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Abstract. Biostratigraphic data from the COST
B-2 well off New York and four deep commercial
wells off Nova Scotia have been used to remove
the effect of sediment loading at the Atlantic-
type continental margin off the East Coast, North
America. The resulting subsidence contains terms
due to both '"tectonic' and "eustatic' effects. By
assuming the tectonic subsidence is thermal in
origin these effects can be separated. The
"eustatic'" effects have been isolated by least
squares fitting an exponential curve to the
subsidence data. The resulting sea-level curve
shows a maximum rise in sea-level during the Late
Cretaceous (about 75-80 m.y.B.P.) which probably
does not exceed 150 meters. The tectonic subsi-
dence has been interpreted in terms of a simple
thermal model for the cooling lithosphere. Based
on this model the thermal thickness of the litho-
sphere and the total amount of crustal thinning
are estimated. These estimates which are consis-
tent with surface ship gravity and GEOS-3 altim-
eter measurements are used to define the struct-
ural elements which control the tectonic evolu-
tion of the margin.

Introduction

The Atlantic-type continental margin off the
East Coast of North America comprises a substan-
tial thickness (¥ 12 km) of seaward dipping
Mesozoic and Tertiary sediments (for example,
Sheridan, 1974; Schlee et al., 1976; Jansa and
Wade, 1974). Biostratigraphic data from deep
commercial boreholes in the outer continental
shelf (Scholle, 1977; Gradstein et al., 1975;
Jansa and Wade, 1975) show that a large proportion
of these sediments were deposited in shallow-water
environments. Such large thicknesses of shallow-
water sediments cannot be caused by the effects of
sediment loading alone and other factors must
contribute to the observed subsidence.

A number of authors (Sleep, 1971; Artemjev and
Artyushkov, 1971; Bott, 1973; Falvey, 1974;
McKenzie, 1978) have discussed the origin of the
subsidence of Atlantic-type margins. A useful
approach (Sleep, 1971; Watts and Ryan, 1976;
Steckler and Watts, 1978) 1s to account quantita-
tively for the effect of sediment loadiag and
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isolate that part of the subsidence which is not
caused by the weight of the sediments. Sleep
(1971) corrected for sediment loading using
stratigraphic data from more than 35 commercial
boreholes in the U.S. coastal plain. He showed
that the subsidence not caused by sediment loading
was exponential in form and that it was probably
thermal in origin. Watts and Ryan (1976) used
biostratigraphic data from the Gulf of Lion in the
western Mediterranean and showed that the subsi-
dence was similar in form to the empirical ocean
ridge curve, and Steckler and Watts (1978) used
biostratigraphic data from the COST B-2 well off
New York and showed that the subsidence could be
interpreted in terms of a simple thermal model for
the lithosphere.

In order to quantitatively evaluate and remove
the effect of sediment loading two procedures
should be followed (Steckler and Watts, 1978).
First, use blostratigraphic data to reconstruct
the sedimentary section during the development of
the margin. Second, ''backstrip" the sedimentary
section to obtain the subsidence not caused by the
welght of sediments.

The resulting subsidence of the margin, however,
is affected by world-wide changes in sea-level
through time. These changes act as an additional
load of water on the basement., Sleep (1971) and
Watts and Ryan (1976) did not correct for sea-
level changes. Steckler and Watts (1978) cor-
rected for sea-level changes using Pitman's (1978)
curve, based on changes in ridge crest volumes and
Vail et al s (1977) curve based on seismic strat-
igraphy. Steckler and Watts (1978) showed that
this correction was large and that it signifi-
cantly altered the shape of the subsidence curve,

There 1s a difficulty, however, in determining a
sea-level curve because "tectonic" and "eustatic"
effects cannot be easily separated (for example,
Fairbridge, 1961; Hallam, 1963). For example,
Pitman (1978) assumed a single, constant hypso-
metric curve for the continents through time.
Differential changes in continental hypsometry,
however, may have significantly altered this
curve (Bond, 1978).

There i1s now good evidence that the subsidence
of Atlantic-type margins not caused by the



effects of sediment loading is thermal in origin
(Sleep, 1971; Watts and Ryan, 1976; Steckler and
Watts, 1978). Thermal models predict that the
subsidence is a function of age and is exponential
in form. It should therefore be possible at a
margin to separate the thermal or '"tectonic" part
of the subsidence and isolate that part caused by
"eustatic" changes in sea-level.

The purpose of this paper is to use biostrati-
graphic data from five wells off the East Coast,
North America (Fig. 1) to quantitatively under-
stand the origin of the subsidence of Atlantic-
type continental margins. By assuming the sub-
sidence is thermal in origin we can separate
"tectonic" and "eustatic" effects. The "eustatic"
effects are interpreted in terms of a new sea-
level curve and the "tectonic' effects in terms of
a simple thermal model for the cooling litho-
sphere. This model is used to place constraints
on the evolution of the margin.

Data Reduction

Biostratigraphic data from the five wells off
the East Coast, North America (Fig. 1) have been
used to remove the effect of sediment loading at
the margin. We have used the 'backstripping"
technique described by Steckler and Watts (1978)
assuming the Airy model of isostasy. In this case
"backstripping' each stratigraphic horizon can be
summarized by the equation

(p_-p_) o
Y=S*LS——+wd—ASL—m— Q)
(omva) (om-pw)

where p_is the average mantle density, p_ is the
average water density, and p_1s the average sedi-
ment density. Y is the depth to basement without
sediment and water loads and represents the sub-
sidence caused by '"tectonic" effects. S* is the
sediment thickness corrected for compaction, W

is the water depth at the time of deposition, and
4A.. is the elevation of mean sea-level. The right
hand term in equation 1 therefore represents the
subsidence caused by "eustatic' effects.

The five wells (Fig. 1) are located in different
tectonic settings along the margin (Jansa and
Wade, 1975; Scholle, 1977). The Naskapi N-30
(Fig. 2) and Mohawk B-93 wells are located on the
slowly subsiding La Have platform, and the Sable
Island C-67 and COST B-2 (Fig. 2) wells are loca-
ted in deep sedimentary troughs. The Oneida 0-25
(Fig. 2) well is located near a hinge zone
separating these two tectonic environments.

We summarize the stratigraphy of each of the
five wells in Figure 3. The wells penetrated
sediments which range in age from Middle to Latest
Jurassic (Fig. 3; Williams, 1975; Smith et al.,
1976). The sediments comprise a sequence of
mainly sands and shales with only a small amount
of carbonate rocks.

To correct for the effect of compaction (equa-
tion 1) we utilized downhole sonic and density

logs for each well to determine the variation of
porosity with depth (Fig. 4). For the COST B-2
well we used the sonic and density log porosity
values tabulated in Rhodehamel (1977), and for
wells off Nova Scotia we examined the original
Schlumberger sonic and density logs. By assuming
that the porosity versus depth curve has remained
constant we calculated the thickness and average
density of each horizon as it appeared through
geologic time. In these calculations we used a
uniform grain density of 2.70 g/cm® for the wells
off Nova Scotia and 2.65 g/cm® for the COST B-2
well (Rhodehamel, 1977). We also assumed that
the porosity values at the base of these wells
could be extrapolated to great depth.

The paleo-water depths required for each well
(equation 1) are summarized in Figure 5. Esti-
mates of paleo-water depth for the COST B-2 well
are based on dinoflagellates and benthonic foram-
inifera (Smith et al,, 1976) and estimates for
the wells off Nova Scotia are based on unpublish-
ed multidisciplinary studies (F.J. Paulus, per-
sonal communication).

We have not applied a correction for variations
in water load due to changes in sea-level through

time. Equation 1 can therefore be rewritten
P
Y' =Y+ A, | —— (2)
SL (0.-p.)
Pn Py

where Y' is the depth to basement through time
corrected for sediment loads, but still contains
terms due to both '"tectonic' and "eustatic"
effects.

Figure 6 shows the total sediment accumulation
and the calculated Y' for each of the wells
through time. The dotted region represents that
part of the subsidence caused by sediment loading
and the hatched region represents that part
caused by "tectonic' and 'eustatic' effects.

The relative smoothness of Y' shows that "back-
stripping” successfully removes variations in

the total sediment accumulation through time

that are due to changes in the supply of sediments
and local sea-floor sedimentary processes.

Eustasy

In order to examine the evolution of the
margin it is necessary to separate the "tectonic”
and "eustatic'" effects from Y .

A number of studies have now been carried out
(Sleep, 1971; Watts and Ryan, 1976; McKenzie,
1978; Steckler and Watts, 1978) that suggest the
tectonic subsidence at margins is thermal in
origin. Sleep (1971) has suggested the subsi-
dence is caused by cooling of the lithosphere
following uplift and sub-aerial erosion whereas
McKenzie (1978) has postulated the subsidence is
caused by cooling of the lithosphere following
"stretching" and thinning at the time of initial
rifting. McKenzie (1978) has shown, however, that
for all thermal models the subsidence of the
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Figure 1. Location map of the COST B-2 well (Scholle, 1977) and the wells offshore Nova Scotia used
in this study (Williams, 1975; Jansa and Wade, 1975; A, W. Bally, personal communication). The
summary geology and generalized bathymetry are based on the tectonic map of North America (King,

1969).

The heavy lines with bars indicate the location of the schematic geological structure sections

of the margin shown in Figure 2 and the heavy lines without bars indicate the location of seismic
refraction stations 1, 2, 3, 4 of Keen et al. (1973), El of Ewing and Ewing (1959), 14 of Keen and

Loncarevic (1976) and LL of Barrett et al, (1964).

margin can be characterized by a simple exponen-
tial curve for ages greater than 20 to 30 m.y.
after initial rifting.

These considerations suggest, therefore, that
the "tectonic" and "eustatic" effects can be
separated by fitting an exponential curve to Y'
We then interpret the exponential component of
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the subsidence as the "tectonic" effect and the
difference between the exponential and Y' as the
"eustatic' effect. We fitted an exponential
curve to the data within each well by least
squares.

In addition, for the three wells which did not
reach basement (Oneida 0-25, Sable Island C-67,
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Figure 2. Summary geologic cross-section of the continental margin off New York (profile A-A', Fig. 1) and
Nova Scotia (profile B-B', Fig. 1). The summary stratigraphy of COST B-2, Oneida 0-25 and Naskapi N-30
wells is based on Scholle (1977) and Williams (1975). In profile A-A' the summary stratigraphy of other
wells in the coastal plain is based on Maher and Applin (1971) and in the Outer Continental Shelf is

based on Hathaway et al. (1976). Solid lines indicate prominent seismic reflectors identified on

adjacent multi-channel seismic profiles based on Given (1977) and King and MacLean (1974) for profile

B-B' and Grow et al, (lines 2 and 9; in press) for profile A-A'. The sources and location of seismic

refraction profiles is given in Fig. 1.
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Figure 3. Generalized stratigraphy of the deep

commercial wells which are used in this study (Fig.

1). The depth to stratigraphic horizons is based
on Scholle (1977) for the COST B-2 well and on

Williams (1975) for the wells off Nova Scotia. The
slope of the horizons represents the uncertainty in

its position.

COST B-2) we considered the effect of the addit-
ional data point at the base of the sediments
beneath the well. Since this data point is at the
time of initial rifting a complete thermal model
must be used. For this point we assumed the cool-
ing plate model of Parsons and Sclater (1977). As
pointed out by McKenzie (1978) and Steckler and
Watts (1978) the ocean ridge model may not strict-
ly apply to a continental margin. At a margin the
entire lithosphere has probably not been heated

to the solidus temperature. A constraint on this
data point is needed, however, in order to deter-
mine the long-term trend in sea-level.

In order to apply the model we made the follow-
ing assumptions: 1) The depth to basement at the
Oneida 0-25 well is 5.3 km based on a nearby
multi-channel seismic profile (Given, 1977), at
the Sable Island C-67 well is 8.2 km based on the
contours on basement map of the Scotian shelf
(Geological Survey of Canada map 1400 A), and at
the COST B-2 well is 12.8 km based on nearby
multi-channel seismic profile USGS Line 2 (Schlee
et al., 1976; Mattick, 1977). 2) The earliest
sediments beneath the well were deposited at sea-
level. 3) The subsidence of the margin began 195
m.y.B.P., corresponding to the time of extensive
basaltic activity in the North Atlantic region at
the Triassic-Liassic boundary (Van Houten, 1977).
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The sea levels, AS , required to explain the
differences between %hese exponentials and Y'
(equation 2) are shown in Figure 8. Figure 8a
indicates the differences from an exponential
curve least squares fitted to the data within the
well and Figure 8b indicates the differences in
which the additional data at the base of the well
has been included. Since Mohawk B-93 and Naskapi
N-30 both reached basement, the differences for
these wells in Figure 8 are the same. Although
there is scatter in the data, a similar pattern
of sea-level changes can be distinguished for
each well (Fig. 8). With the exception of the
Sable Island C-67 well, sea-level appears to rise
between the Early and Late Cretaceous and fall
between Late Cretaceous and Miocene. A smaller,
but rapid, rise in sea-level appears to occur
during the Latest Jurassic. The shapes of the
two sea-level curves are similar, therefore the
sea-level curve is only weakly dependent on the
time constant T and the assumptions of the model.

The well data was then corrected for sea-level
using the curve in Figure 8b (equation 2) and the
previous procedure was repeated until the differ-
ences from the best fitting exponential were sat-
isfactorily reduced. We chose the sea-level curve
in Figure 8b because it includes the long-term
trend in sea-level. Figure 9 shows the sea-level
curve from Figure 8b and the "first estimate' of
the sea-level curve derived after iteration. The
sea-level curves in this figure have been plotted
with present day sea-level as the origin.

The well data which includes the "first esti-
mate' sea-level curve together with the best fit-
ting exponential curves is shown in Figure 10.
The inclusion of the sea-level correction has
resulted in a noticeably improved fit of an
exponential curve to the well data, as can be
seen by comparing Figures 7 and 10. There are,
however, departures from an exponential curve
which cannot be explained by sea-level changes.
We attribute these departures to local "tecton-
ic" effects. Prior to the Late Cretaceous the
Sable Island C-67 well departs from the curve.
This well is located on a possible basement block
(North Sable high, Jansa and Wade, 1975) as
indicated by dip reversals on nearby seismic
reflection profiles, There is also evidence on
these profiles of salt diapirism. These factors
indicate local tectonic activity which could have
disturbed the lower part of the well. The COST
B~2 well departs from the curve mainly during the
Oligocene when extensive erosion of the shelf may
have occurred (Grow et al., in press). The
flexural effects of this erosion have been model-
ed by Steckler and Watts (1978) and can adequat-
ely account for the observed departures from the
curve.

We compare in Figure 11 the 'first estimate”
curve to other sea-level curves. The fine
solid line is the sea-level change based on the
Schuchert-Wise percentage continental flooding
estimates and the hypsometric curve for North
America given by Wise (1974, fig. 5). The heavy
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Figure 4, Porosity-depth curves for the five wells used in this study.
The porosity data for Oneida 0-25 and Sable Island C-67 are based on the

The solid lines indicate the curve used in the computation of

are discussed in the text.
nearby well logs indicated in the figure.
the reconstructed sedimentary section.

dashed line is the adjusted sea-level curve of
Bond (1978, fig. 4B) based on more recent per-
centage continental flooding estimates and
different hypsometric curves for each continent.
The discrepancies between Bond (1978) and
Schuchert~Wise are caused by Jdifferences in the
hypsometric curve assumed through time. There
is good agreement that the maximum rise in sea-
level in the Late Cretaceous based on estimates
of percentage continental flooding and the
"first estimate' sea-level curve is 100 to 150
meters., The dashed line with open circles is
the sea-level change obtained by Pitman (1978)
and Vail et al. (1977). The maximum rise in
sea-level based on this curve is greater than
300 meters, which is significantly larger than

34

s

The sources of the porosity data

the "first estimate" sea-level curve.

The differences between using the Pitman
(1978) and Vail et al. (1977) sea-level curves
and the "first estimate" curve are illustrated
in Figure 12 for the Oneida 0-25 well. The
upper curve in this figure is Y' which includes
the "tectonic’ subsidence uncorrected for
"eustatic' effects. The lower two curves in
figure 9 show Y, the '"tectonic" subsidence at the
margin, calculated using Pitman (1978) and Vail
et al., (1977) and the "first estimate" curve.
This figure shows the '"first estimate" curve
successfully improves the fit of the tectonic
subsidence to an exponential curve while the
Pitman (1978) and Vail et al. (1977) curve im-
plies a nearly linear tectonic subsidence. A
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subsidence curve of this form cannot easily be
explained by current tectonic models for the
evolution of Atlantic-type continental margins.

Thermal Parameters

We have used the "first estimate' sea-level
curve to correct Y' and obtain Y, the tectonic
subsidence at each well (Fig. 10). By compar-
ing this subsidence to the cooling plate model,
which Parsons and Sclater (1977) have shown
explains the subsidence of oceanic crust out to
ages of at least 160 m.y., the thermal parameters
of the lithosphere beneath each well can be
estimated. The advantage of this model is that
the subsidence follows a relatively simple pat-
tern., At first, the subsidence is proportional
to t* and then, after a time dependent upon the
thickness of the thermal lithosphere, the sub-
sidence is arrested and decays exponentially to
a constant value. The parameters that charact-
erize the subsidence curve can be estimated by
plotting the tectonic subsidence Y on two simple
graphs, Y versus t¥ and log Y versus t. The
rate of subsidence on a t¥ plot normalized to the
total subsidence (C;/Cs: of Parsoms and Sclater,
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Figure 6. Plot of Y' and the total sediment accumulation through time for each of the wells (Fig. 1).
The dotted region indicates that part of the subsidence caused by sediment loading and the hatched

region indicates that part of the subsidence caused by other "tectonic" and "eustatic"

effects. The

range of Y' reflects uncertainties in the water depth (Fig. 5) and the position of individual strati-

graphic horizons (Fig. 3).
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Figure 7. Plot of Y' (Fig. 6) compared to simple
exponentilal curves. The dashed line represents
an exponential curve least squares fitted to data
within each well. The solid line represents an
exponential curve obtained by a least squares fit
to the observed data including the data point at
the base of the sedimentary section.

1977), the breakdown of the linear part of Y
versus t? (C;), and the time constant of the
exponential decay (C;') can be used to obtain
independent estimates of the thermal thickness of
the lithosphere. In addition, from simple iso-
static considerations (Steckler and Watts, 1978),
the total tectonic subsidence D (C3) can be used
to estimate the total amount of’crustal thinning
that has occurred at the margin.

We have obtained estimates of the thermal
parameters for the COST B-2 and the Oneida 0-25
wells. These wells have been selected because
they are considered the most reliable of the
five wells studied. Both the Naskapi N-30 and
Mohawk B-93 wells are located on relatively thin
sedimentary sections (Fig. 3) which penetrated
basement. The oldest sediments in these wells
are of Middle Jurassic age and are significantly
younger than the inferred age of the opening of
the Atlantic. The Sable Island C-67 well was not
considered because of the poor fit of the tec-
tonic subsidence to an exponential curve (Fig.
10).

Figure 13 shows the plot of the tectonic sub-
sidence Y against t? and log Y against t for
the COST B-2 and Oneida 0-25 wells. The linear
part of the ¥ plot is generally well constrained
for the Oneida 0-25 well but poorly constrained
for the COST B-2 well. The tectonic subsidence

data for the COST B-2 well extends into only a
small part of the linear portion of the plot.
However, even with this uncertainty the tectonic
subsidence for each well appears to deviate from
a straight line. Thus estimates of the slope of
the straight line (C,) and the age} of the de-
parture from the straight line (C;) can be
determined for each well. The straight line in
the plots of log Y against t was determined by
a least squares fit to the tectonic subsidence
using Do (C3) as an independent parameter. The
fit to a straight line is generally good and
gives an estimate for the time constant of the
exponential term (C>') and D, (C3) for each well,
The estimates of the parameters obtained from
the plots (Table 1) have been used to compute the
thermal thickness of the lithosphere, a, and the
amount of crustal thinning that has occurred
beneath each well. The COST B-2 well, which is
located in a deep sedimentary trough, yields a
small estimate for the lithospheric thickness
(108 to 130 km), and a large estimate for the
amount of crustal thinning. The Oneida 0-25 well,
which is located just landward of the "hinge zone"
(Fig. 2; Jansa and Wade, 1975) yields a large
estimate for the lithospheric thickness (160 to
170 km) and a small estimate for the amount of
crustal thinning.

Lithospheric models

We have examined the validity of these estimates
of the crustal thinning and thermal lithospheric
thickness at the COST B-2 and Oneida 0-25 wells
by comparing their computed gravitational effect
to observed surface-ship gravity data and GEOS-3
satellite radar altimeter measurements over the
margin.

We constructed models for the crustal structure
of the margin along profiles A-A' and B-B'

(Fig. 1) which include the COST B-2 and Oneida
0-25 wells and compared their gravitational
effect to observed surface-ship gravity meas-
urements (Fig. 14). The distribution of the
sediments for each profile is based on nearby
multi-channel seismic reflection data summarized
in Figure 2. The sediment structure thus deter-
mined was held constant and only the configura-
tion of the 'Moho' surface was varied between the
models. In the upper models (Fig. 14), the
'"Moho' is based on an Airy model of compensation
for the bathymetry and sediments and an assumed
compensation depth of 32 and 30 km for Nova
Scotia and New York respectively. The crust and
mantle densities assumed are the same as used in
the "backstripping" calculations. There is
generally a poor agreement between the computed
gravity effect based on an Airy model and the
observed profiles for each margin. In the lower
models (Fig. 14), the 'Moho' surface was varied
until a "best fit" was obtained between the
computed and observed effects.

The dashed vertical line beneath the Oneida
0-25 and COST B-2 wells in Figure 14 is the
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Figure 8. Differences between Y' and the simple exponential curves in Figure 7 expressed as relative

changes in sea-level.
well.
the sedimentary section.

Column A are the differences from an exponential curve based on data within each
Column B are the differences from an exponential curve including the data point at the base of
The dashed line is the average sea-level curve for each column.

The time

constant T in m.y. is indicated to the right of each curve.

estimate of the crustal thickness based on
thermal calculations (Table 1). This estimate
was obtained by subtracting the assumed compen-
sation depth from the amount of crustal thinning,
based on Dy. Although gravity data cannot be
used to uniquely determine the depth to 'Moho'
beneath each well there is good agreement between
the erustal thickness based on gravity and ther-
mal modeling (Fig. 14). Thus gravity data are
consistent with a small amount of crustal thin-
ning beneath the Oneida 0-25 well and a large
amount of crustal thinning beneath the COST B-2
well.
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Available seismic refraction measurements
(Ewing and Ewing, 1959; Barrett et al., .1964;
Keen and Loncarevie, 1966: Keen et al., 1975) do
not constrain the crustal thickness beneath the
Oneida 0-25 and COST B-2 wells (Fig. 14).
However, they are in agreement with the crustal
structure determined in the models for the con-
tinental rise off Nova Scotia.

Although gravity data is a useful constraint on
the shallow structure of the margin, it pro-
vides little information on the deep structure.
Recent advances in satellite radar altimetry
(Leitao and McGoogan, 1975; Martin and Butler,
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Figure 9. Elevation of sea-level above present
day. The dashed line is the average sea-level
curve from Figure 8B. The solid line is the
"first estimate' sea-level curve determined by
iteration. The origin is at present day sea-
level.

1977) enable the height of the marine geoid above
the reference ellipsoid to be determined to an
accuracy of about one meter. The geoid is more
sensitive than gravity to long wavelength fea-
tures in the gravitational field and may there-
fore provide more information on deep structures.
We have used recent determinations of the geoid
height derived from GEOS-3 altimeter measurements
over the margin off New York and Nova Scotia to
better constrain our estimates of the thermal
thickness of the lithosphere (Table 1).

The geoid height associated with the 'best fit"
gravity models in Figure 14 was computed and
compared to the observed GEOS-3 geoild height
(Fig. 15 a,b). There is an excellent agreement
between the observed and computed geoid off New
York, but a discrepancy of over 3 meters in the
step in the geoid across the margin off Nova
Scotia. We have found that reasonable variations
in the density of the crust and upper mantle
cannot explain this discrepancy, suggesting that
its source is located deeper within the litho-
sphere.

The thermal models predict there may be a
significant difference in the lithospheric thick-
ness between the continental shelf (160-170km)
and the ocean (128 km, Parsons and Sclater, 1977)
off Nova Scotia but little or no difference in
the corresponding region off New York (108-130
versus 128 km). To test this possibility we
computed the geoid effect of a model which
included these differences in the lithosphere
for the margin off Nova Scotia. We used the
cooling plate model to determine the temperature
within the plate and then computed demsities
using p = po (1-aT(Z)) where ¢ is the coefficient
of thermal volume expansion and T(Z) is the
temperature as a function of depth. We assumed
the same values of a and Ty, the temperature at
the base of the plate, as those determined by
Parsons and Sclater (1977). The lithospheric
model was compensated by adjusting the 'Moho'
surface in order to ensure a good fit to the
gravity data. This procedure increased the
relief of the 'Moho' slightly and increased the
depth to the base of the crust from 32 to 33.2 km.

The geoid effect of the lithospheric model is
compared to the observed geoid off Nova Scotia in
Figure 15c. This figure shows the step in the
computed geoid is about 5 to 6 meters, which is
in good agreement with the observed geoid. Thus,
GEOS-3 altimeter measurements are consistent with
similar thermal thicknesses beneath the COST B-2
well and the oceanic lithosphere and with signif-
icant differences beneath the Oneida 0-25 well
and the oceanic lithosphere.

Discussion

We have determined the tectonic subsidence at
five deep wells in the Atlantic-type continental
margin off the East Coast, U.S. The tectonic
subsidence can be explained by simple models for
the cooling of the lithosphere. The total amount
of subsidence appears to be determined by the
amount of heating and thinning that occurs during
the rifting process. Therefore, the structural
evolution of the margin is mainly controlled by
the amount of initial thinning and the subsequent
tectonic subsidence.

The pattern of crustal thinning appears to be
similar for both the margin off New York and Nova
Scotia (Fig. 14). In a seaward direction across
the margin the continental crust gradually thins
to a hinge zone. At the hinge zone, the crust
thins rapidly to thicknesses similar to that of
the oceanic crust. Off New York, the hinge zone
corresponds to a major fault identified on
multi-channel seismic reflection profile Line 2
(Schlee et al., 1976) as "Horizon K". The hinge
zone off Nova Scotia, corresponds to a region of
faults and flexures in the basement observed on
multi-channel seismic reflection profiles (Jansa
and Wade, 1975).

The crustal thinning also appears to be assoc-
iated with a thinning of the entire lithosphere.
Thermal calculations at the Oneida 0-25 well,
which is located just landward of the hinge zone,
indicate a significantly larger thickness for the
lithosphere than at the COST B-2 well, which is
located seaward of the hinge zone.

A number of authors have discussed the origin
of lithospheric thinning at Atlantic-type margins.
Sleep (1971) and Turcotte et al. (1977) have
suggested the thinning is caused by uplift and
erosion. We have previously shown (Steckler and
Watts, 1978) that this mechanism cannot satis-
factorily explain the large amount of crustal
thinning at the COST B-2 well. McKenzie (1978)
has suggested the thinning is caused by ''stretch-
ing" or '"necking' of the lithosphere. There are
two observations of basement structure which
support the suggestion of regional extension at a
margin. First, the presence of normal faulting
at the young, starved margin of the Bay of Biscay
(De Charpel et al., this volume). Second, the
presence of extensive dyke intrusion in the
Precambrian basement underlying the former con-
tinental shelf of the proto-Atlantic (Rast, in
preparation).
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Figure 10. Tectonic subsidence Y of the margin at each well obtained by correcting Y' for "eustatic"
effects using the "first estimate" sea-level curve (Fig. 9). The heavy line is the "best fit' expon-
ential which describes the tectonic subsidence for each well.

The tectonic subsidence is a result of the the largest thickness of sediments. Although we
cooling of the thinned lithosphere. As a margin have assumed a simple Airy model of loading in
subsides sediments accumulate so that the regions our 'backstripping'' calculations we would expect

of largest crustal thinning are associated with that the scheme of loading would change during
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Figure 11. Comparison of recent estimates of sea-
level elevations from the present to 165 m.y.B.P.
The heavy line is based on the '"first estimate"
sea-level curve determined in this paper. The
circles are from Pitman (1978) and the dashed line
is a smoothed curve based on Vail et al., (1977).
The fine line 1s from the Schuchert-Wise estimates
of percentage flooding of North America and an
hypsometric curve for North America (Wise, 1974).
The dashed heavy line is from Bond (1978) and
shows the range of sea-level elevations based on
percentage continental flooding estimates with
different hypsometric curves for each continent.

the evolution of the margin. Initially, sedi-
ments load a relatively hot and weak lithosphere.
Later in margin evolution the sediments load a
relatively cool and rigid lithosphere. Thus the
deposition of sediments landward of the hinge
zone may be controlled more by lithospheric
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Figure 12. Comparison of the subsidence at the
Oneida 0-25 well with no sea-level correction
curve (upper curve), the Pitman (1978) and Vail
et al. (1977) sea-level curve (middle curve) and
the "first estimate" sea-level curve (Fig. 9)
(lower curve), The heavy lines on the upper and
lower curve are the "best fit' exponentials.

TABLE 1. SUMMARY OF THERMAL PARAMETERS DETERMINED FOR THE ONEIDA 0-25 AND COST B-2 WELLS
CONSTANT FORMULA ONEIDA 0-25 COST B-2
(Parsons & Sclater, 1977)
Slope 3 ZQoaTm K 4 y 3
Depth vs (Age) Cl = — |- 172 M/ (M.Y.) 512 M/(M.Y.)
(p-p AL
Asymptote of poaaTm
Depth vs (Age)”, Dg C3 = —_— 2550 M. 5280 M.
2(p-p)
Breakdown Ofi 2
linear (Age) C2 = a"/9K 110-130 M.Y. 70-80 M.Y.
relation
Slope of a2
log (elevation) C2' == 110 M.Y. 48 M.Y.
vs age T K
Thickness of a 160-170 XM 108-130 KM
the litchosphere
Crustal (p -p)
thinning Tc = Do £ v 10 KM 21 M
(p,-p.)
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Figure 15. a) and b). Comparison of computed

geoid heights associated with the "best fit"
models in Figure 13 with observed geoid heights
based on the GEOS-3 satellite radar altimeter.

The profile off Nova Scotia was obtained on
October 30th, 1975 during Orbit #2875 and off New
York was obtained on August 9th, 1975 during Orbit
#1724, Note that the fit for the New York profile
which includes only the crustal structure is
generally good but that the fit for the Nova
Scotia profile is poor.

c). Comparison of computed geoid heights of a
lithospheric model based on thermal calculations
to observed geoid heights for the Nova Scotia
margin. The fit for this profile, which includes
the effect of the lithosphere, is greatly improved.

flexure than by crustal thinning. For example,
at Naskapi N-30 and Mohawk B-93 sediments are not
deposited until the Middle Jurassic.

The position of the present-day shelf edge does
not appear to be controlled by the tectonic
subsidence (Fig. 14). The margin off New York,
has built out seaward of the maximum sediment
thickness. Off Nova Scotia, however, the shelf
edge has not built out as far and is located
landward of the maximum sediment thickness.
Furthermore, off Nova Scotia the trend of the
shelf edge and of the locus of the maximum sedi-
ment thickness differ. Adjacent to the La Have
platform the maximum sediment thickness occurs
beneath the continental rise while further to the
northeast the maximum sediment thickness occurs
beneath the outer continental shelf. These
observations suggest the position of the shelf
edge is not controlled by the tectonic subsi-
dence; rather, it is probably controlled by the
rate of sediment influx and near-bottom sediment-
ary processes.

In our models a major change in crustal thick-
ness occurred at the hinge zone. It is not knmown
whether the hinge zone represents the boundary
between continental and oceanic crust. The crust
beneath the COST B-2 well, for example, could be
either oceanic, continental, or ''transitional"” in
origin. The hinge zone does, however, represent
the location of a major transition in the thermal
and mechanical properties of the margin. It is
the hinge zone, we believe, that has played the
major role in controlling the structural evolu-
tion of the margin.
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