model there is a secondary problem
of overall too deep predicted Cretaceous water depth. The effect of
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lateral heat flow and thermal blanketing are significant but small compared
to the effect of data uncertainties; the major contributor to the better
account of the data is the introduction of flexural rigidity.

The final model is applied in order to correct the paleowaterdepth problem
encountered landward of the hinge zone and in order to obtain an upper
bound on the initial amount of heat which could affect thermal predictionms,
It is a two dimensional two layer extension model, also based on Sawyer's
(1982) simulation, where the initial conditions are modified for two layer
extension (Royden and Keen, 1980; Sclater et al., 1980). Inverting for a
deep thermal anomaly on which there 1s no direct control raises a few
difficulties. However it can be concluded that the inferred paleowaterdepth
landward of the hinge zone of the Carolina trough can be explained in that
framework only by assuming a much larger subcrustal heat input than
predicted by uniform extension.

The validity of the predicted thermal evolution, for which no independent
check is available, is estimated by comparing the results of the different
models. Most of the differences occur during the early evolution of the
basin (less than 30 MY after end of rifting) and fade away after. The
flexural plate thickness which initially varies a lot laterally becomes
uniform 80 MY after end of rifting. The sediment thermal history depends
on the timing of their burial. If buried soon enough (less than 30 MY
after rifting) they are sensitive to model assumptions. If buried later
they are more sensitive to the equilibrium thermal state. As a result the
present degree of hydrocarbon maturation of synrift and early post-rift
sediment 1is model dependent and varies from mature to overmature. The
present shallowest limit of maturation is more dependent on the present
geotherm which remains to be measured; this limit roughly follows the top
Callovian (163 MYBP) reflector but may reach the Kimmeridgian (152 MYBP) if
a large radiogenic heat generation is assumed for the sediments.

Thesis Supervisor: Dr. John G. Sclater

Title: Associate Director
Institute for Geophysics
University of Texas at Austin
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CHAPTER I

INTRODUCTION

Resist beginnings

Ovid, Remediorum amoris



1.1 THE PROBLEM

The goal of this thesis is to apply extensional models to predict the
evolution of the Carolina trough which is a basin of the Eastern United
States Continental margin where no deep well has been drilled but where
seismic stratigraphy 1is availlable.

Because the data suffer from a significant uncertainty range it
appeared necessary to evaluate the effect of these uncertainties on the
predictions. It also appeared necessary to evaluate the effect of model
assumptions on the predictions because both the data uncertainties and the
lack of information about pre- and syn-rift conditions left these

assumptions underconstrained.

1.2 STRATEGY

The simplest model (one-dimensional model) is applied first because,
aside from economy of means, it is the easiest to constrain. In addition it
best allows us to trace the effect of assumptions on predictions.

Both because the effect of different assumptions need to be studied
and because the data are not fully accounted for by the simplest model,
more and more complicated models are then introduced. As complexity
increases so does the degree of freedom of the models. As a result, they
tend to become less and less constrained and to account for the data more
and more. Such a procedure allows us to estimate the effect of each extra
complication by comparing the results of a given model with the one
obtained by the next simpler model. The last applied model (two
dimensional two layer model) exhausted the constraints and reasonably
accounted for most available data.

We also introduce extreme data sets to evaluate the effect of data
error (Chapter 3).

This results in a series of models differing either in data sets or

model assumptions [Table 1.1].



1.3 THESIS OUTLINE

Chapter 2 summarizes the evolution of ideas on basin genesis and the
problems associated with current models. It also explains how we choose
and implemented suitable models for the Carolina trough.

Chapter 3 reviews the geology of the Carolina trough in order to
justify the use of extensional models and sort out constraint on them. The
standard constraining data set (basement depth and sediment properties) is
completed by extreme data sets to evaluate the prediction error range.

The simplest model is applied in Chapter 4 (technical details in
Appendix A and B) in order to obtain preliminary results where first order
effects can be easily sorted out and in order to evaluate the prediction
error range due to data uncertainties. The tectonic model is a one
dimensional uniform extension model and uses McKenzie's (1978a) analytical
formulae. It therefore neglects lateral heat transfer and the sediment
thermal blanketing effect. The loading response is assumed to satisfy
local isostasy. The constraint on the model is the present total
subsidence (obtained through basement and water depth) which determine the
amount of extension, B, once the loading effect is removed. The
independent checks are the gravity data and inferred paleowaterdepth.

The next model (Chapter 5 and Appendix C) is a two dimensional uniform
extension model which includes the effect of lateral heat flow and sediment
thermal blanketing. The loading response is that of an elastic plate; the
bottom of the plate is defined as the depth where the relaxation
temperature, TR is reached. This model relies on a finite difference
simulation for the basin evolution developed by Sawyer (1982). The
constraints on the model are the tectonic subsidence which determines B and
the gravity data which determine TpR. The independent checks are the
inferred paleowaterdepth.

The last model (Chapter 6 and Appendix D) is a modification of the
previous one in order to incorporate two layer extension (Royden and Keen,
1980; Sclater et al., 1980) in the two dimensional simulation of Sawyer
(1982). The loading response remains the same as in the previous case.

The constraints on the model are the tectonic subsidence which determine
the crustal extension factor, B., the gravity data which determine Tg, and

the inferred early paleowaterdepth which determine the subcrustal extension



factor, Bsc. This model therefore exhausted the constraints and there is

no independent check on 1it.

Whereas in chapter 4 to 6, I concentrate on predictions which can be
checked: mainly crustal extension factor which can be checked against
gravity data and subsidence data which can be checked against geologically
inferred paleogeography, Chapter 7 concentrates on the thermal predictions
for which there is no direct check. I then concentrate on the comparison
between the different models predictions in order to evaluate their
variability. These thermal predictions are then used to estimate the

degree of hydrocarbon maturation of the sediments,



Table 1.1

MODELS DEVELOPED IN THIS THESIS

extension thermal calculations loading response| data set|Chapter
(**) type |dimension|blanketing|origin time Tp (°C) (F¥%)
uniform 1-D no 200 local n ¢ 4
uniform 1-D no 200 local n Ompax 4
uniform 1-D no 200 local n dpin 4
uniform 1-D no 200 local b ¢ 4
uniform 1-D no 200 local b dpax 4
uniform 1-D no 200 local b bnin 4
uniform 1-D no 200 local h ¢ 4
uniform 1-D no 200 local h  dmpax 4
uniform 1-D no 200 local h  bpin 4
uniform 1-D no 175 local n ¢ 4
uniform 1-D no 175 local n dpax 4
uniform 1-D no 175 local n bnpin 4
uniform 1-D no 175 local b ¢ 4
uniform 1-D no 175 local b bmax 4
uniform 1-D no 175 local b épnin 4
uniform 1-D no 175 local h 4
uniform 1-D no 175 local h  dmax 4
uniform 1-D no 175 local h  épin 4
uniform 2-D yes 200 0 (local) n ¢ 5
uniform 2-D yes 200 200 n ¢ 5
uniform 2-D yes 200 250 n ¢ 5
uniform 2-D yes 200 300 n ¢ 5
uniform 2-D yes 200 200(*) n ¢ 5
uniform 2-D yes 200 250 (*) n ¢ 5
uniform 2-D yes 175 0 n ¢ 5
uniform 2-D yes 175 250 n ¢ 5
uniform 2-D yes 175 300 n ¢ 5
uniform 2-D yes 175 350 n ¢ 5
uniform 2-D yes 175 350 b  dmax 5
uniform 2-D yes 175 350 h  dpin 5
uniform 2-D yes 175 400 n ¢ 5
2L model O0f 2-D yes 175 400 n ¢ 6
2L model 12| 2-D yes 175 400 n ¢ 6
2L model 23| 2-D yes 175 400 n ¢ 6
2L model 31| 2-D yes 175 400 n ¢ 6

(*) :models where synrift sediments are also compensated flexurally
(in all other models synrift sediment are compensated locally)
(**) :2L refers to two layer extension
normal basement estimate
shallowest basement estimate

(***) :n
h
b
¢
®max
émin

mn nn

‘deepest basement estimate

normal porosity estimate
maximal porosity estimate
minimal porosity estimate

=




CHAPTER 1II

BACKGROUND: MODELS OF PASSIVE MARGIN EVOLUTION

No theory is good except on condition

that one uses it to go beyond.

A. Gide, Journals, 1918



2.1 IDEAS ON BASINS

When the idea that sediment loading alone could not explain the
subsidence of a sedimentary basin (see Scheidegger and O'Keefe, 1967; Watts
and Ryan, 1976) was accepted, gravity data and the concept of Airy isostasy
with compensation below the Moho suggested that the crust under sedimentary
basins must be thinner or denser than normal (Hsu, 1958). That it is
thinner was later confirmed by seismological work (see, for example,
Sheridan, 1969). That compensation occurs at much greater depth than the
Moho (100 km as opposed to 40 km) suggested that slight variations of
density within the mantle could also account for subsidence; these
variations of densities could be related to thermal expansion (Hsu, 1965).
Ocean-floor studies strengthened that idea (Vogt and Ostenso, 1967) and
analysis of well data showed that the eastern United States continental
margin subsidence could be explained by thermal cooling of the lithosphere
with a time constant similar to that of the ocean floor (Sleep, 1971).

However a thermal anomaly alone would lead to initial uplift and, as
it decays, to a return to the initial elevation with no net subsidence.
Therefore the development of a sedimentary basin requires the occurrence of
another event which either thins (Sleep, 1971) or increases the density of
the crust (Falvey, 1974). These two events, crustal change and deeper heat
input, do not have to be synchronous (Hsu, 1965; Sleep, 1973; Sengor and
Burke, 1978; Sclater et al., 1980), to involve the same spatial scales
(Hellinger and Sclater, 1983) or to occur over the same time scales.

From these observations and concepts, two main models have been
developed (Sengor and Burke, 1978).

The first one, "active rifting"” considers that the original and
determinant event is the thermal anomaly. This implies that the early
phase of rifting is characterized by a regional uplift (Sleep, 1971;
Falvey, 1974; Falvey and Middleton, 1981). The crustal event posed a
problem since it was argued that the thermal event could not generate
enough tensile stresses to stretch the crust (Artemjev and Artyushkov,
1971, Salveson, 1978, Fitton, 1983). It was then suggested that the crust
was thinned either by subaerial erosion (Sleep, 1971), but the amounts
involved appeared unrealistic, or by subcrustal erosion or delamination

(Artyushkov, 1981). Deep metamorphism could also increase the crust



density (Falvey, 1974; Falvey and Middleton, 1981). More recent work
claims that crustal extension actually can be produced by thermal anomalies
at depth (Artyushkov, 1973; Fleitout and Froidevaux, 1982).

The second model, "passive rifting”, considers extension as the
primary phenomenon; the thermal anomaly 1is then viewed as the result of
passive upwelling of hot mantle by isostatic response (Artemjev and
Artyushkov, 1971; Tapponnier and Francheteau, 1978; Salveson, 1978;
McKenzie, 1978a). This simple model, the uniform extension model, allowed
for a lot of quantitative predictions (McKenzie, 1978a). One of the
sharpest differences with the "active” model is that here the initiation is
characterized by an isostatic adjustment which produces quick and
eventually large initial subsidence instead of uplift. It is followed by a
long-term subsidence due to thermal contraction of the cooling lithosphere
as that of Sleep (1971). This model was quickly and widely applied to back
arc basins (McKenzie, 1978b; Angelier, 1981), continental basins (Sclater
and Christie, 1980; Sclater et al., 1980; Steckler and Watts, 1980; Brunet
and LePichon, 1982; Wood and Barton, 1983) and continental margins
(Steckler and Watts, 1978; Watts and Steckler, 1979, 1981; Royden and Keen,
1980; Royden et al., 1980; Watremez, 1980; Cochran, 1981; Keen et al.,
1981; LePichon and Sibuet, 1981; Sawyer et al., 1982a, 1982b; Sawyer, 1982;
Beaumont et al., 1982) and found to be reasonably compatible with the data.
Its popularity was further reinforced by the observation of crustal
extension (Profett, 1977; McKenzie, 1978b; Salveson, 1978; DeCharpal et
al., 1978; LePichon and Sibuet, 1981; Bally et al., 1981; Wernicke et al.,
1982a,b).

However, evidence against large initial subsidence (Royden and Keen,
1980; Sclater et al., 1980; Royden et al., 1983), the existence of marginal
uplift (Hellinger and Sclater, 1983; Steckler, 1985) and evidence of
differential extension at depth (Camus, 1981; Avedik et al., 1982; Chenet
et al., 1982; Ginzburg et al. 1985) led to a third model, the non-uniform
or two-layer extension model. This model seems to reunite "active" and
"passive" rifting by decoupling the crustal extension from the lower
lithosphere "extension" which appears as a simple representation of a deep
thermal anomaly; according to the relative importance of crustal and

subcrustal stretching, initial uplift or subsidence can be predicted. The



lithosphere is considered to be composed of a brittle and a ductile layer
(Artemjev and Artyushkov, 1971; Salveson, 1978; Tapponnier and Francheteau,
1978). 1In this model, the extra heat brought by secondary convection under
the flanks of a rift zone can be represented by thinning of the lower
lithosphere (Buck, 1984; Fleitout et al., in press, Steckler, 1985).

Finally 1f one sees rifting as controlled by a few active hot spots (Morgan,
1983) then one should expect the relative importance of active and passive

mechanisms to vary along strike, as allowed by this model,

2.2 PROBLEMS OF MODELS
2.2.1 Uplift or not?

An essential criteria to consider when selecting models is how much
initial uplift or subsidence occurred during the early evolution (20-30 MY
after onset of rifting) of basins. Unfortunately this early evolution is
recorded in the deepest, therefore least known, sediments of most basins.
Hence the continuing arguments for and against the existence of an uplift
phase (Kent, 1980). In most cases it is not clear whether the "post rift
unconformity" occurs during emergence (Falvey, 1974) or under deep water (De
Charpal et al., 1978). It could be an indication either of uplift or of a
change in structural style from fault controlled subsidence to more regional
subsidence. Moreover, uplift, as long as confined to the periphery of a
basin, can be accommodated within an extensional framework by effects of
lateral heat transfer (Watremez, 1980; Watts et al., 1982), flexural
response (Watts et al., 1982) or non-uniform extension (Hellinger and
Sclater, 1983; Steckler, 1985).

2.2.2 Loading response

The models discussed above deal with the "tectonic subsidence™ only,
i.e., the subsidence that a basin would undergo if it were not filled with
sediments. They must then be combined with a model for the loading response
of the lithosphere in order to be compared with the observed total
subsidence. This loading response is poorly understood (Watts, et al.,
1982) but its contribution to the total subsidence is of the same order of
magnitude as that of tectonic models. Any comparison relating data to the
tectonic model is done after correcting with a poorly known loading response

model.
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2.3 CHOOSING A MODEL FOR THE CAROLINA TROUGH

Both the geology of the east coast continental margin of the United
States (Chapter 3) and previous work concentrating on the Baltimore
Canyon trough and Georges Bank basin where both well and seismic reflection
data are available, show that extension models are a useful framework of
investigation (Steckler and Watts, 1978, Watts and Steckler, 1979, 1981;
Sawyer, 1982; Sawyer et al., 1982a, 1982b).

In this thesis, I apply these models to the Carolina trough, also
located on the East coast continental margin, where seismic stratigraphy is
available but where no deep well has been drilled, in order to obtain
predictions on its tectonic and thermal evolution. The linear geometry of
this basin makes it particularly suitable for two dimensional modeling
(Hutchinson et al., 1982).

I concentrate on the uniform extension model (McKenzie, 1978a) for two
reasons. First, previous work in other basins of the Eastern United States
continental margin (Watts and Steckler, 1981; Sawyer, 1982; Sawyer et al.,
1982a, 1982b) found it reasonably compatible with subsidence data from up
to 140 MYBP even though the oldest data deviate from it. Second, the lack
of reliable early paleowaterdepth data within the Carolina trough make it
difficult to constrain the extra degree of freedom brought in by non
uniform extension. Moreover the extension coefficient obtained by uniform
extension should be very similar to the crustal extension that would be
predicted by two layer extension in a basin as old as the Carolina trough.
I will, however, also consider non uniform extension, as underconstrained
as it will be, as a mean of evaluating the sensitivity of the results to
this assumption.

Rifting started onshore 225 MYBP at the earliest and finished 175 MYBP
with the onset of oceanic spreading (see Chapter 3). Rifting may then have
lasted a maximum of 50 MY, but a duration of 20 MY might be more
appropriate for the offshore basins (Schlee and Klitgord, in press). I
prefer to use the instantaneous extensional model (McKenzie, 1978a) instead
of the finite extension rate model (Jarvis and McKenzie, 1980) firstly
because the range of possible durations of rifting is too wide to exploit
the extra information brought by the latter model, secondly because it is
simpler, and thirdly because the difference between these two models,
assuming the longest rifting duration, remains acceptable though not
negligible. I will evaluate the error involved by that approximation by
considering two different origin times: 200 MYBP and 175 MYBP.



2.4 APPLICATION OF THE EXTENSION MODEL TO A MARGIN

McKenzie (1978a) studied the evolution of a columm of lithosphere
which is uniformly stretched (Appendix A), and where initial and thermal
subsidence can be computed analytically by assuming a local isostatic
response. However, in a continental margin the amount of stretching should
vary from the continent to the ocean, as well as we expect the response of
the lithosphere to the sediment loading to increase the subsidence. We
then model the evolution of such a margin by the three following steps:

2.4.1 Pre-rift stage

We consider the lithosphere to be divided into a series of columms
(Fig. 2.la) which are assumed to be of the same thickness and to be in
thermal equilibrium. These two assumptions are debatable: the last
Appalachian orogenic events, the Alleghenian events, are Permian and
occurred 50 to 80 MY before rifting started (Chapter 3).

2.4.2 Rift stage: initial subsidence

Each column undergoes a different amount of stretching (Fig. 2.1b).
We assume that the isostatic response is local as did McKenzie (1978a) so
that the subsidence of each column can be treated independently from the
others. This simplification is also arguable since the flexural rigidity
of the thinned 1lithosphere affects the initial configuration by adding a
slight doming effect to the main subsidence effect, as shown for
mid-oceanic ridges (Tapponnier and Francheteau, 1978).

The model considers the "rift stage" crust (see Hutchinson et al.,
1982) as stretched continental crust. This concept cannot be extended to
the oceanic crust which is generated in a different fashion., Neither can
one consider that the oceanic part corresponds to an infinite stretching
since that would not leave any crust. I therefore define the initial
oceanic lithosphere to have a finite crustal thickness and a thermal state
compatible with mid-oceanic ridge observations and to be isostatically
balanced with the unstretched continental lithosphere. The boundary
between the two models, stretched continent and ocean, will be taken at the
East Coast Magnetic Anomaly which marks edge of the oceanic crust (Chapter
3). The details of this procedure are given in Appendix A.

11
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2.4.3 Post-rift stage: thermal subsidence and loading

The sediment loading and the slow disappearance of the thermal anomaly
(Fig. 2.1c) which corresponds to the drifting of the continent away from
the spreading center increase the subsidence. This subsidence can be
evaluated in two different ways:

In the first way, the one dimensional model (Chapter 4 and Appendix A),
we assume that the behavior of each column is not influenced by its
neighbors. We then assume Airy pointwise isostasy for the loading response
(Appendix B) and neglect the effect of the lateral heat flow in the thermal
calculations. We can then apply McKenzie's (1978a) analytical solutions to
evaluate the thermal subsidence. This approach does not take into account
the thermal’blanketing effect of the sediments.

In the second way, the two dimensional model (Chapter 5 and Appendix
C), we will take into account both the flexural rigidity of the lithosphere
for the loading response, and the effect of lateral heat flow and thermal
blanketing by the sediments for the thermal calculation. The schematized
cross section of the margin (Fig. 2.1b) is treated as a whole; McKenzie's
(1978a) analytical formula can no longer be applied and is replaced by a
finite difference computer simulation designed by Sawyer (1982) which solves
the heat equation numerically. This simulation, besides predicting the
subsidence history, allows us to keep track of the temperature history of
any packet of deposited sediments, which can be applied to predicting
hydrocarbon maturity (Royden et al., 1980).

In this two dimensional framework, I also will apply a non uniform
extension model (Chapter 6 and Appendix D) which appears just as a
different setting of the initial conditions. )

The simpler one dimensional model is used first to give first order
results and to evaluate various sources of errors in these predictions. The
more complex 2-D simulation is used to give more detailed subsidence and
thermal predictions.. Non-uniform extension is used to estimate the effect
on the thermal predictions of extra subcrustal heat suggested by the early
paleogeography of the basin. Since these models do not take into account
the actual geometry of stretching by normal faults, they will be acceptable
only if we are interested in features which have a longer wavelength than
the spacing between faults. This is probably valid for the thermal and
loading parts of the subsidence but may not be valid for the initial

subsidence.



Figure Caption

Fig. 2.1. Application of extensional models to a margin (we only
represent the crustal part).
2.la: Before extension we consider the future margin as a set of
blocks.
2.1b: Each block has been extended by a different amount B.
2.1c: The blocks have subsided thermally and have been loaded by

sediments.
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CHAPTER III

BACKGROUND: THE CAROLINA TROUGH

It is a capital mistake to
theorize before one has data

Sir Conan Doyle, "Scandal in Bohemia", 1891

15



16

3.1 INTRODUCTION

This section has four main goals.

First, to show that the regional geology and the seismic stratigraphy
within the Carolina trough support an extensional origin for that basin
despite the lack of definite evidence of extension in {it.

Second, to evaluate the rifting duration and the origin time of thermal
decay since these factors are crucial in establishing initial condition for
our model.

Third, to also evaluate the paleogeography since it is the only truly
independent check that we have on the rates of subsidence that our model is
going to predict. The early paleogeography is the most crucial since it
strongly constrains the amount of heat input; unfortunately, it also happens
to be the least known.

Fourth, to describe the constraints that we derive from the data for
the modelling: the origin time of thermal decay, the sediment budget, the
sediment properties, the total present subsidence.

Because data on the Carolina trough are limited to seismic stratigraphy
which 1is controlled only by wells in neighboring basins, we will have to
rely on regional trends. We will then try as much as possible to discuss
for each topic not only what is known, and how it is known, but where it is
known, which is the best way, in our mind, to estimate the reliability of

what remains an extrapolation.

3.2 PHYSICAL DESCRIPTION

The Carolina trough belongs to a series of basins located on the East
Coast of North America which are linked with the opening of the Atlantic
Ocean (Heezen, 1968, 1974): the Scotian, Georges Bank, Baltimore Canyon,
Carolina Trough and Blake Plateau offshore basins and Newark group onshore
basins (Klitgord and .Behrendt, 1979) (Fig. 3.1).

It is separated from the Blake Plateau basin to the south by the Blake
Spur fracture zone and from the Baltimore Canyon trough to the north by the
Norfolk fracture zone; it is bounded on its landward side by the Brunswick
Magnetic Anomaly [BMA] and on its seaward side by the East Coast Magnetic
Anomaly [ECMA] (Klitgord and Behrendt, 1979). Recent COCORP profiles in
Georgia suggest that the BMA is associated with a Paleozoic suture (Nelson
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et al., 1985). The ECMA is interpreted as the edge of the oceanic crust
(Keen, 1969; Klitgord and Behrendt, 1979), an interpretation supported by
refraction and gravity studies (Sheridan et al., 1979; Grow et al., 1979a,
Hutchinson et al., 1982).

This trough is a deep (more than 11 km of post Paleozoic sediments) and
narrow (200 km wide) linear feature which strikes along the axis of opening of
the Atlantic ocean (Klitgord and Behrendt, 1979, Grow and Sheridan, 1981,
1982). 1t is then particularly suitable for two dimensional modeling and is
well represented by a cross section (Hutchinson‘sg_glL, 1982). We show such a
cross section (Fig. 3.2) where the stratigraphy (Table 3.1) is interpreted
from USGS seismic reflection line 32 (Klitgord, unpublished work) and the Moho
depth is estimated by gravity modeling (Fig. 3.3) (Hutchinson et al., 1982).
This gravity model is subject to potentially large errors due to the poor
control on sediment densities in the deepest part of the basin (Barton, in

press).

3.3 TECTONIC HISTORY

3.3.1 Rifting

Regionally, the basement and synrift sediments have been studied in the
Newark group of basins (Cornet et al., 1973; Cornet and Traverse, 1975; Van
Houten, 1977, 1980; Olsen, 1980; Olsen et al., 1982), and drilled in the
Scotian basin (Jansa and Wade, 1975; Given 1977) and the Georges Bank basin
(Austin et al., 1980; Scholle and Wenkam, 1982; Poag, 1982a,b; Schlee and
Fritsch, 1982; Schlee and Klitgord, in press). Related basins in Morocco
yield strikingly similar information (Cousminer and Manspeizer, 1976;
Manspeizer et al., 1978).

In all these places the Mesozolic sediments are separated from the
basement by a major unconformity which truncates older structures and includes
a depositional gap from at least Middle Permian (270 MYBP; time scale from
Harland et al., 1982) to Middle Triassic (230 MYBP) (Jansa and Wade, 1975;
Given, 1977; Van Houten, 1977, 1980; Manspeizer et al., 1978; Olsen, 1980;
Poag, 1982a). The existence of such a gap as well as the fact that deposition
starts at the same time in Acadian as in Alleghenian regions as well as in
Morocco shows that the Middle Triassic tectonics is not a continuation of the
Appalachian orogeny, which ended with the Alleghenian events before

Mid-Permian, but a new extensional regime (Van Houten, 1977; Manspeizer et
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al., 1978) even if it is influenced by these older structures (Ballard and
Uchupi, 1975; Burke, 1976; Van Houten, 1977; Given, 1977). The basal
unconformity is then considered as the rift onset unconformity (Falvey,
1974; Given, 1977). From the published observations, it is not clear
whether this unconformity is a consequence of uplift (Ballard and Uchupi,
1975; Van Houten, 1980) or stability (Van Houten, 1977); neither is it clear
whether, if uplift is considered, this uplift would be generalized or
limited to the flanks of the basins and if it would have occurred just
before or long before rifting; this latter possibility would relate it to
older orogeny.

The oldest synrift sediments have been paleontologically dated as
Carnian (231-225 MYBP) in the Newark group (Cornmet et al., 1973; Olsen et
al., 1982) and on the Grand Banks (Jansa et al., 1980), landward of the
hinge zone. Seaward of the hinge zone the oldest sediments are inferred as
Middle Triassic (243-231 MYBP) in the Scotian basin (Jansa and Wade, 1975);
late Triassic (231-213 MYBP) microfossils have been found in the Georges
Bank basin (Poag, 1982a; Cousminer et al., 1984), but these are likely to be
reworked sediments (Schlee and Klitgord, in press). These sediments are
essentially non-marine in the Newark and Scotian basins (Jansa and Wade,
1975; Van Houten, 1977, 1980; Olsen, 1980) with eventual marine incursions
in Georges Bank basin (Poag, 1982a; Valentine, 1982; Cousminer et al., 1984)
and suggest a large initial subsidence by their coarse base in the Newark
basin (Van Houten, 1977) as well as by their large thickness in the Georges
Bank basin (Schlee and Fritsch, 1982).

The deposition is strongly fault controlled in all these places
(Sanders, 1963, Cornet et al., 1973; Jansa and Wade, 1975; Ballard and
Uchupi, 1975; Given, 1977; Van Houten, 1977, 1980; Austin et al., 1980;
Schlee and Fritsch, 1982) and accompanied by a first intense igneous event
(Van Houten, 1977; Manspeizer, 1980) which has been radiometrically dated
to peak at 191 MYBP (Sutter and Smith, 1979).

It should be noted that reliable ages for the synrift sediments are
available only for those basins located landward of the hinge zone (Schlee
and Klitgord, in press). The subsequent evolution also seems to

differentiate the basins situated on each side of the hinge 2zone.
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Landward, the Newark group stopped subsiding, their youngest sediments
being dated as Sinemurian (206-200 MYBP) (Cornet et al., 1973; Olsen et al.,
1982) and was uplifted and eroded, while seismic stratigraphy suggests the
same evolution for the basins of the Long Island platform located landward
of the hinge zone (Hutchinson et al., in press).

Seaward, continuing subsidence and marine invasion is recorded by salt
deposits (Jansa and Wade, 1975; Folger et al., 1979; Austin et al., 1980;
Poag, 1982a; Schlee and Fritsch, 1982). 1In the Scotian basin, pollen
indicates that the salt can be Carnian (231-225 MYBP) to Liassic
(213-188 MYBP) (Walton and Berti, 1978) while in Georges Bank a Late
Triassic (231-213 MYBP) age estimate (Poag, 1982a) may also be biased
because of reworked sediments (Schlee and Klitgord, in press). These
evaporites are synrift for three reasons: firstly they are dated younger
than the onset of oceanic spreading in Nova Scotia (Walton and Berti, 1978;
Jansa et al., 1980), secondly they are observed only on non-oceanic crust
(Van Houten, 1977) except in Nova Scotia (Uchupi and Austin, 1979) where
they might have flowed since emplacement (Austin, personal communication);
thirdly because they are inferred below the Post Rift Unconformity in the
Baltimore Canyon trough (Grow, 1980; Schlee and Jansa, 1981).

In the Carolina trough, a strong seismic reflector (reflector 19, Fig.
3.2) supports the existence of salt (Grow and Markl, 1977; Dillon et al.,
1982); it is observed only between the hinge zone and the ECMA, thus on
non-oceanic crust. Below that reflector it is difficult to trace any
coherent arrival: the basement depth is then only poorly estimated and the
nature and thickness of older synrift sediments is unknown. Landward of the
hinge zone, a Triassic or older graben is inferred below the Brunswick
magnetic anomaly which also corresponds to a negative gravity anomaly and to
landward dipping reflectors within the acoustic basement (Klitgord and
Behrendt, 1979; Hutchinson et al., 1982). However the existence of that
graben remains conjectural since diffraction caused by an eroded basement
surface or by an inferred Paleozoic suture zone (Nelson et al., 1985) could
also account for these anomalous reflectors. Thus, there is no definite

evidence of block faulting of the basement in that basin.
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3.3.2 Onset of Oceanic Spreading

The onset of oceanic spreading is estimated at 175 MYBP independently
by extrapolation from sea floor magnetic and drilling data (Klitgord and
Grow, 1980) and by radiometric dating (Sutter and Smith, 1979) of a second
widespread igneous event which is believed to occur at or just before
spreading (Scrutton, 1973) as confirmed by paleomagnetism (Smith and
Noltimier, 1979).

There are three conspicuous geological records closely related in time
to that event: firstly an influx of clastics (Schlee and Jansa, 1981;
Uchupi et al., 1982) is observed in the Scotian (Jansa and Wade, 1975) and
Georges Bank basins (Austin et al., 1980; Poag, 1982a; Schlee and Fritsch,
1982); secondly, a series of dikes accompanied by normal faults which cut
through the synrift sediments (Van Houten, 1977) and which are thought to be
related to the opening stress field (May, 1971); thirdly, the Post Rift
Unconformity observed in the Scotian (Uchupi and Austin, 1979), Georges Bank
(Uchupi and Austin, 1979; Austin et al., 1980; Schlee and Fritsch, 1982),
Baltimore Canyon (Grow, 1980; Schlee, 1981) and Carolina trough basins
(Dillon et al., 1982; Hutchinson et al., 1982) and interpreted as Falvey's
(1974) breakup unconformity.

The Post Rift Unconformity (PRU) has been interpreted as an indication
of emergence (Falvey, 1974; Austin et al., 1980; Hutchinson et al., 1982) or
of uplift (Ballard and Uchupi, 1975), but observations only show evidence of
erosion limited to the landward periphery or to the basement highs of the
basins (Given, 1977; Uchupi and Austin, 1979; Austin et al., 1980; Schlee
and Jansa, 1981; Grow and Sheridan, 1981; Schlee and Klitgord, in press).
Recent seismic interpretation documents that, on the Long Island Platform,
uplift and erosion occurred landward of the hinge zone, while seaward of it
deposition seems continuous through the PRU (Hutchinson et al., in press).
Moreover, when occurring on basement highs, this unconformity is often
indistinguishable from the rift onset unconformity which can be related to
erosion occuring long before rifting. The oldest sediments overlying this
unconformity have been paleontologically dated from Late Early Jurassic (200
to 175 MYBP) in the Scotian basin (Barss et al., 1979) to Bajocian-Bathonian
(181-169 MYBP) in Georges Bank (Ascoli, 1983; Schlee and Klitgord, in

press).
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All this shows that the same geometrical unconformity can be associated
with different events at different places and that it may also be time
transgressive. In the Carolina trough, landward of the hinge zone, the Post
Rift Unconformity (Dillon et al., 1982; Hutchinson et al., 1982) is
indistinguishable from the rift onset unconformity except over the inferred
Brunswick graben, and may have been associated with some erosion (Hutchinson
et al., 1982). Seaward of the hinge zone it is not observed and is
therefore assumed to coincide with the top of the inferred synrift salt.

3.3.3 Post rift sedimentation

Regionally, the post-rift are more evenly distributed than the synrift
sediments (Burke, 1976; Folger et al., 1979; Schlee and Fritsch, 1982). A
fault controlled Cenozoic depocenter on the Florida-Hatteras shelf appears
to be an exception (Paull and Dillon, 1980).

The seismic data suggest that a paleoslope developed in the late
Jurassic in the Carolina trough and that from late Jurassic to present,
sedimentation occurred at shallow depth landward of this slope as observed
in the Blake Plateau to the south (Dillon et al., 1985), and in northern
basins (Austin et al., 1980; Schlee and Jansa, 1981; Schlee, 1981; Schlee
and Fritsch, 1982).

During the Jurassic, the inferred setting for the Carolina trough is a
shallow water carbonate platform bordered seaward by a reef which
controlled the position of the slope as observed in northern basins (Schlee
et al., 1979; Austin et al., 1980; Schlee and Jansa, 1981; Grow and
Sheridan, 1982; Schlee and Fritsch, 1982). However the existence of that
reef has not been proven and it may. have been eroded during the Cenozoic.

In the northern basins the Cretaceous started with a regression and was
marked by a growing influx of clastics which buried the reef (McIver, 1972;
Jansa and Wade, 1975; Given, 1977; Austin et al., 1980; Schlee and Jansa,
1981; Uchupi et al., 1982; Schlee and Fritsch, 1982). By the late
Cretaceous, the water depth above the shelf may have increased (Popenoe,
1985) as observed in the Southeast Georgia Embayment (Poag and Hall, 1979)
and in the Blake Plateau (Pinet and Popenoe, 1985; Dillon et al., 1985).
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The Cenozoic is marked by major erosions (Grow and Markl, 1977; Grow et
al., 1979b; Dillon et al., 1979, 1985; Schlee et al., 1979; Folger et al.,
1979; Austin et al., 1980; Uchupi et al., 1982; Schlee and Fritsch, 1982;
Popenoe, 1985). These events can be correlated not only with a major
mid-Oligocene sea level drop (Vail et al., 1977) but also with the omset of
two currents during the Eocene: the shallower Gulf Stream flowing to the
North and the deeper cold Western Boundary Undercurrent (Uchupi et al.,
1982; Mountain and Tucholke, 1985; Popenoce, 1985) due to the opening of
Arctic water to the Atlantic (Burke, 1977, 1979). The Gulf Stream eroded
the shelf during sea level high stand and the upper slope during sea level
low stand while the Western Boundary Undercurrent eroded the slope and rise
(Popenoe, 1985). As a result the slope in the Carolina trough was cut back
by about 30 km (Grow and Markl, 1977). In the Carolina trough these
erosions were followed by an intense Miocene and younger sedimentation on
the continental rise which pushed the slope seaward again (Grow and Markl,
1977).

3.3.4 Conclusion

(1) Rifting started around 225 MYBP (Carnian) onshore and eventually
later, during the Triassic, offshore since it seems to have shifted from the
former to the latter location (Sanders, 1963; Van Houten, 1977; Schlee and
Fritsch, 1982; Klitgord et al., 1983; Hutchinson et al., in press). While
rifting stopped and may have been followed by an episode of uplift onshore,
continuing subsidence led to marine invasion and evaporite deposition
offshore.

The whole evolution is qualitatively compatible with a model which
predicts a fault controlled initial subsidence due to crustal extension,
and eventual uplift on the flanks due to either flexural response, lateral
heat transfer or more intense subcrustal "extension®.

(2) Spreading started 175 MYBP (Bathonian) and was followed by a
slower subsidence, also more regular in space, compatible with the thermal
subsidence predicted by extensional models. The major perturbations to the
sedimentation can be attributed to sea level changes or oceanic currents

rather than to local tectonic events.
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3.4 PALEOWATERDEPTH

Past subsidence predictions can be checked by past sediment thickness
and paleowaterdepth. The seismic stratigraphy gives some estimate of past
paleowaterdepth across the Carolina trough (Klitgord, unpublished work). For
that, we divide the cross section along line 32 (Fig. 3.2) into 5 parts:

Zone A (Shot Points 800 to 2000):
This zone corresponds today to the shelf: 1its water depth is less than
50 m. The oldest sediments are late Jurassic which may mean that this area
was either emergent or at sea level from rifting until late Jurassic. From
Late Jurassic until today deposition occurred in shallow water.

Zone B (Shot Points 2000 to 3100):
This zone extends from the present shelf break up to the basement hinge
zone. The oldest sediments are mid-Jurassic hence this area must have been
at or above sea level until that time. From then until the Eocene
deposition occurred in shallow water. Since the Eocene, the Gulf Stream has
eroded this shelf and, as a result, water depth varies from 200 m to 600 m
today.

Zone C (Shot Points 3100 to 4200):
This zone extends from the hinge zone to the late Jurassic paleoshelf edge.
The oldest sediments are synrift and until late Jurassic the paleowaterdepth
is unknown. From late Jurassic until Eocene shelf deposition is inferred
(less than 200 m of water depth). Since the Eocene, Gulf Stream erosions
increased the water depth which today varies from 700m to 2200m. Also salt
tectonics have been active in this zone since the Jurassic (Dillon et al.,
1982) and may have altered the total stratigraphic thickness.

Zone D (Shot Point 4200 to 4600):
This zone extends from the Jurassic shelf break to the ECMA. Two markers are
present here: the ECMA and a salt diapir. The ECMA represents the
oceanward edge of rifted crust, while the salt diapir is believed to mark
the oceanward edge of the synrift deposits. Paleowaterdepth is unknown
until late Jurassic; from then on it seems to be a continental rise
environment.

Zone E (Shot Point 4600 to 5600):
This area is underlain by oceanic crust. Rise environment has prevailed
since oceanic spreading began and the oldest sediments would be middle

Jurassic in age. Intense sedimentation has occurred since the Miocene.
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3.5 CONSTRAINTS ON THE MODELS
We use three sources of information to constrain our models and we
evaluate their error ranges.

3.5.1 Origin time of thermal decay

Our model will assume instantaneous rifting even though rifting may
have started as early as 225 MYBP or as late as 195 MYBP and terminated
with oceanic spreading 175 MYBP.

In order to evaluate the errors involved in that approximation we will
consider two cases:

- in the first case we assume an instantaneous rifting and spreading
event at 200 MYBP. The synrift sediments are then deposited between
200 MYBP time and 175 MYBP.

- in the second case we assume an instantaneous rifting and spreading
event at 175 MYBP. The synrift sediments are then instantaneously
deposited at 175 MYBP.

In both cases the post rift sediment will be added progressively after
175 MYBP.

3.5.2 Present total subsidence and sediment budget

The fundamental constraint on all the models that we will discuss is
that the tectonic subsidence they predict for today added to the loading
effect of the present sediment pile equals exactly the present basement
depth. This requires knowing both the present water and basement depth.
Moreover, past reconstructions will require us to know the past sediment
thickness. All these sediment thicknesses are obtained from the USGS seismic
line 32 (Klitgord, unpublished data) which has been chosen as the base of our
model because of its good basement reflections. We model the section from
SP 800 (40 km from the coastline) to SP 5600 (280 km from the coastline) by
25 columns of equal width (10 km or 200 Shot Points). Estimates of the ages
of the reflectors ideritified on that line are given on Table 3.1 and their
depth is shown on Fig. 3.2.

We ignored the Brunswick graben in the modeling that we present here
because its existence is still conjectural. It is not known if it is a

syn-or pre-rift structure, and its geometry is not well defined. Moreover in



25

an attempt to include it we realized that the model would attribute its
subsidence to a Moho upwarp right below it. This did not appear to be a good
assumption because of the implied narrow horizontal scale. A salt diapir
located around SP 4400 has also been neglected because our modelling could
not simulate the flow of salt through time; the depths of the reflectors
which were affected by this diapir have been replaced by values interpolated
between neighboring shot points.

Because there 1is no clear basement reflection between shot points 3400
and 5200: we considered, apart from a standard interpretation taken from
Hutchinson et al. (1982), two extreme interpretations. Overall, even when
the problem of interpretation is settled, an assumed uncertainty of 10% on
seismic velocities led to an extra 10% of error on the depths. This
results in 3 sets of basement depth: a best estimate and two extreme
estimates (Fig. 3.4).

3.5.3 Sediment physical properties

Because there is no deep well within the Carolina trough, the physical
properties of the sediments are not known; therefore we used the properties
from the 4 COST wells drilled in the Georges Bank and Baltimore Canyon
basins. The porosity can be be represented by an exponential function of
depth and the observed range of porosities can be bounded by two extreme
exponential laws (Fig. 3.5) (Sawyer, 1982). Even though these extreme laws
are conservative estimates for the error range on the entire sedimentary
column, we think it is reasonable to use them because we are applying
sediment properties from other basins to the Carolina trough where the

lithologies are not yet known.
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TABLE 3.1

Seismic Reflectors Observed on Line 32
[ Klitgord, unpublished work ]

SHELF
label Definition Datation Correlation
type| explanation| ref | type| explanation| ref | d Age (geologic) Age (MYBP)| type | ref
™)
1 2 seafloor - - - - -1 present 0 - -
2 1 a 1 COST B2,B3 a ?{ top Pliocene 2 1 c
3 1 a 1 COST B2,B3 a ?| top Miocene 5.5 1 c
4 1 a 1 COST B2,B3 a ?| top middle Miocene 11 1 c
555 1 a 1,3 | COST B2,B3 a 7| top Oligocene 24.5 2 c
6 1 lunconformity| a 1 COST B2,B3 a ?| middle Oligocene 31 1 c
7 1 a 1 COST B2,B3 a ?| Cretaceous top (Kt) 65 1 c
8 1 a 1 COST B2,B3 a ?| top Coniacian 87.5 2 ¢
10 1 a 1 COST B2,B3 a 7| top lower Cretaceous 97.5 1 c
11 1 a 1 COST B2,B3 a ?| top Neocomian 125 1 c
12 1 a 1 COST B2,B3 a ?| Jurassic top (Jt) 144 1 c
13 1 a 1 COST B2,B3 a 7| Tithonian 145 2 c
14 1,2 b 1 COST G1,G2 b ?| Kimmeridgian 152 2,4 c
15 {1,2 b 1 COoST G1,G2 b ?| top Callovian 163 2,4 c
16 1,2 b 1,3 COST G1,G2 b ?| top Bathonian 169 3,4 c
19 1,2 |PRU-Salt top] b 1 COST G1,G2 b ?| Bathonian 175 3,4 c
20 2 Basement b - COST G1,G2 b y - - - c
DEEP SEA
label Definition Datation Correlation
type| explanation| ref type! explanation| ref | d Age (geologic) Age (MYBP)| type | ref
(*)
1 2 seafloor - - - - -| present 0 - -
2 1 blue d 1 DSDP d 7| top Pliocene 2 1 c
3 1 d 1 DSDP d 7| top Miocene 5.5 3 c
4 1 marlin d 1 DSDP d 7| top middle Miocene 11 1 c
5 1 X d 1 DSDP d ?| middle lower Miocene 22 1 c
555 1 d 1 DSDP d ?| top Oligocene 24.5 3 c
6 1 AV d 1 DSDP d ?| middle Oligocene 31 1 c
7 1 At d 1 DSDP d 7| Cretaceous top (Kt) 65 1 c
8 1 d 1 DSDP d ?! top Coniacian 87.5 3 c
10 1 d 1 DSDP d ?{ top lower Cretaceous 97.5 3 c
11 1 B d 1 DSDP d 7| top Neocomian 125 1 c
12 1,2 J1 e 1,2 DSDP e 7| Jurassic top (Jt) 144 1 c
15 2 J2 e 2 - e 7| top Callovian 163 1 c
16 2 J3 e 2 - e 7| top Bathonian 169 1 c
20 2 Basement - - - - y - - - c
Definition types: Where and how is the reflector defined References: a: Poag, 1985
(1): Observed at a given depth in a well b: Poag, 1982b; Ascoli, 1983
(2): Observed at a given time on a seismic line c: Klitgord, unpublished work
Datation types: How the age of the reflector is estimated d: Tucholke & Mountain, 1979
1): By fossils in a well & Mountain & Tucholke, 1985
(2): By pinch-out on magnetically dated oceanic crust e: Klitgord & Grow, 1980

(3): By correlation with "global unconformities™ (Vail et al., 1977)

Correlation types: How is the reflector on line 32 linked to the place where it was defined.
(1) Traced continuously through seismic line network from definition area to USGS line 32
(2) Traced discontinuously but with confidence
(3) Traced discontinuously with doubts
(4) Correlated by sequence similarity

d : diachronous or not (y/n) ?

* Age from Harland et al. (1982)
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Figure Captions

3.1. Western Atlantic continental margin (modified after Klitgord and
Behrendt, 1979).

3.2. Simplified stratigraphy of line 32.

For modeling purpose, the depth to the reflectors [from Klitgord,
unpublished work] are taken every 10 km on a 25 column grid. As a result
the detailed geometry of the contacts is not faithfully represented. Age
of reflectors are given in Table 3.1. Dashed line corresponds to absence
of clear reflections. Zone A, B, C, D, E correspond to different
paleoenvironment histories.

3.3. Gravity model along USGS seismic line 32 (Hutchinson et al.,1982).
3.4. Uncertainties on the basement depth.

Standard estimate, Interpretation range and Range including
interpretation range and velocity error (Extreme range) are shown.

3.5. Porosity versus depth for all lithologies from core samples in the
COST B2, B3, Gl and G2 Wells (from Sawyer, 1982). The porosity versus
depth relationship will be taken of the form: ¢(Z) = ¢(0) exp(-CZ),
where ¢(Z) is the porosity at sub-bottom depth Z. The average behavior
of these sediments can be represented by: ¢(0) = 55% and C = 0.43 km~1,
while two extreme behavior would be obtained for: ¢(0) = 25% and

C =0.6 kml and ¢(0) = 75% and C = 0.3 km~l, The density of the matrix
will be assumed to be: pp = 2.7 g/cm3.
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CHAPTER IV

ONE DIMENSIONAL UNIFORM EXTENSION MODEL

Science is always wrong. It never

solves a problem without creating ten more.

G. B. Shaw

33
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4.1 INTRODUCTION

The purpose of this chapter is to determine whether the
one-dimensional extension model coupled with a local isostatic response to
the load can account for the observed total subsidence, gravity and
paleowaterdepth within the Carolina trough. Since the model set up is
described in Appendix A, we just recall that the procedure is in two steps
(Section A.5, Appendix A).

First, the model 1is constrained to predict the observed present total
subsidence (obtained from basement and water depth data). This determines
the extension factor 8 across the profile.

Second, crust thickness and past basin configuration are calculated,
using the extension factor B. The predicted crust thickness is then used
to compute gravity that can be compared with data while past basin
configuration can be compared to geological inferences.

The error due to uncertainties are evaluated by using extreme data

sets (see Chapter 1, table 1.1 and Chapter 3, section 3.5).

4,2 AMOUNT OF EXTENSION

The extension coefficient, B, for each column 1is the ratio of the the
predicted present crustal thickness to the assumed original crustal
thickness; crustal thickness being defined as the difference between the
Moho and pre-Mesozoic basement depth (Fig. 4.1). At this stage, setting the
origin time at 200 MYBP or at 175 MYBP makes no difference, since the
thermal subsidence after 175 MY is negligible.

4.2.1 Error

The error in crustal thickness due to the uncertainties in the
sediment properties is large and increases as the sediment thickness
increases from the land to the center of the basin where it reaches a
maximum of +40% of the prediction (Fig. 4.1). The error due to the
basement depth uncertainties is significant only in the central part of the
basin where the basement reflections are missing and where it also reaches
+40% of the predictions. Because of this large error range, our model
constrains the crustal thickness seaward of the hinge zone to be between 0
and 20 km (B>2). Better basement depth location and better knowledge of

the sediment physical properties would improve these predictions. However,
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even if our absolute determinations of B are poorly constrained, we can
still expect our relative values across the basin to be more reliable as
long as the data error do not correlate with the distance from coastline.
(This 1is probably true for basement depth errors but geological common
sense suggests that variations in sediment properties may correlate with
distance from coastline (Watts and Thorne, 1984)).

4.2.2 Comparison with gravity model estimate of crust thickness

Our model was set up to be consistent with Hutchinson's et al. (1982)
unstretched continental structure and oceanic structure, hence the good
agreement of predicted crustal thickness at these two end points (Fig.
4.1). Yet, between these two end points, our model, which predicts a smooth
transition, departs significantly from the gravity model of Hutchinson et
al. (1982) (Fig. 4.3) which predicts a two step transition.

At the landward end (40 to 120 km from coastline) the disagreement {is
within the error range allowed by sediment properties and our prediction
falls in between the gravity model (Hutchinson et al., 1982) and seismic
refraction estimates (James et al., 1968).

Across the hinge zone and seaward of it (120 to 180 km from coastline)
the error range is not sufficient to explain the disagreement. However,
the inferred Brunswick graben which was given density contrast with respect
to the rest of the crust by Hutchinson et al. (1982) is located on the
landward part of this area and may partly affect their crustal model.

Further seaward (180 to 240 km from coastline) the disagreement could
be fully accounted for by the effect of uncertainty in the basement depth
on our model. The gravity model is also poorly constrained in that area
due to poor control on sediment densities (Barton, in press).

4.2.3 Gravity predicted by the extension model

In order to test directly our prediction we computed the gravity from
the structure predicted by our model (Fig. 4.2) using the same procedure as
Hutchinson et al. (1982) (Fig. 3.3, Chapter 3), the only alteration being
the mid-crustal density discontinuity and Moho depth. If the Brunswick
graben is given a standard crustal density of 2.7 g/cm® (Fig. 4.2) instead
of 2.5 g/em3 (Fig. 4.2b) as in Hutchinson et al. (1982) a better fit is
obtained from 100 to 150 km from the coastline. However, our prediction

disagrees with the gravity data further seaward: a more abrupt transition
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than predicted by our model is needed across the hinge zone. Introducing a
flexural response in our model does predict such a more abrupt transition
(Chapter 5), but because this gravity modeling is poorly constrained
seaward of the hinge zone (Barton, in press) only refraction data would

provide a good test of these estimates.

4.3 THE DIFFERENT CONTRIBUTIONS TO SUBSIDENCE
4.3.1 Present situation
Assuming an origin time of 175 MYBP or 200 MYBP makes no significant

difference to the present different contributions to subsidence shown in
Fig. 4.3.

In the oceanic part, the tectonic subsidence (initial plus thermal
subsidence) is defined as the depth of unloaded seafloor of 175 MY (or
200 MY) of age. Once the loading subsidence is added, a misfit is observed
with the basement depth (Fig. 4.3). This misfit (less than 550 m) remains
roughly the same as the error on the seismically defined basement depth and
becomes smaller (less than 300 m) where the seismic basement is well
defined (SP 5200 to 5600). As expected, the fit is also better for
standard rather than extreme sediment properties. This misfit can then be
attributed to uncertainties in the basement picks, to the error range of
10%Z on the thermal subsidence amplitude set up which amounts up to 300 m
for the oceanic crust (Appendix A, Section A.4.7 and table A-2), and to
eventual oceanic basement irregularities which could be linked to the
buried seamount observed at the seaward end of line 32, outside the domain
modeled in this study.

In the non-oceanic part, the extension factor B was adjusted so that
the current tectonic subsidence plus the loading subsidence exactly matches
the total subsidence, i.e. the basement depth because zero elevation was
assumed prior to rifting. Clearly, many uncertainties in the data or
errors in the assumptions can be compensated for by a corresponding error
in the value of the extension factor, B. The error range on the tectonic
subsidence reaches *1.5 km, which is *25%, in the central part of the
basin. This error is mainly due to the uncertainty on the sediment
properties landward of the hinge zone and equally to the uncertainty of
both sediment properties and basement depth seaward of it.
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Sediment loading accounts for 40% of the subsidence at the landward
edge of the basin, 607 in the central part of the basin, and 45% in the
area with oceanic crust. This occurs because two factors are acting
against each other. On one hand, compaction causes the average density of
the sediments to increase with their thickness, resulting in a greater
loading effect, while on the other hand as the water depth increases, the
loading effect is less intense. The first effect is dominant across the
hinge zone while the second one is dominant across the slope.

The tectonic subsidence accounts therefore for from 40% to 55% of the
total subsidence seaward of the hinge zone. This is a large contribution
because the basin is not filled with sediments. This tectonic subsidence
is equally shared between initial and thermal subsidence except over the
oceanic crust where the share is 407 and 607 respectively.

The initial subsidence accounts for up to 307% of the total subsidence
landward of the hinge zone. This seems in contradiction with two
observations in that area: first there are no deposits of either synrift
or early postrift sediments, second it is possible that the PRU was
associated with erosion (Hutchinson et al., 1982). Two modifications of
the model can be considered to accommodate this factor. First, introducing
flexural rigidity would attribute more of the subsidence to the effect of
the loading of the central part and less to tectonic causes (Walcott, 1972;
Watts and Steckler, 1979), second assuming more subcrustal extension than
crustal extension would keep this area more elevated during and early after
rifting (Royden and Keen, 1980).

4.3.2 Evolution since rifting

We show (Fig. 4.4) the evolution of tectonic and total (basement

depth) subsidence for four different locations across line 32,

corresponding to the zone A, B, C and D (as defined in Chapter 3, section
3.4).

In the non oceanic part (A, B and C), the error range on the total
subsidence corresponds to the current uncertainty in basement depth while
the error range on the tectonic subsidence, of the order of 25%,
corresponds to the uncertainty on both sediment properties and, especially
seaward of the hinge zone, basement depth. These errors are reflected
directly in the early paleowaterdepths because when the amount of deposited
sediment is negligible, the water depth is entirely controlled by the
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poorly constrained tectonic subsidence. As sediment thickness increases,
these sources of error are damped and the water depth becomes the best
constrained prediction, as it is today. Independent estimates of early
paleowaterdepth and synrift sediment thickness would therefore considerably
help reduce the model uncertainty on these predictionms.

In the oceanic part (zone D), tectonic subsidence is assumed to be
well constrained (Parsons and Sclater, 1977), therefore the error in the
data are directly propagated into the waterdepths which are known only for
today. This known water depth is not an input of the model, but the
prediction for standard sediment properties matches it sufficiently well.

4,4 PALEOWATERDEPTHS

Paleowaterdepth predictions can be compared to interpretations from
seismic stratigraphy (described in Chapter 3) in two different fashions:
we can look at predicted cross sections of the basin at a fixed time or at
the waterdepth evolution at fixed location within the basin through time.
Setting rifting at 200 MYBP instead of 175 MYBP results essentially in an
increase of the overall waterdepth from rifting until 150 MYBP, we will
then discuss the model with rifting at 175 MYBP unless otherwise
specified.

4.4.1 Profiles at fixed time

Until the end of Callovian (163 MYBP) the waterdepths are not known
within the Carolina trough. Yet the model predictions (Fig. 4. 5a and

4.5b) are suspect for two reasons: first, the initial topography deepens
very gradually from land to sea without any significant hinge zone (Fig.
4.5a) which seems to develop later essentially by sediment loading (Fig.
4.5b); second the synrift (Fig. 4.5b) and later (Fig. 4.5c) sediments are
not deposited flat and their center of deposition doesn't seem controlled
by any topographic boundary; worse, the deposition seems to concentrate on
a high in the central part of the basin, leaving a significant trough
landward of the hinge zone unfilled.

The same anomalous pattern continues until at least the end of the
Jurassic (Fig. 4.5d and 4.5e): Area A and B (as defined in Chapter 3) are
400 m to 300 m too deep compared to area C while the shelf edge is very
poorly defined and smears into zone C which is inferred as shelf proper

from seismic stratigraphy.
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These anomalies tend to decay with time and by the end of the
Cretaceous (Fig. 4.5f) the top of sediment dips seaward. However area B
and C tend to be too deep for a shelf environment. The shelf edge is still
poorly defined, probably because the part which was eroded during the
mid-Oligocene 1s missing in our model.

The situation at mid-Oligocene time (Fig. 4.5g) looks like the
Cretaceous one, except that this time it is compatible with the inferred
greater depth due to underwater erosioms.

4,2.2 Evolution through time

To analyze these water depth problems further, the evolution through
time is shown at these locations along line 32 which represents zone A, B
and C. In this evolution contrary to what was discussed before the effect
of sea level change 1is included.

Zone A (SP2000, Fig. 4.6)

The predicted waterdepth is too deep until the mid-Oligocene to be
compatible with the inferred persistent subaerial to shelf environment.
This is especially true soon after rifting where depths of up to 750™ are
reached (Kimmeridgian).

Zone B (SP2800, Fig. 4.7)

The same pattern as in zone A is predicted. The deepest waterdepths
(more than 1 km) are reached soon after rifting (top Bathonian).

Zone C (SP3400, Fig. 4.8)

The early waterdepths are also deep but cannot be checked because
early paleodepths are unknown in this zone. The predictions are compatible
with the inferred shelf environment during the late Jurassic, but they
deepen again during the Cretaceous contrary to the inferred persistence of
shelf environment until mid-Oligocene.

4.2.3 Discussion

The predicted waterdepths are too deep and seem incompatible with the
inferred environment even if the error range due to uncertainties in
sediment properties and basement depths is taken into account. Assuming
rifting at 200 MYBP, which predicts an even deeper early environment, is
therefore ruled out on that basis. We will distinguish between two aspects
of this misfit: first, an overall too great depth in zones A, B and C,
from rifting until mid-Oligocene for A and B and from Coniacian to
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mid-0ligocene for C; second, a too great depth in area A and B relative to
C from rifting to end of Jurassic, which alters the shape of the predicted
profile.

The overall offset can be related to two types of approximations.
First, we did not take into account the amount of sediments eroded during
the evolution of the basin, yet most dated reflectors are erosional
unconformities. We then always underestimate the sediment thickness at a
given time, except just after an erosion. The predictions are then the
envelope of the deepest waterdepth, which are reached just after erosion.
This still means that according to our model these erosions would have been
active up to 500m under water.

Second, we can take into account the uncertainties on the model
parameters, or the model setup (Appendix A, section A.4.7). We can
estimate from zone A to C an error varying from 200m to 500m in the initial
subsidence, from 200m to 600m in the tectonic subsidence at the end of the
Jurassic, from 200m to 700m in the tectonic subsidence since the end of the
Cretaceous.

It is also independently inferred that the whole shelf may have been
anomalously deep during the Cretaceous (Pinet and Popenoe, 1985; Dillon et
al., 1985) which goes in the direction of model predictions. Finally, salt
tectonics in zone C does not seem a good explanation for the late
Cretaceous depth in that area because assuming a thicker sediment columm at
that time, because of more salt, would also require assuming a thicker
column at the end of the Jurassic; this would raise the elevation in the
Jurassic above sea level,

The too great depth landward of the hinge zone (zone and A and B)
relative to the area immediately seaward of it (zone C) after early rifting
suggests two modifications to the model: assuming a flexural response to
the sediment loading (Watts and Steckler, 1979) and/or more active heating
represented by greater subcrustal than crustal extension in that area
(Royden and Keen, 1980). However, to properly constrain a two-layer model
one would need an indication on the paleodepth just after rifting in zone
A, B and C: 1if zone A and B can be assumed at zero depth, paleodepth of
~zone C remains unconstrained. Shifting the origin time of rifting from
200 MYBP to 175 MYBP in the uniform extension model, as we did, is in some
way comparable to introducing extra subcrustal extension: in both cases

the early paleowaterdepth is reduced.
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4.5 CONCLUSION

This simple model shows that most predictions suffer a large error
range seaward of the hinge zone where the basement depth and the
properties of the thick sedimentary section are poorly constrained.

Even when that error range is considered, the model cannot account for
gravity data and inferred early paleogeography. This suggests that
introducing a flexural response to the loading would be appropriate.
Inferred early waterdepths may also indicate that more heat was present
during rifting than accounted for by the uniform extension model. A lesser
concern is that predicted post-Jurassic waterdepths are not very compatible
with observations but probably partly because they do not take into account
amounts of erosions which are not known; moreover this smaller problem

becomes close to the model resolution due to set up uncertainties.
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Figure Captions

4.1. Crustal thickness along line 32. According to our model this
thickness (in km) is equal to 40/B where B is the extension factor.
We compare estimates from seismic refraction (James et al., 1968) and
gravity modeling (Hutchinson et al., 1982) with estimates from our
extension model with origin time at 175 MYBP. Error range on our
model due to sediment property errors only, and to both sediment
properties and basement depth errors, are also shown.

4,2. Direct gravity calculation of model predicted structure.

4.2a: With Brunswick graben density at 2.7 g/cm3.

4.2b: With Brunswick graben density at 2.5 g/cma.

4.2c: Structure; the extension model predicts the position of the
moho and mid-crustal discontinuity; all other densities are from
Hutchinson et al (1982) (Fig. 3.3, Chapter 3). B: Brunswick graben.
4.3, Different contribution to subsidence along line 32 according to
our model starting 175 MYBP.

From top to bottom: predicted initial subsidence (Sinitial), thermal
subsidence (Sthermal), and loading effect (Sload). The sum of these
three components 1is the predicted basement depth. The error in each
of these estimates due to sediment properties errors only and to both
sediment properties and basement depth errors are shown. In the
continental part, the predicted basement depth is constrained to fit
the data from line 32, therefore the solid line represents both the
data and prediction. In the ocean, the basement depth prediction is
not adjusted to the data: the star represents the data while the
solid line represents the prediction.

4.4. Subsidence history at 4 different locations along line 32.
4.4a: model starting at 200 MYBP.

4.4b: model starting at 175 MYBP.

From top to bottom: predicted water depth, tectonic subsidence
(Stectonic), basement depth (Stotal); all these predictions are made
assuming no variation of sea level. The difference between the upper

and lower curve represents then the reconstituted sediment thickness
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through time while the difference between the median and lower curve
represents the subsidence due to the load.

(a) Standard estimate.

(b) Error range due to sediment propertles errors.

(c) Error range due to both sediment properties and basement depths
errors.

(d) Observed Waterdepth in the oceanic case.

(e) Observed basement depth in the oceanic case.

(f) Observed basement uncertainty range in the oceanic case.

Jt: Jurassic top; Kt: Cretaceous top;

Fig. 4. 5. Basin reconstruction according to the model starting 175 MYBP
without correction for sea level changes using standard estimates for
basement depths and sediment porosity. Two surfaces are shown: basement
and top of sediments.
4.5a Age = 175 MYBP: Initial subsidence before loading by synrift

sediments
4.5b Age = 175 MYBP: Situation after loading by synrift sediments
4.5c Age = 169 MYBP: (top Bathonian)
4.5d Age = 163 MYBP: (top Callovian)

4.5e Age = 144 MYBP: (top Jurassic)
4,5f Age = 65 MYBP: (top Cretaceous)
4.5g Age = 31 MYBP: (mid-Oligocene)

Fig. 4.6. Paleowaterdepths at SP 2000 on line 32.
4.6a: Upper solid curve is sea level according to Vail et al. (1977);
lower dashed line is maximum water depth as inferred from seismic
stratigraphy (Chapter 3, section 3.4). G: onset of Gulf Stream
environment.
4.6b: Model predicted water depth (Model starting 200 MYBP) corrected
for sea level. Jt: Jurassic top; Kt: Cretaceous top.
Continuous line: Standard prediction
Dot dash: Range of error due to sediment properties errors.
Dash: Range of error due to both sediment properties and basement
depth errors. .
4,6c. Same as Fig. 4.6b but model starts 175 MYBP.

Fig. 4.7. Paleowaterdepth at SP 2800.

Fig. 4.8. Paleowaterdepth at SP 3400.
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CHAPTER V

TWO DIMENSIONAL UNIFORM EXTENSION MODEL

'Tis a lesson you should heed,
Try, try again.
If at first you don't succeed,

Try, try again

W.E. Hickson, Try and try again.

54
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5.1 INTRODUCTION
Application of a simple one dimensional model to the Carolina trough

(Chapter 4) showed the need for more complete modeling, even when the large
error range due to data uncertainties was considered. We here apply a two
dimensional model (Appendix C) to evaluate the effect of more complex
assumptions. The constraints are the same as in the one dimensional model
(Chapter 3, section 3.5) and the major constraint on the extension factor
is that present day water depth be correctly predicted landward of the
ECMA. This model 1is based on Sawyer's (1982) finite difference simulation
and includes effects of thermal blanketing by sediments, lateral heat flow

and flexural response to the load.
In the case of flexural response, the lithosphere is assumed to be

composed of an elastic plate above an inviscid fluid. The thickness of the
plate is the depth to a relaxation temperature, TR, and therefore varies
both laterally and through time (Watt et al., 1982; Sawyer, 1982). Because
of supposed active faulting the synrift sediments are always assumed to be
locally compensated for. The postrift sediments are flexurally
compensated. For each value of TR the extension model will predict a
crustal structure, from which a gravity model will be computed. The
gravity data will then be compared to these models in order to constrain
the value of Tg.

Unless otherwise specified the model assumes iInstantaneous rifting
175 MYBP and immediate synrift deposition between 175 MYBP and 174 MYBP.
Another model assuming instantaneous rifting 200 MYBP with synrift
deposition until 175 MYBP was also developed but was less successful. It
will not be discussed further.

We will discuss in this chapter the predictions that can be tested
directly against observations and inferences: crustal thickness and
paleowaterdepth and paleostratigraphy. The thermal predictions, for which
no independent estimates exist, will be discussed in Chapter 7.
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5.2 AMOUNT OF EXTENSION

We represent the coefficient of extension by the predicted current
crustal thickness which is proportional to 1/B, for different values of
relaxation temperature (Fig. 5.1).

5.2.1 Flexural versus local loading response

There is a clear difference between the prediction obtained by

assuming a flexural response to the load, even in the case of a thin plate,
as the one controlled by the 250°C isotherm (at most 18 km under cold
continental crust and as small as 0 under oceanic crust at rifting time),
and the prediction obtained assuming pointwise isostasy. The flexural
model predicts a sharp reduction of crustal thickness across the hinge
zone: the crust is more than 31 km thick (B<1.3) 40 km landward of the
hinge zone and less than 15 km thick (B>2.7) immediately seaward of it.
The estimate of the extension factor across the hinge zone is therefore
very sensitive to the assumption of the loading response of the
lithosphere. The hinge zone corresponds to a major change in crustal
structure (Watts and Steckler, 1979).

The flexural prediction also appears more compatible with the gravity
model estimates (Hutchinson et al., 1982), but offset by about 20 km from
it. When the error range is considered, this offset results in a
disagreement only in the region from 130 km to 160 km from the coastline.
This offset results from the fact that the gravity model predicts a sharp
crustal reduction below the inferred Brunswick graben while the extension
model predicts it below the hinge zone, 20 km further seaward. We canp
imagine two reasons for that disagreement. First, the extension model
assumes that tectonic subsidence 1s due to 1lithospheric thinning right
below the area of subsidence, and we may be seeing the limitation of that
assumption which may not be valid below a 20 km horizontal scale. Second,
if the Brunswick graben is partly synrift it may correspond to some extra
crustal thinning. However, the extension model would once again localize
this crustal thinning right below it in contrast to the gravity model which
puts it seaward from its center (Fig. 3.3, Chapter 3), which sends us back

to the same problem of horizontal resolution of the extension model.
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5.2.2 Error range

To evaluate the error range due to uncertainties in basement depth and
sediment properties we inverted the two extreme sets of data which would
give the maximum and minimum estimate of extension: mainly a set where the
basement is taken at its deepest estimate and the porosity at its highest
estimate and a set where the basement is taken at its shallowest estimate
and the porosity at its lowest estimate. This was done for the relaxation
temperature of 350°C which is the most compatible with gravity data
(section 5.2.3). ‘

The resulting error range shows, as in the 1-D model (Chapter 4), that
the extension factor, B, is poorly constrained between the hinge zone and
the ECMA (Fig. 5.1). Moreover, in that area the flexural model predicts a
large amount of extension, and at large values B becomes very sensitive to
tectonic subsidence, therefore in errors in basement depth and sediment
properties. This may explain why the predicted crustal thickness is
irregular and why it was even more so in other estimates which we made
assuming flexural compensation of the synrift sediments, because in the
latter case errors in basement depth lead to a greater adjustment of
tectonic subsidence and lesser adjustment of loading effect.

Our model could not totally account for these extreme data in several
instances:

Landward of the hinge zone, 90 km to 100 km from the coastline, the
extreme choice of constraints which corresponds to smallest tectonic
subsidence cannot be fully accounted for by setting f=1 resulting in a
topographic misfit of at most 170m. In other words at that location the
loading effect alone predicts more subsidence than observed for these
extreme hypotheses.

Between the hinge zone and the ECMA, the extreme choice of constraints
which corresponds to the largest tectonic subsidence cannot be fully
accounted for even by setting B=e, or in other terms by assuming that no
crust is left. This results in a topographic misfit of at most 700m.

This shows that assuming extreme basement and porosity estimates
together is excessive and results in data which are at the limit of what
the extensional model could account for. However, there is no real lower

bound for the basement depth on the seismic record between the hinge zone
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and the ECMA. Therefore, if the basement was ever proven to be
substantially lower than our lower estimate in that area, the extension
model would have serious difficulties accounting for the corresponding very
large subsidence.

Seaward of the ECMA, the two extreme models misfit the topography by a
very large amount (up to 2.3 km). This suggests that these extremes are
excessive. Therefore they cannot be accommodated by Parsons and Sclater's
(1977) parameters which, after all, were designed to account for the
average subsidence of normal seafloor.

In the case of the one-dimensional model, there was no such
topographic misfit landward of the ECMA and only a smaller one seaward of
it (less than 1.6 km; fig. 4.3 of chapter 4) because more of the anomalies
are absorbed in the loading effect in the case of pointwise isostasy than
in the case of flexural response.

5.2.3 Gravity predicted by the extensional model

Since different assumptions about the loading response lead to
different crustal thickness estimates, an independent source of information
i1s needed to constrain these assumptions. Therefore we compute the gravity
predicted by the extensional model structure and compare it with data in
order to constrain the value of the relaxation temperature TR (Fig. 5.2).
The gravity calculations are done as in Hutchinson et al. (1982) but for
two modifications: the Brunswick graben is given a standard crustal
density of 2.7 g/cm3 and the mid-crustal density discontinuity and Moho are
those predicted by the extensional model for different values of TR. The
best fit occurs for TR between 300°C and 350°C (Fig. 5.2b and 5.2c). This
value is in the lower range of the 300°C to 600°C bracket observed for
oceanic lithosphere (Watts et al., 1980) but the same trend is observed for
the continental margin of Nova Scotia where, using the same modeling
techniques as ours, a best value of 250°C is obtained (Beaumont et al.,
1982).

The gravity fit is considerably enhanced by the introduction of
flexural rigidity (compare Fig. 5.2b with Fig. 5.2a) but the value of TR
remains poorly constrained because of large error both in the gravity
modeling due to uncertainties on the sediments densities (Barton, in press)
and in the extensional modeling due to uncertainties on basement depth and

sediment properties.
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Therefore a good test of both approaches and a better constraint on TR
would come from either reduction of these uncertainties or from independent
crustal thickness estimates by refraction data.

5.2.4 Thermal blanketing

The two dimensional local model (Fig. 5.1) gives slightly higher

estimates of extension than the one dimensional local model (Fig. 4.1 of
chapter 4). The maximum difference is about 30% and is reached in the

central part of the basin. The main cause for that difference seems to be
the effect of thermal blanketing which is included in the two dimensional
simulation and neglected in the one dimensional model. This raises the
temperature of the basement to 150°C while this temperature is assumed 0°cC
in the one dimensional model. The effect of the extra heat stored in the
1lithosphere on depth has then to be compensated for by more extension.
Other but less significant causes of difference between the two models
include slightly different parameter values and compensation depth

[Appendix A and C].

5.3 THE VARIOUS CONTRIBUTIONS TO SUBSIDENCE

The tectonic subsidence is obtained by running the simulation with the
same initial condition as the normal run but without adding sediments
during the evolution.

5.3.1 Present day situation

Introducing a flexural response modifies the predictions in opposite
sense landward and seaward of the hinge zone (Fig. 5.3). The loading
effect is less Intense seaward of the hinge zone, where the main load is
located and more intense landward of it, than in local isostatic estimates.
As expected, flexural response tends to spread out the loading effect and
reduce its peak. As a result, in order to maintain the same total tectonic
subsidence, imposed by the observed basement depth, the flexural model
predicts less tectonic subsidence landward of the hinge zone (up to 60% or
700m less) and more seaward of it (up to 20% or 1.1 km more) than the local

model.
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The flexural model tectonic subsidence shows more irregularities
seaward of the hinge zone than does the local isostasy model. There are
two reasons for this. First, by smoothing the loading effect in space, the
introduction of flexural rigidity increases the irregularity of the
tectonic subsidence as the sum of these two effects, which is the observed
basement depth, is a constraint on the model. This also accounts for the
enhancement of the hinge zone in flexural model. Second, because seaward
of the hinge zone, more of the total subsidence is attributed to the
tectonic subsidence, the basement irregularities have an enhanced effect on
tectonic subsidence. This in turn explains why the predicted crustal
thickness is irregular as mentioned earlier.

The initial and thermal subsidence remain of equivalent magnitude as
in the one dimensional model. The reduced amount of initial subsidence
landward of the hinge zone is more compatible with the absence of synrift
deposits and the inferences of early erosion. Yet, the model still
predicts this area to be initially submerged.

The two-dimensional local model predicts up to 400m more tectonic
subsidence than the one dimensional model in the center of the basin,
essentially to compensate for the effect of thermal blanketing by the
sediment.

5.3.2 Evolution through time

We show the predicted evolution through time of the water depth,
tectonic subsidence and total subsidence by both the local and flexural
models at 3 different locations corresponding to the three areas A, B, and
C (as defined in Chapter 3,section 3.4).

Zone A (SP2000, Fig. 5.4):

The local model (Fig. 5.4a) predicts a large (500m) initial subsidence
which results in a large early water depth. The tectonic subsidence
represents between 100% (early) and 55% (late) of the total subsidence and
is therefore the major contribution to subsidence. A slight lateral heat
flow tends to decrease the tectonic subsidence and therefore to maintain
higher elevations during the first 25 MY after rifting but its effect is
less than 100m.
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The flexural model (Fig. 5.4b) predicts a much smaller (150m) initial
subsidence which results in a small initial water depth. However an
intense (around 500m) loading effect which corresponds to the filling of
zones C and D with a thick Jurassic sequence increases the water depth to
700m during the first 25 MY after rifting. After 25 MY after rifting total
subsidence and water depth are similar to those of the local model.
However the loading effect which represents between 657% and 75% of the
total subsidence remains the major contributor to subsidence until today.
The effect of lateral heat flow is larger (up to 200m) and makes the
tectonic subsidence curve concave early after rifting. 1In both cases this
area receives extra lateral heat from seaward and this effect is enhanced
in the flexural model by the more abrupt transition.

Zone B (SP2800, Fig. 5.5):

This zone, also landward of the hinge zone, follows the same pattern
as zone A, The total subsidence and water depth predicted by the local
(Fig. 5.5a) and flexural (Fig. 5.5b) models differ only during the first
6 MY after rifting. The local model predicts an initial subsidence of
1.2 km, a tectonic subsidence that is 55% of the total subsidence and a
maximum lateral heat flow effect on tectonic subsidence of 200m while the
flexural model predicts 600m of initial subsidence, a 35% tectonic share of
total subsidence and up to 600m of lateral heat flow effect.

Zone C (SP3400, Fig. 5.6):

The comparisons are reversed as the hinge zone is crossed: the
flexural model now predicts a larger initial subsidence (2.8 km) than the
local one (2.2 km), a larger share of tectonic to total subsidence (55%
versus 40%) and the lateral heat flow tends to increase the early tectonic
subsidence (about 250m in local, 350m in flexural) because the heat is now
flowing landward towards the colder hinge zone. The water depth and total
subsidence (basement depth estimates) of the two models differ only before
the top of the Jurassic (31 MY after rifting).
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5.4 PALEOWATERDEPTH
5.4.1 Profiles at fixed times

Reconstituted cross sections of the basin are shown for 6 different
times for both the local and flexural model (Figs. 5.7 to 5.12). The two
dimensional local model has more realistic predictions than the one
dimensional model (Chapter 4) for the zone A,B,C. This is mainly due to
the lateral heat transfer which keeps zones A and B higher and zone C lower
early after rifting. However, the flexural model prediction looks even
more realistic in many different respects. First, the hinge zone is
present from the end of rifting time (Fig. 5.7b) where it separates shallow
zone A (up to 250m deep) and B (300m to 750m deep) from a deep trough (1 to
3 km deep) of zone C; it also controls the deposition of the synrift
sediments (Fig. 5.8b) which have an almost flat surface. Second, from the
end of the Callovian until the Cretaceous, the shelf edge is sharply
defined (see Fig. 5.9b, end of Jurassic, and 10b, end of Cretaceous),
especially if one considers that this edge was partly eroded during the
mid-Oligocene and that the missing sediments are not included in the
reconstruction. Besides predicting too progressive a slope, the local model
tends to unrealistically bend landward the reflector below that slope
because of differential loading (Fig. 5.9a).

At mid-Oligocene time (Fig. 5.11) both models give similar predictions
and the present predicted cross section (Fig. 5.12) was constrained to fit
the observations landward of the ECMA (Fig. 3.2, Chapter 3).

Three slight problems can be noticed. First, the flexural model
cannot account for a steep oceanic basement bend around the ECMA and this
results in a misfit in the present topography (Fig. 5.12b). Ho&éver this
occurs in an area where the basement picks are poorly constrainted (Fig.
3.4, Chapter 3). Second, both the local and flexural models predict
waterdepth 300m to 500m below expected on the shelf from the top Callovian
to Cretaceous. Third, the slightly convex shape of the shelf for the
flexural model at the end of the Jurassic (Fig. 5.9b) suggests that we are
close to the upper limit of acceptable flexural plate thickness.
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5.4.2 Evolution through time
As discussed with the results of the one dimensional model, (Chapter

4) because the model paleowaterdepth predictions (Fig 5.13) do not take
into account erosion phases, they represent the lowest envelope of
paleowaterdepth.

Zone A (SP2000):

Even though the flexural model predicts less initial subsidence than
the local model, the larger loading effect which comes during the first
23 MY after rifting makes both models predictions very similar by the end
of that period. The predicted depths (deepening from 170m initially up to
650m 23 MY after rifting for the flexural model) are therefore too large
for an inferred shelf or subaerial environment. Later, from the end of the
Jurassic to mid-Oligocene, the depth decreases from ~350m to 200m, which is
still slightly deep for a shelf especially if the Cretaceous sea level rise
is considered. After mid-Oligocene the current shelf built-up is well
represented by the predictions.

Zone B (SP2800):

Here again the flexural and local models, even though predicting
different initial subsidence (up to 400m of difference), agree by
6 MY after rifting (top Bathonian). They predict a water depth of more
than 1 km for that time which is, again, too large for a shelf environment.
From the end of the Jurassic to the end of the lower Cretaceous both
predictions are very close and deepen from around 300m to 500m. Later, the
flexural model predicts a rise during the Cretaceous and a fall after the
mid Oligocene which is consistent with the Cretaceous sea level rise and
mid Oligocene erosional event. The local model predictions seem
insensitive to these events.

Zone C (SP3400):
Predicted initial subsidence is over 2 km but there 1is no independent

check on it., From the end of Callovian to middle lower Miocene the
predicted depth, between 500m and 600m, seems larger than the inferred
shelf environment. The further deepening after mid-Oligocene time is

consistent with the inferred erosion occurring at that time.
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5.4.3 Discussion

These results, when compared with the one dimensional model results,
show one clear improvement: the depths of zone A, B, and C relative to
each other are correctly predicted. In other words, the shape problem is
solved. Yet two problems remain: too great a depth in zone A and B early
after rifting (less than 25 MY), and a slightly too great overall depth
(400m to 500m too much) from the end of the Jurassic to mid-Oligocene.

The second problem (overall too great depth by around 400 to 500m) can
be related to three causes: first, we ignored erosions because the amounts
are not known; second, the model set-up error, comparable to the set up
error for the one dimensional model (Appendix A; section A.4.7), can
account for a significant amount of this misfit (from 200m at the landward
edge of zone A to 600m at the seaward edge of zone C); third, because salt
tectonics have been active since late Jurassic in zone C, we underestimate
past sediment thickness in that area, resulting in an overestimate of
~waterdepth. It can be noticed that this last explanation which was not
acceptable for the one~dimensional model because it would 1lift the late
Jurassic shelf too much, is acceptable now because the late Jurassic shelf
depth is not very different from Cretaceous depth in the two dimensional
model.

The first problem (too much subsidence in zone A and B early after
rifting) seems too large to be accounted for by erosion and model set-up
errors. We are then left with two hypotheses: either the initial
conditions of near sea level water depth and thermal equilibrium assumed by
the model are not correct or there was more heat input during rifting than
predicted by uniform extension, suggesting two layer extension. The same
early predicted depth problem has been reported in the Nova Scotian basin
(Beaumont et al., 1982).
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5.5 CONCLUSIONS

Compared to the simple one dimensional model, the two dimensional
model gives much more realistic predictions.

The main contributor to these improvements is the introduction of
flexural rigidity which leads to a crustal transition more consistent with
gravity data and more realistic paleostratigraphy. The estimation of the
extension factor, B, appears sensitive to the choice of loading response.
However, if flexural response appears a better assumption, the thickness of
the plate, or the controlling relaxation temperature, is poorly
constrained.

The effect of lateral heat flow improves the early predicted
paleogeography but this effect which is enhanced when coupled with flexural
response, remains small compared to the influence of the loading response
assumption and data uncertainties.

Neglecting thermal blanketing by the sediments results in a slight
underestimate of extension factor (30% in the deepest part of the basin
where B reaches values around 5). This is also a small effect when
compared to loading response assumption and data uncertainties.

The early predicted paleodepth seems too large landward of the hinge
zone. Contrary to expectation, flexural response does not improve that
prediction very much because attributing subsidence either to loading
effect or to tectonic subsidence turns out to predict very fast deepening
early after rifting in both cases because the load is applied very soon
after rifting. This suggests either different initial conditions than
expected or two layer extension. Only independent constraints on the early
paleogeography (pre- and synrift) would help resolve this problem. Later
paleodepths seem slightly overestimated but a better knowledge of erosion
amounts would be necessary to evaluate this further.

Overall the same error range due to data uncertainties as for the one
dimensional model is observed in the two dimensional model. Thus the model
is poorly constrained, especially seaward of the hinge zone, where the main
basin is located. Better control on basement depth, sediment properties,
Moho depth, paleoenvironment and amounts of erosion will be necessary
before we can fully assess the significance of differences between model

predictions and geological inferences.
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Figure Captions

Fig. 5.1. Estimates of crustal thickness along line 32.

Fig.

Fig.

Gravity model is from Hutchinson et al., (1982). The extensional model
predicts the crust thickness to be 40/B (in km). TR refers to
relaxation temperature; for local model: TR = 0°C; flexural model
corresponding to values of 250°C, 300°C, 350°C, and 400°C are shown.
The error range on the prediction at Ty = 350°C due to uncertainties
on basement depth and sediment properties 1is also shown.

5.2. Gravity calculation of our model predicted structure. Brunswick
graben density at 2.7 g/cma. All other densities are as those of Fig.

3.3, Chapter 3.

5.2a: Tg = 0°C (local isostasy)

5.2b: TR = 300°C

5.2c: TR = 350°C

5.2d: TR = 400°C

5.3. Different causes of subsidence along line 32 according to our

model starting 175 MYBP.

From top to bottom: predicted initial subsidence (Sinitial), thermal
subsidence (Sthermal), and loading effect (Sload). The sum of these
three components is the predicted basement depth. In the oceanic part
the basement depth prediction 1is not adjusted to the data: the star
represents the data while the solid line represents the prediction.
In the continental part the basement depth predictions were
constrained to fit the data, therefore the solid line represents both
the data and the prediction.

Tgr=0 corresponds to local isostasy while the flexural model is
controlled by Tp = 350°C
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5.4. Subsidence history at SP2000 along line 32. From top to bottom
at the right hand side: predicted water depth, tectonic subsidence,
basement depth; all these predictions are made assuming no variation
of sea level. The difference between the upper and lower curve
represents then the reconstituted sediment thickness through time
while the difference between the median and lower curve represents the
subsidence due to the load. Shaded area represents the difference in
tectonic subsidence between a 1-D model (parameter as in appendix A)
which gives the same present tectonic subsidence as the 2-D model with
the 2-D model. This difference is mainly due to lateral heat transfer.
Jt: Jurassic top Kt: Cretaceous top

5.4a: model with local compensation

5.4b: model with flexural compensation, Tg = 350°C

5.5. Same as Fig. 5.4 but at SP2800.

5.6. Same as Fig. 5.4 but at SP3400.

5.7. The Carolina trough 1754MYBP, just after rifting ceased.

Same horizontal distance as in Fig. 5.3 [from 40 km to 280 km from
coastline].

5.7a Local model

5.7b Flexural model

5.8. The Carolina trough 174 MYBP, after deposition of synrift
sediment. The horizons correspond to those of Fig. 3.2, Chapter 3.
5.8a Local model

5.8b Flexural model

5.9. The Carolina trough at the end of the Jurassic, 144 MYBP

5.9a Local model

5.9b Flexural model

5.10. The Carolina trough at the end of the Cretaceous, 65 MYBP

5.10a Local model

5.10b Flexural model

5.11. The Carolina trough at mid Oligocene time 31 MYBP

5.11a Local model

5.11b Flexural model
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5.12. The Carolina trough today as predicted

5.12a Local model

5.12b Flexural model

The main constraint on the model is that this stratigraphy matches the
data (Fig. 3.2, Chapter 3). However, the flexural model can not
account for sharp oceanic basement bend and therefore predict an
incorrect topography at that location.

5.13. Predicted paleowaterdepth at 3 different locations along line 32
(SP 2000, 2800 and 3400). Uncorrected for sea level change.

line: Local model

dot-dash: Flexural model with Tg = 350°C

dash: Error range on flexural model due to uncertainties on basement

depth and sediment propérties
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CHAPTER VI

TWO DIMENSIONAL TWO LAYER EXTENSION MODEL

L'ennui naquit un jour de 1'uniformité.

(Boredom was born one day out of uniformity)

Houdar de Lamotte, Fables, 1719
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6.1 INTRODUCTION

The uniform extension model (Chapter 4 and 5) predicts too deep a
continental shelf shortly after rifting: =zones A, B, and C are about 700m
below expected between the end of the Callovian (163 MYBP) and the end of
the Jurassic (144 MYBP). This indicates that the Carolina trough subsided
less at the time than predicted. Since the current total subsidence is
constrained by present data, it is the ratio of early (up to 30 MY after
rifting) to present tectonic subsidence which needs to be modified.

When confronted with the same problem, Royden and Keen (1980) and
Sclater et al. (1980) introduced the non-uniform extension model. The
basic idea is that an extra heat input below the crust, may keep an area
more elevated than predicted by uniform extension. Uniform extension may
then underestimate the total heat input within the Carolina trough. Since
this extra amount of heat may influence the thermal history and the degree
of hydrocarbon maturation, we will apply, in this chapter, the two layer
model in order to obtain an upper bound on this effect.

We will first show how a simple analysis of the data suggest the
necessity of such modeling. We will then show that present data are not
adequate to constrain such modeling but that an estimate can be made,
keeping in mind that we are only looking for an upper bound, not for

precise predictionms,

6.2 DATA ANALYSIS

Our studies (Chapter 4 and 5) suggest the need for extra subcrustal
extension, while similar studies in the Baltimore Canyon did not (Sawyer
1982, Sawyer et al., 1982a, 1982b). We will then see if the data on these
two basins suggest such a difference; mainly we want to compare early
subsidence versus late subsidence.

Cross sections of the two basins (Fig. 6.1) show that a major
difference between them is that the Carolina trough is not filled with
sediments as far seaward as is the Baltimore Canyon trough. This
difference seems to explain most of the difference in basement depth and
part of the difference in basin width., When the effect of sediment loading

is removed, the tectonic subsidence between the hinge zone and ECMA are not
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very different (from 3 km to 6 km in the Carolina trough, Chapter 4 and 5)
and from 2 km to 6 km in the Baltimore Canyon trough (Sawyer, 1982; Sawyer
et al. 1982b). However this difference in present water depth is due
mainly to Cenozoic erosions in the Carolina trough, therefore does not seem
to bear any relationship with the initiation mechanism.

The next simpler analysis of the data is to evaluate the ratio of early
sediment thickness to total sediment thickness. The oldest reliable
reflector which can be correlated across both basins being the top of the
Jurassic (31 MY after rifting) we computed the ratio of pre-Cretaceous to
total sediment thickness, allowing for compaction correction (Fig. 6.2).
This ratio is indicative of the importance of early subsidence only where
Jurassic water depth were uniform, therefore landward of the Jurassic shelf
edge. We can distinguish three segments:

1 - between the hinge zone and the Jurassic shelf edge the ratios are
comparable for both basins (between 70% and 90%).

2 - seaward of the Jurassic shelf edge the ratio falls off as expected
in both basins but more so in the Carolina trough where Miocene
sedimentation has been more intense.

3 - landward of the hinge zone we have data only for the Carolina
trough where the ratio falls off drastically.

The interesting comparison is then limited to the area between the
hinge zone and the Jurassic shelf edge. However in that area the Carolina
trough is not filled up while the Baltimore Canyon 1is, therefore the total
sediment thickness does not represent the total subsidence.

We then need to introduce some further processing: we computed the
ratio of the pre-Cretaceous sediment thickness to the current tectonic
subsidence (i.e., the basement depth if sediment loading were removed as
given in Chapter 4 for the Carolina trough and in Sawyer (1982) for the
Baltimore Canyon trough; in both cases, pointwise isostasy was assumed).
This time (Fig 6.3), a marked difference appears: the average ratio is
slightly higher and the peak ratio is much higher in the Baltimore Canyon
than in the Carolina trough. This may be regarded as an indication of less
early subsidence in that latter basin. Moreover, in the Carolina trough,



88

the ratio falls off drastically landward (50 km landward of the hinge zone
the ratio is 10 times smaller than at peak) which indicates that most
subsidence must have been post Jurassic landward of the hinge zone. This,
we have already seen (Chapter 5), cannot be accounted for by uniform
extension, even when flexural response is considered. Non uniform extension
with extra heat input landward of the hinge zone seems a logical answer to

that problem (Watts and Thorne, 1984).

6.3 CONSTRAINTS

The crustal extension factor, B., governs the present crustal
thickness; it then controls the elevations once the thermal anomaly has
disappeared. Therefore B, is best constrained by subsidence data as long as
possible after rifting time. In the Carolina trough, the present tectonic
subsidence 1is a very good constraint since 907 of the thermal subsidence has
occurred 175 MY after rifting, therefore thermal equilibrium is almost
reached. Moreover, because once the thermal anomaly has disappeared both
the uniform and the two layer models predict the same evolution, we expect
the crustal extension factor to be similar in both cases.

The subcrustal extension factor, Bge, governs the initial subcrustal
heat input. It then controls the elevations during and shortly after
rifting, before the thermal anomaly disappears. It is therefore best
constrained by synrift or end of rifting elevations (Hellinger and Sclater,
1983; Royden et al., 1983). However, no reliable paleodepth estimates are
available for zone C of the Carolina trough before the end of the Callovian,
after which a shelf environment is inferred. The best we can do is to
constrain Bg. so that the reflectors top Callovian (12 MY after rifting),
Kimmeridgian (23 MY after rifting), and top Jurassic (31 MY after rifting)
are deposited near present sea level, since Jurassic sea level was not very
different from today's. From the beginning this approach appears to be
plagued by a major problem: even at the earliest time (12 MY) a lot of heat
will have disappeared and little will be left of the thermal signal in the
subsidence data. Since these subsidence data are expected to incorporate
some noise, we will be trying to invert with a low signal to noise ratio.

We therefore do not expect Bgc to be well constrained.
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6.4 FIRST APPROACH

Our first inversion will only try to match a zero water depth for the
Jurassic shelf at time either 12 MY, 23 MY or 31 MY after rifting resulting
in 3 different models (model 12, 23 and 31). For each model we try to
match the depth in each column: we adjust fg. at each column so that
waterdepth can be as close as possible to zero: 1if waterdepth is predicted
above sea level we will iterate with a smaller Bg., if under sea level with
larger Bge.

The results are very unsatisfactory: first, unrealistic variations of
Bsc are obtained landward of the hinge zone (Fig. 6.4a); second, these fg¢
values are not very consistent between different models; third, the
predicted topography can differ by as much as 200m from zero in most
models.

This can be attributed partly to the bad signal/noise ratio already
mentioned but also to other causes. First, the two dimensional model tends
to propagate and emphasize errors: 1if an error tends to overestimate Bg.
in one column, the extra heat will diffuse to the neighboring column, which
will have to be compensated for by an underestimation of Bg. there.

Second, as Bge 1is modified, not only the amount of heat is modified but
also the plate thickness which 1is controlled by temperature. As a result,
two effects are working together at each column: a change in the tectonic
subsidence and a change in the loading effect. These two effects go in the
same direction at the periphery of the basin but in opposite direction in
the center of the basin, where it may create some degree of

non-uniqueness.

However a better understanding requires thinking in tergs of heat
diffusion. If we concentrate on model 12, the predicted top Callovian
topography is not flat but shows some short wavelength variations (Fig.
6.5¢). In an attempt to cancel these short wavelength variations, the
predicted initial topography shows the same variations but inverted (Fig.
6.5a). This attempt fails since most of the initial relief is lost around
6 MY after rifting (Fig. 6.5b). The explanation for this is clear if one
looks at the predicted thermal structure: to create the initial
topography, huge short wavelength lateral temperature variations are

assumed (Fig. 6.6) but these short wavelength variations decay very fast
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and 6 MY later none of them remain (Fig. 6.6c). As a consequence the short
wavelength lateral variation in subsidence data, which can be seen in the
pre-Jurassic sediment thickness (Fig. 6.2a and 6.3a) cannot be accounted
for by thermal considerations. Conversely two initial thermal models
differing only by short lateral wavelength would give the same predictions
after 6 MY after rifting. Therefore Bg. cannot be inverted locally. The

early lateral variation in sediment thickness may be due to synsedimentary
faulting, prerift irregular topography contrary to model assumptions, or to
errors in depths to the deep reflectors to which they correspond.

There are two approaches to solve that problem: one 1is to filter the
data so as to eliminate the short wavelength before inverting for Bg..
Another is to look for extra constraints on the acceptable model, as we

chose to do here.

6.5 SECOND APPROACH

Though Bg. cannot be inverted for locally, the regional trend should
be easier to estimate.

First, all previous models do agree at the landward end of the model
and seaward of the hinge zone. We will then constrain our new model (model
0) to agree with them at these end points too,.

Second, a good way to filter the short wavelength out of a function is
to integrate it. The sum:

X

H(x) = J y(t)dt

o
where vy = 1-1/B and x is the lateral distance represents the cumulative
amount of heat input into the model as one proceeds across it. This
function controls the long wavelength topography and we should therefore be
able to invert for it. 1In fact, the three previous models agree reasonably
on the estimate of that function (Fig. 6.7). We will then require model 0
to yleld a compatible estimate of the amount of heat. Third, the only
remaining degree of freedom is the shape of the curve y(x). It could be
constrained to follow some simple functions such as linear or gaussian, but
we decided instead to only assume that y(x) always increases seaward and to
use the remaining degree of freedom to improve the topography fit at 12 MY
after rifting.
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The regional topography fit is then ensured by the two first
conditions, while the more local fit comes only as a very loose secondary
constraint in the variation of y(x). The resulting model (model 0), which
looks more realistic (Fig. 6.4), gives as acceptable a topography (Fig.
6.5) as the previous ones, and thermally does not differ from them past

6 MY after rifting (Fig. 6.6).

6.6 RESULTS

All four models agree on an amount of heat much larger than the one
predicted by uniform extension especially landward of the hinge zone (Fig.
6.7). As a result, landward of the hinge zone, the lithosphere remains
hotter than in the uniform extension case over an extended period of time
(up to 100 MY after rifting) (Fig. 6.6). They predict paleowaterdepth more
compatible with shelf environment from 12 MY after rifting until at least
50 MY after rifting; by 100 MY after rifting, the difference with uniform
extension is not significant (Fig. 6.5).

To obtain crustal extension factors (Fig. 6.4b) comparable to the one
derived in the uniform extension case with a relaxation temperature of
350°C, we had to assume a relaxation temperature of 400°C for the two layer
models. This 1is easily explained by the fact that the two layer model
isotherms are shallower than the one of the uniform extension model.
Therefore to conserve plate thickness, one has to increase the relaxation
temperature. This shows that loading response and thermal models are not
independent but dynamically interacting. As a result what we invert for in

one of them depends on what is assumed in the other.
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6.7 CONCLUSIONS

The estimation of the subcrustal extension factor, fg., from
topography early after rifting is not straightforward, but has to be
considered as an inverse problem. The short wavelength "noise" may be due
partly to uncertainties in the data, especially in old basins where the
corresponding deeply buried reflectors depths are sometimes imprecise, but
also to local geological causes which cannot be reduced just by improving
the data quality. The longer wavelength thermal signal component can be
enhanced by concentrating on data as close as possible to the peak of
thermal activity. This shows that an estimate made from a well should
include regional trends around that well in order to separate these two
components of the topography. In young basins (less than 30 MY old) heat
flow data should help considerably in determining the initial heat input.

In the Carolina trough, even though this inversion is poorly
constrained, it appears that only a larger amount of heat than predicted by
uniform extension can explain the late Jurassic shelf environment landward

of the hinge zone.
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Figure Captions

6.1. Compared cross sections of the Carolina trough along USGS line 32
(6.1a) with the Baltimore Canyon trough along line 25 (6.1b). The two
sections are drafted at the same horizontal and vertical scale.
(Baltimore Canyon depth taken from Sawyer (1982) who used Grow's
(1980) interpretation). Jt: Jurassic top; Kt: Cretaceous top.

6.2. Ratios of pre-Cretaceous sediment thickness to total sediment
thickness (solid line: corrected for compaction; dashed line:
uncorrected). The horizontal scales are the same for the two basins.
6.2a: Carolina trough '

6.2b: Baltimore Canyon trough

6.3. Ratio of pre-Cretaceous sediment thickness (reduced to zero
porosity) to present tectonic subsidence (i.e., unloaded basement
depth assuming local isostasy).

6.3a: Carolina trough (tectonic subsidence from one dimensional model,
Chapter 4)

6.3b: Baltimore Canyon trough (tectonic subsidence from Sawyer
(1982))

6 4. Estimates of extension in the Carolina trough along line 32
according to models 0, 12, 23 and 31.

6.4a: Subcrustal extension

6.4b: Crustal extension

6.5. Predicted early topography and stratigraphy according to the
uniform extension model with a relaxation temperature of 350°C
(Chapter 5) compared to the two-layer extension models 0 and 12.
6.5a: at rifting (175 MYBP)

6.5b: 6 MY after rifting, end of Bathonian.

6.5¢: 12 MY after rifting, end of Callovian.

6.5d: 23 MY after rifting, Kimmeridgian.

6.5e: 31 MY after rifting, end of Jurassic.

6.5f: 50 MY after rifting, end of Neocomian.

6.5g: 110 MY after rifting, end of Cretaceous.
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Fig. 6.6. Predicted thermal structure according to the three models of Fig.
6.5.
6.6a: at rifting (175 MYBP)
6.6b: 1 MY after rifting
6.6c: 6 MY after rifting
6.6d: 12 MY after rifting
6.6e: 31 MY after rifting
6.6f: 110 MY after rifting
n
Fig. 6.7. Cumulative amount of heat along line 32. The sum I Yi» where j
j=1
designates the column, is computed starting at the landward end of the
model. Past the ECMA, y=1, therefore the slope is 1 for each model.
Uniform extension refers to the two dimensional model with T = 350 °C
and standard data,
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CHAPTER VII

THERMAL EVOLUTION OF THE CAROLINA TROUGH

When speculation has done its worst,

two and two still make four.

Johnson.
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7.1 INTRODUCTION

Our models predict both the subsidence history and the thermal history
of the Carolina trough. Previous chapters (4,5,6) evaluated the validity
of the subsidence predictions by comparing them with geological inferences.
We will now discuss the thermal predictions for which there is no check:
the heat associated with rifting has disappeared a long time ago and even
present geotherm and degree of sediment hydrocarbon maturation are not
known because there is no deep well in the Carolina trough. Since we
cannot directly check these predictions, we will try to estimate their
error range by looking at the effects of data error and different model
assumptions. To simplify this error analysis we will emphasize two types
of temperature predictions.

First, a transient geotherm associated with rifting. This geotherm is
very dependent on the assumed rifting mechanism or extension model
parameters. As discussed before, the major sources of uncertainties on
this are uncertainties on the constraining data and model assumptions. The
data uncertainties are those on origin time of thermal decay, basement
depth and sediments physical properties. The model assumption
uncertainties are those in the parameter set up (Appendix A and C), the
possibility of non thermal equilibrium before rifting or the possibility of
extra subcrustal heat input and the loading response.

Second, an equilibrium geotherm which becomes dominant when the
rifting anomaly has decayed. The source of uncertainties in this geotherm
are some of our model parameters (such as lithosphere thickness,
asthenosphere temperature, crustal radioactive heat generation,
conductivities) but also, for the sediment temperatures, the-amount of
radioactive heat generation within the sediments (Keen and Lewis, 1982).

We will then show standard predictions and the variations one can

expect in them depending on these sources of uncertainty.

7.2 CRUSTAL SCALE
7.2.1 Standard results

The standard model 1is the two dimensional uniform extension model with

a relaxation temperature of 350°C (parameters as in Appendix C, table C.1).
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The most striking feature is the speed of the evolution after rifting.
Initially (Fig. 7.1a) the continental end is close to equilibrium while the
oceanic end is extremely hot. Today (175 MY after rifting, Fig. 7.5a) the
whole section has reached an equilibrium where the oceanic part is slightly
cooler than the continental one. This latter result can be explained by
two factors: first the oceanic crust is assumed to produce no radioactive
heat in contrast to the continental crust; second, seaward of the hinge
zone, the crust, which has a lower conductivity than the mantle, 1is very
thin, therefore heat escapes more easily. Most of the evolution occurs
during the first 30 to 50 MY after rifting (Fig. 7.la, 7.2a, 7.3a) and by
100 MY after rifting (Just before the end of the Cretaceous, Fig. 7.4a) the
isotherms are flat, and only little change occurs.

The flexural plate thickness which is controlled by the depth to the
350°C isotherm follows a similar rapid evolution. Initially it varies from
23 km at the landward end to O km on oceanic crust. At 25 MY after
rifting, (fig. 7.3a) the oceanic plate is already half as thick as the
continental one; past 100 MY after rifting plate thickness is uniformly
23 km across the basin (Fig. 7.4a). The lateral variation of plate
thickness is therefore important only during the first 50 MY after rifting
(therefore until lower Cretaceous only), during which time it depends on
the temperature predicted by the extensional model, and past that time the
plate thickness could be assumed uniform and depending essentially on the
final equilibrium geotherm. There is then a close interaction between the
extension model and the loading response only during the first 50 MY after
rifting, but this time corresponds to the deposition of a very large
proportion of the total sediment load.

We can also get a first order estimate of the importance of the
lateral heat flow in respect to the vertical heat flow by measuring the
ratio of horizontal to vertical distance between isotherms. If we look at
the hinge zone where this effect is the most intense, the horizontal heat
flow can be expected to be about 75% of the vertical heat flow immediately
after rifting, about 25% 12 MY after rifting, about 10% 31 MY after rifting
(top Jurassic) and negligible after 50 MY after rifting (top lower
Cretaceous). Therefore a two dimensional model will differ significantly
from a one dimensional model only during the first 30 MY after rifting.
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This explains why the topography predicted by the two dimensional model
with local isostasy (chapter 5) is better than the one predicted by the one
dimensional model (chapter 4) before that time and similar to it after that
time.

Thermal blanketing by the sediments results in a present basement
temperature of more than 150°C in the deepest part of the trough. However,
in that part of the basin, the lower conductivity of the sediments is
compensated by the thinning of the crust which brings up more conductive
mantle; as a result the present isotherms do not upwarp but follow the
topographic trend. Earlier, when sediments were not yet so compacted and
therefore were less conductive, such an upwarp can be seen (Fig. 7.3a).

7.2.2 Deviation

Assuming local isostasy results in smaller horizontal gradients across
the hinge zone and therefore smaller horizontal heat flow (Fig. 7.1lc, 7.2c,
7.3c, 7.4c). However these differences are significant only during the
first 30 MY after rifting (until end of Jurassic) and negligible
thereafter.

Assuming an origin time 200 MYBP instead of 175 MYBP has a longer
lasting effect (Fig. 7.1d, 7.2d, 7.3d, 7.4d). The whole section is cooler
for the same age before present because this corresponds to later time
after rifting. Note the similarity of deep isotherms between similar time
after rifting (Fig. 7.2d and 7.3c) even though the sedimentary structure is
different. However after the end of the Cretaceous (65 MYBP), the
difference 1is negligible.

The two layer model (Fig. 7.1b, 7.2b, 7.3b, 7.4b) is always similar to
the uniform extension at the landward end and over oceanic c;ust.

Initially (Fig. 7.1b) it looks also like the uniform extension model
because the major differences are higher temperatures below the crust,
which are not shown in this section. This extra heat diffuses into the
crust during the first 30 MY (Fig. 7.2b, 7.3b) making the extended
continental crust hotter than predicted by uniform extemsion. From 20 to
50 MY after rifting, the depth to the 400°C isotherm in the two layer model
is equivalent to the depth to the 350°C isotherm in the uniform extension
model: this explains why we had to increase the relaxation temperature by

50°C in order to mintain an equivalent loading response. Subsequent to
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50 MY after rifting, the difference between two layer and uniform extension
becomes less significant and by 110 MY after rifting (end of Cretaceous) it
is negligible,

The two extreme uniform extension models which incorporate data error
(as mentioned in Chapter 5, section 5.2.2), lead to a considerably
different early temperature structure between the hinge zone and the ECMA
(Fig. 7.le, 7.2e, 7.3e and 7.1f, 7.2f, 7.3f). By 110 MY after rifting (end
of Cretaceous, Fig. 7.4e and 7.4f) the remaining differences are negligible
and essentially due to an unrealistic topography seaward of the ECMA.

7.3 SEDIMENTS
7.3.1 Introduction

One of the major applications of this type of modeling is to predict
the temperature history of sediment and therefore their degree of
hydrocarbon maturation (Royden et al., 1980). Hydrocarbon maturation can
be evaluated by the C parameter defined as (Royden et al., 1980):

to
C(ty) = In S 2T()/10 4¢
o
where: t, is the time at which maturation is evaluated and T(t) is the
temperature (°C) of the considered sediments at time t (MY). O0il
generation occurs when 10<C<16 while gas generation takes place when
16<C<20.

We will evaluate the thermal history of the sediments in two different
ways: first we will look at the temperature evolution of the sediments
deposited at one fixed location along line 32; second we will look at the
integrated history of sediment by mapping the isomats (lines of equal
C-values) across the basin at different times.

7.3.2 History at SP 3400

SP 3400 was chosen because it is one of the deepest part of the basin
where basement is still reasonably well defined. Moreover subsidence
history is already evaluated at that location (Chapters 4 and 5).

a) Standard Results

We will distinguish 3 types of sediment, according to the style of

their time-temperature curve (Fig. 7.6).
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The "Early"” sediments which reach their maximum temperature rapidly
after rifting (less than 35 MY) and after that tend to cool off slowly. At
SP3400, this corresponds to the sediments deposited before the end of the
Callovian (12 MY after rifting). These sediments were buried sufficiently
fast after rifting to be affected by the transient high rifting heat flux;
they reach their present degree of hydrocarbon maturation at a time close
to the one when they reach maximum temperature, therefore very early in
their history (less than 40 MY after rifting).

The "Late” sediments for which temperature increased constantly since
deposition until today. They correspond to sediments deposited after
Kimmeridgian (23 MY after rifting). These sediments were deposited at a
time when the initial heat had already decayed and, more important, were
probably not sufficiently buried to be much affected by the remaining heat
anomaly until it was gone. As a result, their temperature evolution seems
more related to their burial rate and to the equilibrium geotherm. Their
degree of maturation evolved slowly through time.

The "Intermediate"” sediments for which temperature increases very fast
after rifting and then stabilizes until today. They correspond to
sediments deposited in Oxfordian and Kimmeridgian time (between 12 and
23 MY after rifting). The C=10 isomat is at present located between the
"Early” and "Intermediate” sediments. While the C=16 isomat is assoclated
only with the very "Early" sediments.

b) Deviation

Assuming local isostasy (Fig. 7.7) affects only the "Early" sediments
whose maximum temperature are slightly smaller (up to 10°C less) and
reached slightly later after rifting (up to 10 MY later). Today's
temperature structure is within 5°C of the standard model. The isomats are
barely affected. There is then very little variation due to the difference
in loading response because the thermal difference at crustal scale is
localized around the hinge zone and short lived (It disappears within 30 MY
after rifting).

Assuming an origin time 200 MYBP (Fig. 7.8) instead of 175 MYBP
affects only the Early sediment which becomes of intermediate type because
they now arrive and are buried longer after rifting. As a result their

maximum temperatures are smaller (up to 30°C less) and they are reached
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around the same age (around the end of the Jurassic) as in the standard
model. Today's temperature structure is also within 5°C of the standard
model. The C=10 isomat is not very different from the standard model but
the C=16 disappears: the earliest sediments which are assumed to be up to
25 MY older are paradoxically less mature because they are buried later
after rifting.

The two layer model (Fig. 7.9) does not affect the intermediate or
late sediments, nor does it affect the early sediment past 100 MY after
rifting. (For all these cases the maximum temperature differences are
about 5°C). The main difference is that the early sediment reaches a
higher maximum temperature (up to 25°C higher) sooner (up to 15 MY sooner).
As a result the C=10 isomat remains the same today but tends to be reached
sooner (up to 10 MY sooner) by most early sediments; the C=16 isomat
includes the PRU in contrast to the uniform extension model.

In order to evaluate the error range on the standard model due to data
uncertainty, we will simply compare the results obtained with the two
extreme data sets with each other (Fig. 7.11 and 7.12). The extreme set
corresponding to maximum extension shows much higher temperatures than the
one corresponding to minimum extension. This temperature difference appears
very large and affects all sediments up to the late sediments where
differences can still reach 20°C. The comparison for the synrift sediments
is biased by the fact that each model assumed them to be at different
sub-bottom depths. As a result the difference in the maximum temperature
reached by the synrift sediment varies from 40°C for the youngest (assumed
at about the same depth) to be 270°C for the oldest (assumed at very
different depth). The post rift early sediments do not suffer from that
depth bias but still can have their maximum temperature varying by as much
as 40°C (top Bathonian). The present day temperature structure is the same
in both cases (at same depth). The C=10 isomat is at the same stratigraphic
level today but it is reached at very different times by different
sediments (up to 35 MY difference from synrift up to top Bathonian; up to
100 MY for the top Callovian). The synrift and earliest post rift sediment
of the maximum extension case reach C values from 16 to more than 20 in

contrast to the minimum extension case where 16 is not even reached.
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Assuming a high value of radioactive heat generation for the sediment
matrix (5.0 10713 cal em3 s~1, Fig. 7.10) changes the two layer model
predictions (as in Fig. 7.9) in a very different way from all those
discussed above. From O to 10 MY after rifting there is no significant
difference. But after that the difference increases with time instead of
decaying and the sediment ends up being 30°C hotter today. Also, all
sediments are affected. The C=10 present isomat is raised in the
stratigraphic column and includes the Kimmeridgian while the C=16 isomat is
barely modified. We expect this effect to be a maximum error range because
we assumed a high value for the heat generation. Because this source of
error affects very much the present temperature predictions (Fig. 7.13), it
could be easily constrained by temperature well data.

7.3.3 Maturation profiles

The same maturation calculations as shown at SP 3400 can be done at
any location along line 32. We can therefore map the isomat at different
‘times along the profiles. We will discuss the results at two times: 31 MY
after rifting (top Jurassic) and 175 MY after rifting (present).

a) End of Jurassic

Most models (Fig. 7.14) agree on the position of the C=10 isomat above
the top Bathonian in the center of the basin and below it seaward of the
Jurassic shelf. There are however two models which differ from that: the
uniform extension model with the extreme data set corresponding to minimal
extension (Fig. 7.14f) and the uniform extension model which assumes an
origin time 200 MYBP (Fig. 7.14d); in both cases the C=10 isomat is much
below the standard prediction.

The degree of maturation of the synrift sediments varies from oil
mature to overmature depending on model assumptions and data errors. Every
model is different; from least mature to most mature we have: flexural
uniform extension with minimal extension data set (Fig. 7.14f), local
uniform extension with origin time 200 MYBP (Fig. 7.14d), local uniform
extension (Fig. 7.l4c), flexural uniform extension (Fig. 7.l4a), two layer
(Fig. 7.14b), two layer with radioactive sediment (Fig. 7.14-g) and

flexural uniform extension with maximum extension data set (Fig. 7.l4-e).
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b) Present

All models agree on a C=10 isomat above the top Callovian (Fig. 7.15)
except the model where radiocactive sediments are assumed which puts that
isomat above the Kimmeridgian (Fig. 7.15-g).

The degree of maturation of the synrift and earliest postrift sediment
is totally model dependent and in the same order as it was at the end of
the Jurassic.

A similar study supposed to represent a neighboring area locates peak
oil generation as high as within the Lower Cretaceous under the present
shelf edge (Watts and Thorne, 1984). This 1is higher than our estimate and
other estimates for the Baltimore Canyon trough (Sawyer, 1982; Sawyer et
al. 1982b). Because many differences are involved between this approach and
ours: different model assumptions and parameters, sediment properties and
stratigraphy, it is difficult to assign these different results to a
particular cause. However, two points can be made.

First the alternate model stratigraphy, which is more representative
of the Baltimore Canyon, shows a present and Cretaceous shelf edge above
the Jurassic shelf edge. 1In our model that part of the Cretaceous shelf
edge which has been removed by Cenozoic erosion 1is ignored. We can then
wonder 1if the corresponding sediment didn't help the sediments underneath
them to mature more than we predicted by burying them temporarily. To
further answer this question a good estimation of the amount eroded would
be necessary.

Second this alternate model shows that the isomat depths are sensitive
to the sediment properties. This 1is not so clear in our results because
the extreme cases we studied are not extreme in all respects. Taking for
instance the extreme data set which corresponds to maximum extension,
therefore, one would expect, to maximum heat input and to shallowest peak
0il generation, implies us to assume lightest, therefore most porous
sediment; but this in turn implies that these sediments are poorer
conductors and therefore impede the propagation of heat upward, hence the
chance of shallow maturation.

To go beyond these hypothetical remarks would require information on
the temperature history predicted by Watts' and Thorne's (1984) models.
However this suggests that the error range that we evaluated may not be
conservative In terms of maturation predictions, even though it seemed

conservative in terms of subsidence.
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7.4 CONCLUSIONS

It appears very helpful to distinguish between the early (less than
30 MY after rifting) thermal history dominated by the transient geotherm
assoclated with rifting from the late (more than 60 MY after rifting)
thermal history dominated by the equilibrium geotherm. The dominant causes
of error in the early thermal history are the data and origin time
uncertainties; uncertainties in subcrustal extension are a smaller source
of error while the most transient source of error is the uncertainty on
loading response mechanism. A cause of error in the equilibrium geotherm
is the uncertainty in the radioactive heat generated by the sediments which
can raise the temperatures significantly.

Following the same line of thought for the thermal evolution of the
sediments it appears useful to distinguish (1) the early sediments, which
are defined as those sufficiently buried during the early thermal history
-to be affected by it, from (2) the late sediments, which were not very much
buried before the late thermal history.

The early sediments temperature history is controlled by the whole
thermal history, but the early temperatures are sensitive to rifting
mechanism uncertainties. These uncertainties are those in the loading
response, the origin time of thermal decay, the initial heat input (or
subcrustal “"extension") and the data. Among these, the data uncertainties
(basement depth and sediment properties) are those with the larger effect.
The predictions which are affected include the timing and values of maximum
temperatures reached by the early sediments. The past and present degree of
maturation of these sediments is essentially determined by the early
thermal history during which the highest temperatures are reéched. It is
therefore sensitive to rifting mechanism uncertainties which would be
reduced by better constraint on origin time, basement depth, sediment
properties and early paleogeography. Because maturation is integrative, the
transient error 1nducéd by loading response uncertainties 1is negligible. In
any case, the synrift and earliest postrift sediments are at least mature
and the mjor effect of the uncertainties is to place them is the

overmature Zzone,



The late sediments temperature history iIs essentially controlled by
the equilibrium geotherm and their burial history. We looked at only one
source of uncertainty in the equilibrium geotherm; : the amount of
radioactive heat generation within the sediments, but very likely other
causes would have a similar effect. This affects all sediments and
increasingly so as time passes., Well data would very well constrain both
this burial history and the equilibrium geotherm, therefore the degree of
maturation of these late sediments.

The present C = 10 isomat, located in the Intermediate sediments,
appears to be sensitive to the equilibrium geotherm and not to rifting
mechanism. However if one wants to determine the past position of this
isomat, rifting mechanism has to be considered, and here again the most
critical causes of error are the uncertainties in origin time, basement

depth and sediments properties.
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Figure Captions

7.1. Crustal thermal prediction at the end of rifting. Figures are

labeled in MY after end of rifting. 1In all these models the sediments

are assumed to produce no heat by radioactivity.

7.la: standard model: uniform extension, Tg = 350°C, end of rifting
175 MYBP

7.1b: two layer model 0, TR = 400°C, end of rifting 175 MYBP

7.1lc: uniform extension, local isostasy, end of rifting 175 MYBP

7.1d: uniform extension, local isostasy, end of rifting 200 MYBP:
this figure corresponds then to 200 MYBP instead of 175 MYBP
for the others

7.1e: uniform extension, TR = 350°C, end of rifting 175 MYBP.
Maximal extension data set

7.1f: uniform extension, Tg = 350°C, end of rifting 175 MYBP.
Minimal extension data set

7.2. Crustal thermal prediction after deposition of synrift sediment.

Same conventions as Fig. 7.1.

7.la-7.1f: correspond to 174 MYBP and Fig. 7.1d to 175 MYBP.

7.3. Crustal thermal prediction at the End of the Jurassic (144 MYBP)

7.4. Crustal thermal prediction at the End of the Cretaceous

(65 MYBP)

7.5. Present time crustal thermal prediction

7.6. Sediments time-temperature history at SP 3400 along line 32
standard model.

7.7. Sediments time-temperature history at SP 3400 along line 32
uniform extension, local isostasy and 175 MYBP origin time.

7.8. Sediments time-temperature history at SP 3400 along line 32

uniform extension, local isostasy and 200 MY origin time.

7.9. Sediments time-temperature history at SP 3400 along line 32
two layer model O , TR = 400°C, origin time 175 MYBP, no sediment heat.
7.10. Sediments time-temperature history at SP 3400 along line 32 -
same model as Fig. 7.9 except that sediment matrix is given as

radioactive heat generation of 5.0 10-13 cal em™3 s-1.



Fig. 7.11. Sediments time—temperature history at SP 3400 along line 32.

Fig.

Fig.

Fig.

Fig.

Same model as on Fig. 7.6 but for extreme data set corresponding to

maximum extension.

7.12. Sediments time-temperature history at SP 3400 along line 32.

Same model as on Fig., 7.6 but for extreme data set corresponding to

minimum extension.

7.13. Predicted present sediment temperature

Horizontal scale: 40 to 280 km from coastline

7.13a: uniform extension model, Tg = 350°C (standard model)

7.13b: two layer model 0, Tg = 400°C, with radioactive sediment
(matrix heat generation: 5 x 10-13 cal em3 s-1,

7.14, Degree of maturation of sediment by the end of the Jurassic

(144 MYBP).

7.14a-f: correspond to same model as in Fig. 7.1.

7.14g: same as 13b but with sediment matrix heat generation of
5 x 10713 cal em=3 s-1,

7.15. Present degree of maturation of sediments. Same conventions as

Fig. 7.14.
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CHAPTER VIII

CONCLUSIONS

We are not certain, we are never certain.
if we were we could reach some conclusion, and

we could, at last, make others take us seriously

A. Camus, La Chute
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8.1 GENERAL CONCLUSIONS

As far as modeling 1is concerned, applying different models to the same
basin has taught us that as the model becomes more sophisticated, and
hopefully closer to reality, it also becomes more dynamic. By that we mean
that an assumption on one part of the model affects another part of it.

For instance, abandoning local isostasy for flexural compensation couples
the loading response with the thermal state predicted by the extension
model. Likewise, two dimensionality in the loading response as well as in
heat propagation, couples the evolution in one location with the one in
neighboring locations. 1If this results in a more realistic approach, the
price paid is that through such a dynamic system, error in one model
assumption or in data at one location will propagate through the whole
system. Conversely decoupling all the elements of the modeling will
contain errors and help sort out different effects which remain separated,
but the price paid is realism: as we saw, a local estimate of subcrustal
extension (or of local amount of initial heat) for instance, doesn't seem
to have much significance, unless it is derived from direct thermal
measurement, but then again one of the properties of thermal measurement is
that they do integrate a lot of regional factors.

As far as the data are concerned, the Carolina trough represents
rather typically the characteristics of an o0ld and deeply filled basin.
Because it is old, the rifting heat has disappeared and therefore has to be
very indirectly estimated by early paleogeographic considerations. Because
it contains a thick sedimentary sequence, the basement depth and the oldest
sediment are not well known, and the loading response assumptions bear
heavily on the tectonic models. In addition to these sources of
uncertainties the absence of any deep well within this particular basin

adds uncertainties in the sediment properties.
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The rifting mechanism can be represented by two functions: the amount
of crustal and subcrustal extension along strike. The amount of crustal
extension, which 1is sensitive to loading response assumption and basement
depth and sediment properties uncertainties, is poorly constrained in the
deepest part of the basin while the amount of subcrustal extension, which
depends on the paleogeography of the not well known oldest sediments, is
also poorly constrained on most of the basin. As a result the range of
rifting conditions cannot be narrowly defined.

In terms of subsidence, the question arises of what level accuracy is
required. If one is satisfied with predictions accurate to within 1 km,
the one dimensional uniform extension model seems largely sufficient.
However 1f one wants accuracy within, say, 300m, many factors have to be
better constrained: loading response mechanism, initial heat input,
basement depth, sediment properties, origin time of thermal decay and
amounts of erosions. As a rule the degree of complexity seems to grow
exponentially with increasing accuracy. Because the largest uncertainties
are in the early predictions, constraints on the early conditions would be
the most effective, and the best way of testing the validity of models,
such as those we presented, is to concentrate on these early predictions,
which when controlling data are available, raise most problems (Royden et
al., 1983).

In terms of thermal evolution, it appears useful to distinguish
between early history (less than 30 MY after rifting) which is dominated by
the transient geotherm associated with rifting mechanism and late history
(more than 60 MY after rifting) which is dominated by the equilibrium
geotherm. Because in an old and thick basin, the rifting mechanism is not
very well constrained, the early thermal history shows a large uncertainty
range. However one can expect a better control on it in a young basin
where heat flow data should provide a strong constraint. The cause of
uncertainties on the late history seems easier to constrain through well

temperature, heat flow and sediment radioactivity data.
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In terms of sediment thermal evolution and degree of maturation it
appears important to distinguish the early sediments from the late
sediments. The early sediments are those which were not only deposited but
also sufficiently buried during the early thermal history so as to be
affected by it. The late sediments, were not sufficiently buried before
most of the heat related to rifting had disappeared and which consequently
are essentially affected by the equilibrium geotherm. On one hand, in an
0ld thick basin the early sediment thermal evolution seems sensitive to
errors In the rifting mechanism. However in such a basin, these sediments
are most likely to have reached a high degree of maturation anyway and the
uncertainty concerns how overmature they could be. In a young basin, the
evaluation of the rifting mechanism would be more critical, but heat flow
data should provide a good contraint on it. On the other hand, the thermal
evolution of late sediment, which concerns only old basins, is more easily
evaluated by well data and easily extrapolated backward in time: this 1is
at least one point on which old basins are simpler than young ones because
steady state conditions are more easily constrained than transient ones.
However, we notice that in the Carolina trough it is only the oldest late
sediments which have had a chance to have reached oil maturity.

8.2 SPECIFIC CONCLUSIONS

Local isostasy appears incompatible with gravity data and predicts
unrealistic early stratigraphy. Introducing a flexural response to the
sedimentary load solves these two problems reasonably.

The inferred small water depth landward of the hinge zone during the
Jurassic cannot be accounted for by uniform extension with local isostasy
or with flexural response. However introducing extra initial subcrustal
heat corrects that problem.

It therefore appears that the two major modifications required to the
simple one dimensional uniform extension model are flexural response and
non uniform extension. The effect of lateral heat flow and thermal
blanketing by the sediments, though significant, are less important,
especially once the data uncertainties are considered.

These conclusions are compatible with the ones reached in a similar
study on the Nova Scotian margin which did not consider the effect of data

uncertainties (Beaumont et al., 1982).
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8.3 TECHNIQUES

The one dimensional model is attractive because it allows to get first
order predictions and to set up the parameter at very small computational
cost, It also is the easiest to constrain and allows to separate easily
the different components of a prediction., It then seems a good candidate
for a first appraisal of a basin where little is known. However it is
unlikely to fully account for the data.

The two dimensional model accounts better for the data but at a high
computational cost. Considering that the main source of improvement is the
introduction of flexural response, it seems that a good compromise would be
a one dimensional model for the thermal calculation coupled with flexural
response for the load. Such an iIntermediate model would probably be
satisfactory for an old basin where the data uncertainties are as large as
or larger than in the Carolina trough. Neglecting lateral heat flow would
alter the early predictions only and allow to use analytical formula at
very small computational cost. The effect of thermal blanketing could be
included in a next step. However if one either studies a young basin where
lateral heat flow 1s still intense or is interested in accurate early
thermal prediction across a hinge zone or concentrate in a basin where high
quality data are available, a full two dimensional model is likely to yield
more realistic predictions.

In any of the three modeling techniques proposed above, non uniform
extension appears as a simple alteration of the initial conditions,
therefore as an easy modification. However one has to note that the extra
degree of freedom brought by subcrustal extension requires extra
constraint. This extra constraint can easily be heat flow data in a young
basin, but in an old basin there will be little independent check on the

postulated extra heat,
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8.4 FURTHER WORK

Two types of questions may be asked. First, how valid are the
extensional models and should they be further modified? Second, how could
the evolution of the Carolina trough be more narrowly defined?

The answer to the first type of question should not be sought in old
and thick sedimentary basins for three reasons. First, the constraints on
the models are not sufficient, Second, the thermal event has disappeared.
Third, the loading response model, which is not well known, propagates its
own errors into the tectonic model. It would seem more appropriate to
concentrate on young basins where the initial heat has not yet disappeared
or on active rifts where most model assumptions about initial conditions
are observable.

To learn further about the Carolina trough evolution seems to require
data collections because, at present, the uncertainty range remains too
large to benefit from further modeling. Basement depth, sediment physical
properties, Moho depth, timing of onlaps, paleowaterdepths, erosion
amounts, present geotherm, are the most needed information. To widen the
cross section that we modeled by completing it with onshore information
would also help sort out the effects of flexure and sea level change, since
they can be expected to have clearer consequences there. Finally, modeling
the conjugate margin, the Senegal basin, may help iIn better defining the
rifting mechanism which these two basins have in common. Since our attempt
to do this was hampered by the lack of deep stratigraphy, acquiring seismic
data which reach basement may be a needed first step.
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Appendix A

THE ONE DIMENSIONAL UNIFORM EXTENSION MODEL

A.1 INTRODUCTION

McKenzie (1978a) studied the evolution of a uniformly stretched block of
lithosphere (Fig. A.1). He showed two important causes of subsidence:

1) the isostatic response to the stretching leads to a quick initial
subsidence (Fig. A.1b).

2) the temperature distribution in the thinned lithosphere tends to
return to equilibrium by cooling which results in long term thermal
subsidence due to thermal contraction of the lithosphere (Fig. A.lc).

We review the quantitative implications of this model and show how we

set it up.

A.2 THE INITIAL SUBSIDENCE

A.2.1 Stretched continental crust

Following McKenzie (1978a) we assume local isostasy before and after
stretching; that allows us to compute the elevation Z(B) of a column
stretched by an amount B (Fig. A.2b) by comparing it with normal continental
crust (B=1) of elevation Z(1) (Fig. A.2a) (the meaning of the parameters are
given in Table A.1l):

Pa=6(z(1)) pahg-Pche—pm(hg=he) ]

o=z 2+ sz T @) (A-1)

z(B) =

This formula is valid for both cases, elevation under sea level (z»0)
and elevation above sea level (z<£0), if one defines & as:
6(z) 0 1if Z<0
8(z) = py 1f Z>0
A.2.2 The Oceanic Crust

]

il

a) Introduction

The initial conditions at which oceanic crust is created cannot be
satisfactorily represented by an infinitely stretched continent. We must
then define a specific model for the oceanic part of a continental margin
which will have to be isostatically consistent with the extensional model
defined for the non-oceanic part and which will have to be reasonably

consistent with observations at mid-oceanic ridges.
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b) The problem
If we take the stretching model at its limit when B+, we obtain a
column of pure asthenosphere at depth Z(») (Fig. A.2c):
pa-6(2(1)) Pahg=pche=Pm(hy-he)

Z(=) = -—p—a:E;]— zZ(1) + =P (A-2)

This depth is what Turcotte et al. (1977) defined as the mantle geoid
depth. But a situation in which the asthenosphere would reach its free
surface without segregating a crust, is not realistic (Le Pichon and Sibuet,
1981; Le Pichon et al., 1982a). Then, even if the limit of the stretching
model for B = «» gives a good description of the oceanic floor thermal
evolution (McKenzie, 1978a), that limit case doesn't give a realistic
description of the initial subsidence and crust thickness of that oceanic
floor. We then need a model for the initial condition of oceanic floor,
i.e. a model for a mid oceanic ridge.

c¢) The mid-oceanic ridge model

The ridge structure can be represented by three figures: the depth of
the ridge, dr, the average ridge crustal demsity, p.' and the ridge crustal
thickness, h.'. (Table A.1).

The corresponding mantle geoid depth is then:

Z(») = dr + hg' (A-3)

A.2.3 The isostatic balance

The overall isostatic balance will require that equation (A-2) and (A-3)
yield the same value of the mantle geoid depth Z(«). This condition can be

written as:

pa-6(2(1)) pahg-pchc—pm(hg-he) . Pa—pc'

_Z(1) + = dr + h —_— (A-4
Pa~Pw ) Pa~Pw € pa-Pw )

and simply means that the density distribution at the mid-oceanic ridge,
defined by dr, pc', hc', Pas Py cannot be chosen independently from the one of
the unstretched continent, defined by Z(1), pc, hey Pms hg, Pa. We will

consider that when we set our parameter values.
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A.2.4 The limit between ocean and continent

At this point we have defined two partial models: the one for the
continent and stretched continent, the other for the ocean. The question
arises where to set the limit between these two models. On the Eastern United
States continental margin the edge of the oceanic crust is rather well defined
by the ECMA (Keen, 1969; Klitgord and Behrendt, 1979); we then consider
stretched continental crust that is located landward of that anomaly and

oceanic crust that is located seaward of it.

A.3 THERMAL SUBSIDENCE
The thermal subsidence is given as a function of the time after

stretching, t, and of the stretching factor, B (McKenzie, 1978a):

8 - 1 B n t
S¢(t,B) = E] = I ——— = sin[(2m+1)z][1-exp (-(2m+1)=] (A-5)
¢ L2 m=0 (2m+1)3 K B T
- hlpm(O)aTa 1
where E; = Ww— . 5 (A-6)
hzl
T = —5— (A‘7)
T K

E; represents the maximum subsidence of seafloor since
St (t =, B =w) = Ep (A-8)
and v is the time constant of lithospheric cooling.

A.4 SETTING OF THE PARAMETERS
A.4.1 Introduction

We will distinguish between 10 primary parameters which have to be
chosen from all the others which can be derived from them (Table A.1l). We
can break these primary parameters into three groups: (1) lithospheric
thermal parameters (2) unstretched continental crust parameter (3)
mid-oceanic ridge parameters. All these primary parameters have been
derived from former work, except the ridge reference and the initial

continental elevation, Z(1).
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A.4.2 The mid-oceanic ridge model

Many versions of the density distribution at a mid-oceanic ridge have
been proposed and the ridge reference used in this study is quite similar to
them (Fig. A.3); it is set up so that, assuming that the whole column is
initially at temperature Ta for simplicity, the present (175 My after ridge
condition) crustal structure be compatible with the one proposed by
Hutchinson et al. (1982).

A.4.3 Initial continental structure

The initial continental elevation Z(1l) is taken as zero since the
unstretched crust of the Carolina coastal plain is close to zero elevation.
The isostasy between the mid-oceanic ridge and the unstretched continent
constrains the only remaining free parameter pp(0) of equation A to be:

pm(0) = 3.31 g/cm? (A-9)
which finishes defining the initial continental structure (Fig. A.4).
A.4.4 Initial subsidence
Two cases are distinguished (Fig. A.5):

(1) The column is not oceanic, it is then considered as stretched by a
factor B and its elevation is given by relationship (A-1) which, with our
parameters becomes:

Z4(B) = 2(=)+(1-1/8) = 3.48 (1-1/B) km (A-10)
where Zy is expressed in km below sea level.

(2) The column is oceanic, its initial elevation is then

Zy = dr = 2.50 km (A-11)
This value is obviously not obtained by setting B = = into (A-10).
A.4.5 Thermal subsidence

The thermal diffusivity can be obtained from Parsons and Sclater (1977)
for the Atlantic:
= 650 MY, (A-12)

then from (A-7)
T =65.8 MY (A-13)
The constant ‘Ej is computed from (A-6) and yields a value of 3.93 km
which despite our slightly different choice of pp(0) is very close to
Parsons and Sclater (1977) value of 3.90 km (their C3 coefficient).
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The thermal subsidence S{(t,B), Eq. (A-5), is a linear formula in
(1-1/B) for time t = » and can be approximated linearly for time T = 200 MY
and t = 175 MY (even though in the model calculation we used the full series
for finite times).

S¢( =, B) = 3.93(1-1/B) 1in km (A-14)
S¢(200,B) = 3.77(1-1/8) (A-15)
S¢(175,8) = 3.69(1-1/B) (A-16)

For the oceanic part we use the same formula where we take B = ®, since
this 1limit of the model does represent the thermal evolution of oceanic
floor [McKenzie, 1978a].

A.4.6 Tectonic subsidence

The tectonic subsidence is defined as the sum of the initial and
thermal subsidence. The elevation of a continental column stretched by a

factor B after 200 m.y. can be obtained by summing (A-10) and (A-5):

Ze(t,B) = Z3(B) + S¢(t,B) (A-17)
For the oceanic part the elevation becomes:
Zt(t) = dr + St (t,oo) (A-IS)

A.4.7 Error range

We will here investigate how constrained our parameters are in order to
evaluate the error range in the initial, thermal and load subsidence that is
due to the model set up (Table A.2), as opposed to the error range due to
uncertainties in the data which is evaluated in the main text. We do not
need to evaluate each parameter error but the error on the combined
parameters which really control the initial, thermal and load subsidence
(LePichon et al., 1982b; Royden, in press).

The initial subsidence is controlled by the parameters Z(«~) and Z(1).
The error_on Z(=) can be computed through (A-3) if we estimate the error on
dr, h'c, p'c and p,. For a small amount of extension the error in the
initial subsidence would be controlled by Z(1) while for a large amount of
extension it would be controlled by Z(=) (Fig. A.5). Our estimate of the
error in dr does not take into account the possibility of very anomalous
ridge depth during the early phase of ocean opening (Mutter et al., 1982).

The thermal subsidence is controlled by the parameters E; and T.
Neglecting the effect of errors in 7 we obtain a range of error based on the

Parsons and Sclater (1977) estimate.
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The loading subsidence is obtained by (Appendix B)

Ps-Pw
S1oad = ——— H (A-19)

Pa~—Pw
where pg and H are the sediment average density and thickness. The
influence of these two parameters is a major contribution to the final error
and is investigated in the main text (data errors). We here compute the
influence of the choice of p; only. The resulting error is very small, but
it must be remembered that a major cause of error that we ignore here, comes

from the assumption of local isostasy.

A.5 APPLICATION
A.5.1 Introduction

For each location within the basin we proceed in two steps: (1) we
evaluate the stretching factor from the present total subsidence (Fig. A.6).
(2) From the stretching factor we can predict crust thickness, subsidence at
any time and reconstruct past basin configurations) (Fig. A.7).

A.5.2 Evaluation of the stretching factor E_(Fig. A.6)

For each location on non oceanic crust, the present total subsidence
(i.e. the present basement depth if zero elevation is assumed before
rifting) once corrected for the loading effect of the sediments (local
isostatic unloading, as described in Appendix B) yields the present tectonic
subsidence from which B can be evaluated using equation (A-17). If the
location 1is on oceanic crust B will not be adjusted but set at infinity and
Equation (A-18) will be used instead.

A.5.3 Reconstruction of past configurations (Fig. A.7)

At any given past time the tectonic subsidence can be computed using
equation (A-17). If the geological layer corresponding to that time is also
identified then the sediment thickness and density can be reconstituted
after correcting for compaction. The subsidence due to the load of these
sediments is added to the tectonic subsidence to yield the basement depth.
The predicted paleowater depth is then obtained by subtracting the
reconstituted sediment thickness from the basement depth. A final
correction to basement depth and seafloor depth can be made to account for

sea level changes.
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Parameters used in the one dimensional uniform extension model

Parameter

Meaning

I. Primary parameters

hy
*

Lithospheric thickness (i)
Time constant (1)
Asthenosphere temperature (i)

Coefficient of thermal expansion (i)

Initial continental elevation (ii)
Crustal thickness (ii)
Average crustal density (ii)

Ridge depth (iii)
Ridge crustal thickness (iii)
Average ridge crustal density (iii)

II. Derived parameters

pm(0)
Pm
Pa
Z(=)
Tr

Tm
E)

(1) Parsons and Sclater, 1977
(2) Hutchinson et al., 1982
(3) Anderson et al., 1973

(4) Estimated in this paper.

Density of mantle material at 0°C
Average mantle density (*)
Asthenospheric density

Mantle geoid depth

Moho temperature (*)

Average mantle temperature (*)

Maximum seafloor subsidence

(*) For unstretched continental crust

Value

128
65.8
1365
3.1x1073

0.00
40
2.876

2.5
5.0
2.75

3.308
3.216
3.168
3.478
427

896

3.932

g/cm3

3
g/cm

3
g/cm

3
g/cm
km
°C
°C
km

Reference

(1)
(1)
(1)
(1)

(4)
(2)
(2)

(3)
(4)
(4)

(4)
(4)
(4)
(4)
(4)
(4)
(4)

(1) lithosphere thermal parameters
(11) unstretched continental

crust parameters
(1i1) mid-ocean ridge parameter



Estimate of the uncertainty on the model set up

TABLE A.2

Parameter Absolute error Relative error | Reference
X AX AX/X
Pa 0.03 g/cm? 1% (3)
e 0.03 g/cm3 1% (3)
h'e 1 km 20% (3)
dr 0.5 km 20% (2)
Z(1) 0.2 km (3)
2(=) 0.8 km 237% (4)
E; 0.3 km 10% (1)
T 10 MY 15% (1)
B<1.2 0.2 knm (4)
Initial subsidence
B>1.2 237 (4)
Thermal subsidence 10% (4)
Loading subsidence 1% (4)

(1) Parsons and Sclater, 1977

(2) Anderson et al.,
(3) Our estimate
(4) Computed

1973
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Figure Captions

A.l1. McKenzie's [1978a] stretching model.

A.la: Unstretched continent. The thermal equilibrium geotherm is

assumed linear.

A.1b: The lithosphere is instantaneously extended by a factor B.

The isostatic compensation causes both an initial subsidence Si
and an upwelling of the asthenosphere.

A.lc: The thermal state returns to normal: the lithosphere thickens
and the crust subsides thermally by an amount S;.

A.2. Isostasy and stretching.

A.2a: Unstretched continent of elevation Z(1).

A.2b: Continent stretched by an amount B. The new elevation is Z(B).
The initial subsidence is S;y = Z(B)-Z(l). The asthenosphere has
upwelled.

A.2c: Limiting case when B=~. The elevation Z(») is the mantle geoid
depth. This case 1s not realistic and must be replaced by d.
A.2d: A mid-oceanic ridge defined by its depth dr, its crust average

density p.' and its crust thickness hc'.

A.3. Proposed mid-oceanic ridge structure.

(1) Christensen and Salisbury (1975).

(2) Turcotte et al. (1977).

(3) LePichon and Sibuet (1981).

(4) LePichon et al. (1982b).

(5) Cochran (1981).

(6) Keen et al. (1981).

(7) Our reference: the whole column is assumed at temperature T, =

1365°C and the crust is defined so that when its temperature comes

back to an average of 150°C it fits the oceanic crust proposed in the

gravity model by Hutchinson et al. (1982).

A.4, Assumed temperature and density distribution of the unstretched

continental crust of the Carolina trough.
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Fig. A.5. Subsidence as a function of y in the 1-D model.
y=1-1/B
51
St

initial subsidence

thermal subsidence
Si{ + St = tectonic subsidence
Shaded area = error range due to the set up
Note that the two cases; ocean and stretched continent are considered
separately; as a result a highly stretched continental crust could
subside more than oceanic crust; the question remains to know up to
what point the continental crust can be stretched before it breaks.
Fig. A.6. Flow chart: estimate of stretching factor.

Fig. A.7. Flow chart: reconstruction at a given time.
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RECONSTRUCTION AT TIME To

B

Time to

.
4’esent water depth
present to strata depth

present basement depth

;

/

( extension model

;

/

Stectonic

e

(sediment propertiea

average sed. density

sed. thickness at to

i
=
i

Sload

e

Stotal

~

Fig. A.7

water depth at to

sea level at to

loading response

ater depth at to
corrected for sealevel




Appendix B
SUBSIDENCE DUE TO SEDIMENT LOADING

Assuming local isostasy, the effect of a sedimentary cover of average
density pg and thickness H, can be estimated by balancing the sediment
covered column with an uncovered one (Fig. B.l; variable meaning in Table

B.1). If the top of the sediment is under water the resulting effect is:

Ps—Py
Sload = —--- ¢ H

Pa=Pu

If the top of the sediment is above water, depending on whether Zb* or
Zw 1s given, the formula becomes either

ES Pw
Sload = — ¢ H - — o Zb*
Pa pa
or
ES‘QW Pw
Sload = —--- H - ———= Z,
Pa~Pu Pa~Pw

We want to stress here that the density which comes into these equations is
the density at the depth of compensation, thus the asthenosphere density.

If the sediment compaction is represented by an exponential law such as:

#(z) = ¢(0)+e7C2

then:
_ 1-e—CH
Ps = Pr - (Pr'pw)'¢(0)' —————
CH
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Zw:
Zb:
Zb*:

Pst
Pyw:
Pa:
Pr:
¢(2):

Sload:

TABLE B.1

Variable Meaning

seafloor depth (top of sediment depth)

loaded basement depth

unloaded basement depth

sediment thickness

average density of the sediments

density of seawater

density of the asthenosphere

density of the sediment matrix

porosity of the sediments at subbottom depth Z
coefficient of decay of porosity versus depth
part of the subsidence due to the sediment load
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APPENDIX C

THE TWO DIMENSIONAL UNIFORM EXTENSION MODEL
C.1 INTRODUCTION

The initial subsidence is treated as in the case of the 1-D model
(Appendix A) but for the thermal subsidence, McKenzie's (1978a) analytical
formulae are replaced by a two dimensional finite difference simulation
developed by Sawyer (1982). Also, the flexibility of the numerical model
allows us to substitute a more realistic geotherm, like those proposed by
Sclater et al. (1981) (Fig. C.1), to the simple linear geotherm proposed by
McKenzie (1978a). This results in a slightly different setting of the
parameters (Table C.1, Fig. C.l).

C.2 THE GEOTHERM

In the crust the radioactive heat generation, A, is assumed

exponentially distributed:
A(Z) = A, e72/D (c-1)

In the mantle there are no heat sources.
In the asthenosphere, the temperature is constant.
The resulting geotherm has seven degrees of freedom and can be

expressed as a function of hy, h., kg, ke, Ay, D and Q, for instance:

Qo=AoD A,D?

Z) = —(—Z + (1-e=2/D)y  if 0<z<h, (c-2)
C C

T(Z) = Ty + o 1f ho<Z<hy (c-3)

hg-h¢
TZ) =T+« =Ta 1f hy<z (C=4)
where:
-h /D

Qr = AgD(e € =1) + Qp = Qp=AoD (c=3)
Qo’AoD A0D2

TI' = X hC + " (l-e'hC/D) (C-G)

Cc (o4

are respectively the heat flow and temperature at the Moho.
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C.3 SETTING THE PARAMETERS

We will distinguish the primary parameters which have to be chosen
from all the others which can be derived from them [Table C.1]. hy, Tg,
ke, kg, @, Cp, py can be considered as independent from the studied region
and are taken from global former works. The remaining parameters are

region dependent and discussed now.
C.3.1 Geotherm for the Carolina trough

Short of better estimates, we took some world averages for D and Qg
which, together with hy, h., k., kg and T, totally define the geotherm. As
a consequence A, cannot be chosen freely but must satisfy Eq. (C-4) which
yields a value [Table C.1] quite in the range reported by Sclater et al.
(1981).

The resulting geotherm shown in Fig. C.1 can be described as:

T(Z) = 12.3Z + 60.8 (1-e~2/10)  if 0<z<40 (c-7)
T(Z) = 178.5 + 9.3 Z if 40<2<128 (C-8)
T(Z) = 1365 if 128<z (c-9)

where the depth is in km and the temperature in °C.
C.3.2 Structure

hc,‘ab are taken to be consistent with Hutchinson et al.'s (1982)
gravity model. Since the mid-oceanic ridge parameters p.', h.' and dr are
already fixed (as in Appendix A) the only remaining free parameter of the
equation which ensures isostatic balance between the unstretched continent
and the mid oceanic ridge, (Eq. A-4, Appendix A) are then pp(0) and Z(1).
This results in a sensitive dependency of the elevation Z(1) on the choice
of the mantle density, pph(0); since this latter is not very well known, it
seems legitimate to use the information we have, mainly the elevation, to
constrain the choice of that density. Because the unstretched crust of
North Carolina is a region of swamp of very small elevation, we impose
Z(1) = 0.000 km which determines pp(0).
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C.3.3 Sediments
The sediment porosity, ¢, varies with depth as:
¢(z) = ¢(0)e~C.2Z (€-10)

(average and extreme values of ¢(0) and C are taken from Chapter 3) and
their thermal conductivity, k, is assumed to depend on ¢ as (Sawyer et al.,
1982):

k(6) = (5.3 - 4.3¢)¢1073 cal cm~ls~! °c-! (c-11)

C.4 INITIAL SUBSIDENCE

The initial subsidence is again derived from (A-1) (Appendix A) and

becomes for the non-oceanic part:
Z;(B) = Z(=)(1-1/B) = 3.44 (1-1/B) km (c-12)
and for the oceanic part:

Zy = dr = 2.5 knm (c-13)

C.5 THERMAL SUBSIDENCE: THE SIMULATION
C.5.1 Geometry

The continental margin is modeled by a two-dimensional cross section
(Fig. C.2) with the following boundary conditions:

- at the two side boundaries the horizontal heat flow is nought.

- the material originally at the bottom is kept at a constant

temperature
T, (asthenospheric temperature)

- the top boundary is at the constant temperature of 0°C.

The temperatures are computed on a grid (Fig. C.2). The horizontal
spacing Ax = 10 km (or 200 SP) while the vertical spacing, Az, varies from
1 km in the upper parts up to 8 km in the deep parts where the temperature
variations are smaller. The stability condition can be written (Sawyer,
1982):

-1
lé ( 12 + 12) +%) (c-14)
“p ax Az :

At < (2

with our grid size we chose Aty = 0.5 MY in the coarsest grid (Az = 8 knm,
deepest points). In the finest grid (where Az = 1 km) At = Aty,/64.



C.5.2 Input
The input parameters fall into 4 categories:

a. the physical parameters (Table C.1)

b. the initial conditions, i.e., the distribution of temperature and
density immediately after stretching, which is set up in two parts:
- the non-oceanic columns are derived from an unstretched

continental column by a reduction of B.
- the oceanic columns which are set up as our reference ridge at
temperature T,.

c. the sedimentation rates to be applied during time; we compute these
rates from the seismic line reflector depths, assuming that they
are constant between each pair of reflectors. They are corrected
for compaction.

d. the relaxation temperature TR
C.5.3 Implementation

For each time step the program solves the heat equation, computes the
new temperature distribution, then adds the sediments required and corrects
them for compaction, and finally adjusts the elevations by taking into
account the thermal contraction, and the response to the load of the newly
deposited sediments.

The lithosphere is considered as an elastic plate over an inviscid
fluid. The thickness of the elastic plate is defined by the depth to the
isotherm at the relaxation temperature, TR (Watts et al., 1982; Sawyer,
1982). The plate thickness will then vary both laterally with the

temperature structure and through time as the temperatures evolve,
C.5.4 Parameters test

With our choice of parameters, the simulation correctly predicts the

subsidence of unloaded oceanic crust (Fig. C.3).
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C.6 INVERTING FOR B AND Tg BY ITERATION

First, a value of Tg is chosen. Then, the B factors applied to each
non-oceanic column are found through iteration so that the predicted
present day water depth fits that observed. For oceanic column, B is set
to infinity and the subsidence which is totally determined by the initial
mid-oceanic ridge thermal conditions and by the loading of the sediments,
cannot be adjusted so as to perfectly a fit as the present day water
depth.

Once B(x) is found, the present day structure is predicted, and from
it gravity can also be predicted and compared with the data. Such a
comparison is done for models assuming different values of TR. The one
which gives the best agreement is then retained. This process is

summarized in Fig. C.4.
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TABLE C.1
Parameters used in the two dimensional extension model

I. Primary parameters

Parameter Meaning Value Reference
hyg initial 1lithospheric thickness 128 km (2)
Ta temperature of the 1365°C (2)

asthenosphere
Qo surface heat flow 1.1x1076 cal cm™2 -1 (1)
D depth constant of 10 km (1)
radioelement repartition
ke conductivity of the crust 0.006 cal cm1 °c-1 s-1 (1
kg conductivity of the mantle 0.008 cal em~! °c"1 -1 (1)
a thermal expansion of the 3.1x1073 °c-l (2)
crust and mantle
Cp heat capacity of rocks 0.3 cal gl °c! (2)
z(1) initial continental elevation 0.000 km (3)
he initial continental crust 40 km 4)
thickness
Pe average continental crust density 2.876 g/cm3 (4)
dr ridge depth 2,5 km (7)
he' ridge crustal thickness 5.0 km (3)
pe' average ridge crust density 2.75 g/cmsl (3)
$(0) porosity of sediment at sea 55% (5)
bottom
c coefficient of decay of 0.43 km~l (5)
porosity wversus depth
Pr density of sediment matrix 2.7 g/r:m3 (5)
Pu seawater density 1.03 g/cm3
k(4) thermal conductivity of cal en~l g-l°cl (5)
sediments of porosity ¢
Poisson's ratio 0.25

Young's modulus 6.6 1010 pa (6)

11, Derived parameters

Ag radioactive heat generation 3.65x10713 cal cm3 57! (3
Tr temperature at the Moho 549°C (3)
Tm average mantle temperature 957°C (3)
Qr heat flux at the Moho 7.41x107 cal em~2 s-1 (3)
pm(0) ;nantle density at T = 0°C 3.29 g/cm3 (3)
Pm average mantle density 3.19 g/cm3 (3)
PR average lithospheric density 3.09 g/cm3 (3)
Pa asthenospheric density 3.15 g/cm3 (3)
Z(=) mantle geoid depth 3.444 km (3)
(1) Sclater et al., 1981 (4) Hutchinson et al., 1982

(2) Parsons and Sclater, 1977 (5) sawyer et al., 1982b

(3) This paper (6) Stein et al., 1979

(7) Anderson et al., 19
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FIGURE CAPTIONS

C.1: Temperature and density distribution of the unstretched
continental crust for the two dimensional model compared with the ones
for the one dimensional model (Appendix A).

C.2: Grid used in the simulation. Seafloor, basement and moho are
outlined in dashed line.

C.3: Comparison of the simulation predicted oceanic subsidence with
Parson's and Sclater's (1977) relationship which, for the Atlantic, is:
t < 30 MY d = 2500 + 350/t

t > 30 MY d = 6400-3200 e~t/65.8

(t = time in MY, d = depth in m)

The difference between the two estimates is at most 75 m.

C.4: Flow chart explaining how B and TR are inverted. The dashed
arrow represents iterative feedback in the parameter estimations, the

solid arrow direct computation.
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Appendix D
THE TWO LAYER TWO DIMENSIONAL EXTENSION MODEL
D.1 INTRODUCTION

Since Sawyer's (1982) finite difference procedures simulate the
thermal and tectonic evolution of a basin cross section given its initial
condition and sediment input rates, the only alteration brought up by
non-uniform extension is in the initial conditions. Two of these
conditions are now differently set up: the initial subsidence and the

initial temperature distribution.
D.2 INITIAL SUBSIDENCE

The crust being extended by a factor B, and the subcrustal lithosphere
by a factor Bg., the new elevation Z(B.,Bg.) is given by assuming isostatic
balance before and after extension (Royden and Keen, 1980; Sclater et al.,
1980) (same variables as in Appendix A).

Z(ﬁc,Bsc) = Tmmmmmsm e Z(1) + (l-l/Bc)
pa‘é(z<Bc’Bsc)) pa-é(z(BcaBsc))

(Pm=pa)(hg=h¢)
+ (l/Bsc - I/Bc) (D-l)
pa-5(2(8c963c>)

0 if Z<O

6(2)

6(z)

Puw if Z 5> 0

The first two terms are the same as those obtained for uniform
extension (Appendix A, Eq. A-1) while the third term represents the
correction brought by differential subcrustal extension. This correction
allows more initial subsidence if Bg.<B. and less if Bg.>Bo; as expected

extra subcrustal heat maintains higher elevations.
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D.3 TEMPERATURE STRUCTURE

The geotherm T(Z) after extension can be described as a function of

the equilibrium geotherm TO(Z) as follows:

for Z < h./B¢ T(Z)

TO(Bc*2Z) (D-2)

for ho/Be< Z € ho/Bet(hg-ho)/Bge T(Z) = TO(he+Bgc(Z-heo/Be)) (D-3)

for ho/Bo+(hg~h.)/Bge € Z T(Z) = T°(Z-ho/Bc-(hg-hc)/Bget+hy) (D-4)

D.4 PARAMETERS

All the model parameters remain the same as in the uniform extension
model (Table C.1l; Appendix C).

In one model though, the sediment matrix will be assumed to produce
radiogenic heat, contrary to all preceding models where sediment radiogenic
heat production 1is set at zero. In order to estimate the maximum effect of
that factor we assumed a high value of heat generation, A,., for the
matrix:

Ar = 5.0 10713 cal em3 571, (D-5)



