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0. DYNAMIC MODELS OF MULTIPHASE CONTINENTAL RIFTING AND THEIR IMPLICATIONS
FOR THE NEWFOUNDLAND AND IBERIA CONJUGATE MARGINS1

David L. Tett2 and Dale S. Sawyer2

ABSTRACT

Rifting between Newfoundland and Iberia occurred in two distinct phases—the first late Triassic to Early Jurassic, the sec-
ond Late Jurassic to Early Cretaceous—culminating in the creation of the North Atlantic Ocean. A dynamic modeling method
is used to examine the implications of multiple phases of rifting on the development of the Newfoundland-Iberia conjugate
margins.

A set of models based roughly on the Newfoundland and Iberian Margins suggests that, under most conditions in which two
rift phases occur, the site of the original rift will not be favored for extension when stretching resumes, because the upper man-
tle cools and strengthens in the area of the original rift. The models predict a lack of magmatism on these margins and suggest
that extension was significantly greater in the second rifting phase than in the first; these predictions agree with geological
observations. The models do not predict the existence of highly thinned continental crust on both conjugate margins, however.
INTRODUCTION

Where Newfoundland and Iberia separated to form part of the
North Atlantic Ocean, there is evidence for two phases of rifting, with
an intervening tectonically quiet phase. Ocean floor creation did not
begin until after the second phase of rifting successfully broke North
America and Iberia apart. The driving forces of rifting appear to have
stopped for a period of time on these margins. What implications did
such a tectonic "resting phase" have for the rifting history as well as
the features observed today on the Newfoundland and Iberian Mar-
gins?

To attempt to answer this question, we employed a dynamic mod-
eling method used most recently by Harry and Sawyer (1992a,
1992b). We devised a set of models that incorporates the resting
phase. This contrasts with existing models, which are based on a sin-
gle event (e.g., Dunbar and Sawyer, 1989; Chéry et al., 1990; Keen
and Boutilier, 1990; Bassi, 1991; Harry and Sawyer, 1992a, 1992b;
Bassi et al., 1993).

We begin by briefly reviewing the Mesozoic rifting history of the
Newfoundland and Iberian Margins. We follow with an examination
of the consequences of multiphase rifting in a set of generic models
based roughly on the Newfoundland and Iberian Margins. Finally, we
propose a model that approximates the crustal thickness and subsid-
ence profile and the patterns of extension of the Newfoundland and
Iberian Margins.

DESCRIPTION OF THE NEWFOUNDLAND-IBERIA
CONJUGATE MARGINS

The Newfoundland and Iberian Margins are similar. Each margin
contains two sets of basins: one landward of the continental shelf
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break and the other seaward of the shelf break. Thus, four basin sets
form the conjugate margins. They are, from west to east, the basins
of the Grand Banks of Newfoundland, Newfoundland Basin, Iberia
Abyssal Plain, and Lusitanian Basin.

The Grand Banks is a 450-km-wide continental shelf off New-
foundland (Tankard and Welsink, 1987) with an average water depth
of less than 200 m (Welsink et al., 1989). The Grand Banks is under-
lain by continental crust between 32 and 38 km thick (Tankard and
Welsink, 1987, 1989; Reid and Keen, 1990).

The Newfoundland Basin extends about 200 km to the southeast
from the Grand Banks continental slope (Tucholke et al., 1989). Its
bathymetry ranges from 2000 to 5000 m, but averages about 4000 m.
This basin contains between 2 and 7 km of sediments (Tucholke et
al., 1982, 1989). Many workers (Tucholke et al., 1989; Austin et al.,
1989; Sullivan, 1983; Masson and Miles, 1984; Meador and Austin,
1988) have interpreted most of the crust under the Newfoundland Ba-
sin to be highly extended continental crust with a thickness of 4 to 8
km (Tucholke et al., 1989), with the ocean/continent boundary at the
"J anomaly" (Pitman and Talwani, 1972; Tucholke and Ludwig,
1982; Malod and Mauffret, 1990; Srivastava et al., 1990; Austin et
al., 1989). This interpretation is not universally accepted (Parson et
al., 1985); several authors (Keen and de Voogd, 1988; Malod and
Mauffret, 1990) place the ocean/continent boundary closer to the
shelf break, implying that the crust underlying the Newfoundland Ba-
sin is oceanic. In our efforts here, we attempted to model this crust as
extended continental crust.

The Iberia Abyssal Plain lies seaward of the narrow Iberian con-
tinental shelf and is about 350 km wide. Water depth ranges from
3000 to more than 5000 m, crustal thickness appears to be 5 to 8 km,
and sediment thickness is 1 to 3.5 km (Whitmarsh et al., 1990). As in
the Newfoundland Basin, the location of the ocean/continent bound-
ary is uncertain, but may coincide with a ridge of serpentinized peri-
dotite that parallels the Portuguese coast (Boillot et al., 1987). Whit-
marsh et al. (1990, 1993) proposed that much of the Iberia Abyssal
Plain is underlain by thinned continental crust, based on its seismic
velocity structure and a magnetic model.

The Lusitanian Basin is completely underlain by continental crust
with a thickness of about 30 km (Banda, 1988; Cordoba et al., 1988;
Whitmarsh et al., 1990). The basin parallels the Portuguese coast, and
is more than 250 km long and 50 to 100 km wide. The part of the ba-
sin landward of the Iberia Abyssal Plain lies onshore; it was uplifted
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primarily because of compression related to Pyrenean and Alpine
mountain building (Wilson et al., 1989). (Please note that while some
[e.g., Murillas et al., 1990] assert that the Galicia Interior Basin to the
north is an offshore continuation of the Lusitanian Basin, the analyses
performed in the research documented here concern only the portion
of the Iberian Margin in the direct vicinity of the Iberia Abyssal Plain,
from about 39°30'N to 41°N latitude.) Sediment thickness varies
from 0 to 4 km in the Lusitanian Basin (Wilson et al., 1989).

The evidence indicates that rifting progressed from south to north
(Srivastava et al., 1988; Murillas et al., 1990). Extensional structures
were localized along Avalonian and Hercynian crustal weaknesses
(Keen et al., 1987; Tankard and Welsink, 1989). Rifting began in the
Carnian (235 Ma) in the Lusitanian Basin (Wilson et al., 1989; Lein-
felder and Wilson, 1989) and in the Grand Banks basins (Tankard and
Welsink, 1987); this phase of extension ended at about 210 Ma. (Ab-
solute ages are based on Harland et al., 1990.)

A period of thermal subsidence followed on both margins. At
about 160 Ma, extension was renewed on the Grand Banks (Tankard
and Welsink, 1988; Tankard et al., 1989; Grant et al., 1988; Keen et
al., 1990) and in the Lusitanian Basin (Wilson, 1975; Montenat et al.,
1988; Leinfelder and Wilson, 1989; Murillas et al., 1990; Hiscott et
al., 1990; Mauffret and Montadert, 1987) and was most intense
through about 150 Ma.

Extension became more concentrated in the zone of the future
ocean/continent boundary in the Early Cretaceous. Extension had be-
gun in the Newfoundland Basin (Tucholke et al., 1989; Austin et al.,
1989) and in the Iberia Abyssal Plain (Whitmarsh et al., 1990; Mon-
tenat et al.,1988) by 140 Ma. During the final 20 m.y. or so of rifting,
there was little additional extension in the shelf basins of both mar-
gins. By the end of the Barremian (124 Ma), creation of oceanic crust
had begun, and rapid subsidence in the seaward basins occurred; a
breakup unconformity (the Avalon unconformity in the basins of the
Grand Banks) marked this event (Murillas et al., 1990; Groupe Gal-
ice, 1979). Serpentinized peridotite was emplaced on the Iberian
Margin at the ocean/continent boundary (Boillot et al., 1987), and al-
though no evidence has been found of it, perhaps on the Newfound-
land Margin as well. In general, then, the earlier phase of rifting was
limited to the shelf basins, whereas the later phase was marked by a
shift in extension from the shelf basins to the deep-water basins, cul-
minating in seafloor spreading.

Masson and Miles (1986) provided a possible explanation for this
pattern of rifting. During the late Triassic phase of rifting, Iberia
moved with Africa, so that extension took place simultaneously be-
tween the eastern United States and Africa and between Newfound-
land and Iberia. After 195 Ma, a transform boundary developed be-
tween Iberia and Africa and along the southern margin of the Grand
Banks, allowing Africa and North America to continue rifting and fi-
nally to separate (at about 175 Ma), while little or no extension oc-
curred between Newfoundland and Iberia (Masson and Miles, 1986;
Tankard and Welsink, 1988). Srivastava and Verhoef (1992) suggest-
ed that, during this period, the southern Grand Banks high was
dragged away from the rest of the Grand Banks by Africa. After 160
Ma, extension resumed again between these margins and progressed
to the point of continental breakup and seafloor spreading. Srivastava
et al. (1990) indicated that Iberia was moving as a separate plate
when spreading began. (Ziegler, 1989, provides a well-illustrated
map-view history of Mesozoic North Atlantic rifting.)

Little rift-related magmatism is observed on either side of the At-
lantic. The central Newfoundland Basin is dotted by the mid-Creta-
ceous Newfoundland Seamounts, but these are unrelated to the rifting
of these margins. Also, aside from some dike intrusion in southeast-
ern Newfoundland during the Early Jurassic and some minor volca-
nic rock found in wells, rift-related igneous activity is scarce on the
Grand Banks (Keen et al., 1990; Tankard and Welsink, 1988). Meso-
zoic magmatism in the Lusitanian Basin is insignificant (Montenat et
al., 1988).
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The conjugate margins display mild asymmetries. Figure 1 shows
a cross section of the margins, perpendicular to the direction of rift-
ing. The Iberia Abyssal Plain appears to be slightly wider than the
Newfoundland Basin (350 vs. 200 km); this probably indicates tha
the site of seafloor spreading was somewhat off-center in a broad
area of highly extended crust. In addition, the subsidence amounts for
the Iberia Abyssal Plain and the Newfoundland Basin (labelled
"TTS" in Fig. 1) are somewhat different (Tett, 1993). These asymme-
tries are limited to the highly thinned areas adjacent to the ocean/con-
tinent boundary, however, and are minor if the margins are consid-
ered as a whole. Figure 1 also may give the impression that basemen
underlying the Iberia Abyssal Plain is rougher; this difference merely
reflects the levels of detail in the data shown in this figure. The ob-
served subsidence profile is compared to the modeled subsidence in
Figure 15.

Lastly, the continental shelf on the Newfoundland margin (no
shown in Fig. 1) is 1 order of magnitude wider than that on the Iberian
side; at first glance, this variance seems to be a significant asymme-
try. Much of the Grand Banks, however, is the unextended Bonavista
platform (Srivastava and Verhoef, 1992), and the Iberian shelf has
become emergent largely because of Cenozoic compression. Thus
although the basins are wider on the Grand Banks than the Lusitanian
Basin, the asymmetry of the shelf widths is not as extreme as the
bathymetries would suggest.

These observations notwithstanding, the Newfoundland and Ibe-
rian Margins are grossly symmetric. During both phases of extension
rifting was distributed symmetrically through time on both margins
first on the shelf basins, and later in the more seaward basins. Com-
mon lithologies are found on both sides of the Atlantic throughout the
rifting history. In addition, the two phases of extension were centered
in the same location, so that the resulting conjugate margins are
roughly mirror images of one another.

DYNAMIC MODELING METHOD

To model the extension of continental lithosphere, we used the fi-
nite-element method (FEM) originally employed by Dunbar and
Sawyer (1988, 1989) and also by Harry and Sawyer (1992a, 1992b).
(A more complete treatment of the modeling method can be found in
these papers.) In this method, a vertical slice of the lithosphere was
represented as a two-dimensional thermomechanical continuum, ap-
proximated by a "mesh" of elements.

The deformation of the model was governed by two different em-
pirically determined rheological laws. The yield stress of each ele-
ment was computed using Byerlee's (1978) law frictional sliding and
also using a power law viscous creep of the form

The value for yield stress actually used for each element at each
time step was the lower of the values predicted by these two laws, be-
cause deformation most likely occurs by the mechanism that requires
the least stress. The temperature, pressure, strain rate, and lithology
all influence the deformation mechanism for which the yield stress is
least.

Brittle faulting in the upper crust was approximated by ideal plas-
ticity, and no deformation by discrete faulting occurred in the model.
Thus, although the formation of individual fault-controlled basins
was not computed, the overall extension in the upper crust was esti-
mated. The FEM included neither sedimentation nor any magmatic
process such as partial melting. The FEM included, however, the ef-
fects of buoyancy forces, the model's own flexural strength, and the
weight of any overlying seawater. The driving forces of plate tecton-
ics, and continental lithospheric extension in particular, were approx-
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Figure 1. Cross section of the Newfoundland and Iberia Abyssal Plain conju-
gate margins, showing basement depth, water depth, total tectonic subsid-
ence (TTS), and Moho depth (where observed). Horizontal distance is
arbitrary and is meant only for scale. The narrow basin at about 400 km is the
Jeanne d'Arc Basin. The shorelines of Newfoundland and Iberia are just off
the figure to the left and right, respectively. Newfoundland Margin data were
digitized from maps by Tucholke et al. (1982) and Tucholke and Fry (1985);
Iberian Margin data were digitized from a profile by Whitmarsh et al. (1993).
The two profiles are reconstructed to depict the J anomaly interpretation of
the ocean/continent boundary location.

imated by constant-velocity boundary conditions on the sides of the
model (Keen, 1985; Kusznir and Ziegler, 1992; Ziegler, 1992).

The FEM included heat generation in the crust; the amount of heat
generated per unit volume decreased exponentially with depth. The
top of the model was kept at 0°C throughout the model run. At the
bottom of the model lithosphere, a constant heat flow (e.g., Braun and
Beaumont, 1989a, 1989b) was maintained. (The method used to cal-
culate the heat-flow values is described below.) We chose this bound-
ary condition because we were interested in modeling the effect of a
"resting phase" on the pattern of extension; the conductive cooling of
extended lithosphere during this phase would have occurred too
slowly, if at all, if a constant-temperature bottom boundary condition
(e.g., Braun and Beaumont, 1987) had been chosen.

The bottom-temperature boundary condition was determined in
the following manner. The unextended initial model was allowed to
equilibrate thermally with a temperature of 0°C at the top and 1333°C
at the bottom of the model. The vertical temperature gradient across
the bottom row of elements was multiplied by the mantle conductiv-
ity to arrive at the vertical heat flow. Because the lithospheric thick-
ness—in effect, the distance separating the 0° and 1333°C iso-
therms—could vary horizontally across the model, so did the thermal
gradient; hence, the heat flow could vary laterally across the model
as well. These heat-flow values were used as the bottom boundary
condition for the remainder of the model run.

It must be noted that the constant heat-flow boundary condition
will probably permit the lithosphere to cool too quickly. This bound-
ary condition does not allow upwelling asthenosphere to become part
of the lithosphere, an event that we think may have occurred during
rifting of the Newfoundland-Iberian Margins. The modeling routine
employed here offered only two choices of bottom boundary condi-
tion—constant temperature and constant heat flow—and modifying
the code to model the thermal regime more accurately was outside the
scope of the research described here. In cases of prolonged or inter-
rupted rifting, we believe that the choice of constant heat flow is
clearly the more accurate of the two options.

The modeling routine also lacks the blanketing effects of sedi-
mentation. If sediments, which generally have low conductivity, had
been included in the thermal model, the cooling of the lithosphere
would have occurred at a slower rate, and thus the patterns of rifting
may have been different. We are unsure of the implications of this
model feature on our results; nevertheless, the conclusions of this pa-
per still hold true for the thermal regimes used.

The continental lithosphere was represented by three rock types
and their associated rheological properties (Table 1). The model
mantle was wet Aheim dunite (Chopra and Paterson, 1981). Two
Table 1. Creep law rheological parameters used in the models presented.

Note: These parameters were used in the formula to determine the
stress at each node in the model mesh.

lithologies were used to model continental crust: wet quartz diorite
(Hansen and Carter, 1982) represented typical continental crust and
wet granite (Hansen and Carter, 1983) represented weakened conti-
nental crust. These rheologies had been used previously by Harry and
Sawyer (1992a) to model the rifting lithosphere. We did not investi-
gate the effect of using different rheologies on multiphase rifting. The
thermal properties listed in Table 2 were also used in all models.

DESCRIPTION OF THE GENERIC MODEL SUITE

The intent of this lithospheric modeling experiment was to test the
response of initial models with different lithospheric weaknesses to
extension through different multiphase extension "paths." In this pa-
per, we present only certain models that illustrate our conclusions.
First, however, a description of the full "generic" model suite fol-
lows.

Each model was initially 800 km long and underwent 500 km of
extension over the duration of the model run. These values are esti-
mates of extension across the Newfoundland and Iberian Margins
(Tett, 1993). (These values reflect our supposition that the crust un-
derlying the Newfoundland Basin and the Iberia Abyssal Plain is of
continental affinity.) Each model was run for 120 m.y., which was
approximately the length of time from the beginning of the first rift-
ing phase (about 230 Ma) to the initiation of seafloor spreading
(about 110 Ma) on the Newfoundland-Iberia conjugate margins. All
of the generic models were symmetrical.

It should be noted at this point that the 110 Ma date for continental
breakup is based on an unconformity found at Deep Sea Drilling Pro-
gram (DSDP) Site 398 at the Aptian/Albian boundary (Groupe Gal-
ice, 1979)—about 110 Ma. This unconformity may reflect the break-
up on the nearby Galicia Margin to the north, however. This date was
intended only to approximate the date of initial seafloor spreading on
these margins and, as will be seen below, was not used in designing
the more margin-specific model.

Rifting "Paths"

Although all models had the same total amount of extension over
the same total duration of time, they had different instantaneous ex-
tension rates during that interval. Over its 120-Ma span, each model
had one rifting rate for the first 25 Ma, a different rate for the next 45
Ma, and yet another rate for the final 50 Ma. These durations were
chosen because they approximate the durations of the first (late Tri-
assic) rifting phase, the resting phase, and the second (Late Jurassic
to Early Cretaceous) rifting phase on the Newfoundland-Iberian Mar-
gins. Each sequence of extension rates for the three phases was called
a rifting "path."

Five different rifting paths were used (Table 3, Fig. 2). The exten-
sion rate (and hence the amount of extension) for the middle phase
was zero in paths 1, 2, 3, and 5; this represented the period in which
there is thought to have been no divergent motion between North
America and Iberia (about 215 to 160 Ma). The paths were intended
to simulate different distributions of the total extension between the
first and second rifting phases. Path 4 is a constant extension rate for
the entire duration of rifting.
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Table 2. Thermal parameters used in the models presented.

Table 3. Description of the rifting paths used in the generic model suite.

Figure 2. Rifting paths (1 through 5) used in the generic set of models. The
vertical axis indicates the cumulative percentage of total extension; horizon-
tal axis indicates time since the beginning of rifting. The total amount of
extension in each generic model is 500 km. The slope of each line is propor-
tional to relative rate of extension.

Initial Models

Three different initial models were tested, each of which contains
a different type of lithospheric weakness. The weakness types were
taken from Dunbar and Sawyer (1989).

The first initial model, "MW," contains a mantle weakness,
formed by a section of crust 5 km thicker than the flanking "normal
thickness" crust (Fig. 3). The crust in this model was represented en-
tirely by a quartz diorite rheology. In the models considered here, the
mantle and lower crust lie mainly in the ductile field, where yield
strength varies inversely with temperature (Fig. 4). At identical tem-
638
Figure 3. Initial models "MW" (mantle weakness only), "CW" (crustal
weakness only), and "BS" (both crustal and mantle weaknesses), from top to
bottom, respectively.

peratures, the quartz diorite rheology is much weaker than the dunite
rheology. Hence, where a crustal welt replaced mantle dunite with
crustal quartz diorite in a model, the vertically integrated strength of
a column of lithosphere was lowered.

The second initial model, "CW," contains a crustal weakness
(Fig. 3). Here, a section of quartz diorite crust was replaced with the
wet granite rheology. The thickness of this weakness ranged from 10
to 20 km. The CW initial model is weakened by the same amount as
model MW (Fig. 4).

The third initial model, "BS" (both symmetric), contains both a
mantle and a crustal weakness, which are symmetrical about the same
point (Fig. 3). The sizes of the weaknesses were the same as in the
individual MW and CW models, although in the BS model the crustal
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Figure 4. Initial strength profiles of the model litho-
sphere. Flow stress is calculated from empirical
steady-state creep relations at a constant strain rate
of 10-15 s-1, with the maximum stress limited by
Byerlee's (1978) frictional failure criterion. A. Pro-
file of normal, unweakened lithosphere. B-D. Pro-
files through initial models MW, CW, and BS,
respectively. The total strength (integrated stress)
and relative strength of the lithosphere are indicated
near the bottom of each curve.
weakness made up 25% to 50% of the crust, independently of the
crustal thickness. The BS model is quite a bit weaker than the previ-
ous two initial models (Fig. 4).

Stretching the three different starting models using five different
extension paths produced 15 models in total.

RESULTS OF THE GENERIC MODEL SUITE

The mechanical meshes of a few of the 15 models are shown in
Figures 5, 6, 7, and 9. For models following path 4, the steps shown
are roughly equally spaced (in the time domain) from beginning to
end. For paths 3 and 5, we show the beginning, middle, and end of
both the first and the second rifting phases. Note that, for these paths,
the mesh at the end of the first rifting phase (25 Ma) is roughly the
same as the mesh at the beginning of the second (70 Ma), because be-
tween these two times, no extension was applied to the models. Keep
in mind that these models represent one-half of a symmetrical rifting
margin. For clarity, after each model name in the text and figure cap-
tions we list in parentheses the percentages of total extension for each
phase.

The following conclusions were drawn from the generic model
suite:

Temperature and Locus of Extension

At any point in time, the upper mantle extension will localize
where the Moho is hottest. For the power law creep rheology,
strength is inversely related to temperature; cooling the mantle only
a little will greatly strengthen it. In the models in which mantle exten-
sion migrates laterally, cooling is sufficiently fast relative to the rate
of extension that the upper mantle becomes stronger than the neigh-
boring hotter (and weaker) mantle. Because the upper mantle is the
strongest portion of a vertical slice of lithosphere in most cases, when
the upper mantle strength decreases, the strength of the entire lithos-
phere decreases. Indeed, the mantle weakness becomes a mantle
strength once it cools sufficiently, preventing further significant ex-
tension at that location. This increase in strength from cooling is the
same phenomenon presented by England (1983) and discussed most
recently by Bassi et al. (1993). This effect is also similar to the phe-
nomenon proposed by Steckler and ten Brink (1986), in which rifting
in the Red Sea region was directed away from the previously thinned
(and thus stronger) Mediterranean continental margin. In the models
presented here, however, the phase of extension affected by earlier
rifting occurs relatively soon after the original episode and is roughly
parallel to the original orientation of rifting. The upper mantle may
become shallow enough to enter the brittle failure regime (Sawyer,
1985), but it still remains stronger than neighboring hotter mantle. It
is this strengthening of the zone of initial rifting that causes the locus
of extension to move laterally outward from the center of the model.
This effect would be diminished in cases where heavy sedimentation
reduces the cooling rate, but is nonetheless present in instances of
lighter sedimentation (as our model represents).

This behavior is exhibited by many of the generic models, where
the locus of extension migrates laterally. In model MW4 (20.8, 37.5,
41.7), the rate of extension is slow enough to allow the mantle in the
center to cool and strengthen and cause a shift in necking location
(Fig. 5). Necking begins in the center of this model, but the locus of
necking moves closer to the edges of the model as time progresses;
extension is roughly evenly distributed across the original mantle
weakness. This mesh looks very similar to the "runaway thinning"
model presented by Bassi et al. (1993).

In model MW3 (30, 0, 70), the second phase of rifting occurs at
the outer flanks of original wide weakness, where the Moho is deep-
est and hottest (Fig. 6). The center of the model stretches a bit more
in the second phase, but by the end of the second phase, necking on
the flanks of the original mantle weakness has taken over.

During the first phase, model CW5 (50, 0, 50) necks more in the
center then the aforementioned models, because the most extension
is assigned to the first phase in this path (Fig. 7). At 25 Ma, strain is
concentrated entirely in middle of the model. At the beginning of the
second rifting phase, the upper mantle is extremely cold and strong at
the center, and the necking shape created in the first phase is practi-
cally frozen (Figs.7, 8). Figure 8 shows that the strain rate is extreme-
ly low in the center of the model throughout the second phase of rift-
ing; the area of highest strain rate always stays about halfway be-
tween the model's center and its outer edge. The strain rate is fairly
high even at the outer edge of the model.

Role of Crustal Weakness

The location of crustal weaknesses will be the initial location of
crustal extension. Once the mantle lithosphere becomes sufficiently
thinned at a different location, however, crustal thinning will proceed
there. Early during extension, the crustal weakness (with a granite li-
thology) is partly in the ductile deformation regime and is thus weak-
er than the surrounding quartz diorite crust. As the crustal weakness
is necked and cools, it enters the brittle deformation field entirely.
Because Byerlee's (1978) law is insensitive to rock type, the granite
crustal weakness is no longer weaker than the neighboring "normal"
quartz diorite crust. Once the crust becomes equally strong every-
where, crustal deformation is controlled by the location of upper
mantle strain, and hence the entire lithosphere begins to strain at the
same location.

Model BS4 (20.8, 37.5, 41.7) exhibits such a migration of crustal
extension (Figs. 9, 10). In this mesh, both crustal and mantle exten-
sion are more evenly distributed throughout the model; this differ-
ence is probably the result of the relatively low extension rate. In the
strain rate plot in Figure 10, the area of highest mantle strain rate
moves from center outward; the strain rate decreases more slowly in
the crust at the center than in the mantle. Extension is always more
diffuse in the crust, and produces pervasive shear just above the Mo-
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Figure 5. Deformation of the mechanical mesh for model MW4 (20.8, 37.5,
41.7). The gray box represents the size of the initial model (400 km wide by
124.5 km deep) at each time step.

ho. (This lower crust shear provides a "reasonable" mechanism for
decoupling crust and mantle stretching, which Rowley and Sahagian
[1986] claimed was lacking in previous nonuniform stretching mod-
els.) It is clear that, at each time from 70 Ma onward, the highest
strain rate occurs in a location slightly outward from the most highly
necked area (Fig. 10); this mechanism allow the locus of necking to
migrate outward. The phenomenon of the mantle weakness control-
ling the later stages of rifting is a similar result to that reached by Har-
ry and Sawyer (1992a).
640
Figure 6. Deformation of the mechanical mesh for model MW3 (30, 0, 70).
The gray box represents the size of the initial model (400 km wide by 124.5
km deep) at each time step.

Effect of a Resting Phase

These models suggest that the occurrence of a resting phase be-
tween two episodes of rifting should greatly affect the morphology of
a continental rift. In most cases, the site of the original rift will not be
favored for extension when stretching begins anew. If extension in
the first phase is significant, the crust will be thinned and the Moho
elevated. During the resting phase, the upper mantle will cool and
strengthen. When rifting begins anew in the second phase, the origi-
nal site of rifting will be a lithospheric strong zone, and second-phase
rifting will occur in a different, weaker location. Furthermore, a rest-
ing phase (or other variation through time in the rate of rifting) could
serve as a possible explanation for areas where the location of rifting
is observed to migrate through time. While the temperature boundary
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Figure 7. Deformation of the mechanical mesh for model CW5 (50, 0, 50).
The gray box represents the size of the initial model (400 km wide by 124.5
km deep) at each time step.

conditions presented here probably represent the "cooler end" of the
spectrum of possible rifting thermal regimes, we do not feel that the
thermal conditions are unreasonably cool. Of the models in the gener-
ic model suite, model MW3 (30, 0, 70) demonstrates this phenome-
non the best (Fig. 6).

DESIGNING A MORE MARGIN-SPECIFIC MODEL

Based on the conclusions of the generic models, we attempted to
design a model that more closely approximated the rifting history of
the Newfoundland-Iberia conjugate margins. The generic model
suite results suggest that, if the first phase of extension were signifi-
cant, the second phase of extension would occur at a different loca-
tion. Because the second rift phase on these margins occurred in
Figure 8. Strain rate plot for model CW5 (50, 0, 50). Grays range from log10

(strain rate) of -14.9 (black) to -12.4 (white). The light background delin-
eates the maximum width (650 km) and original thickness of the model
(124.5km).

roughly the same place as the first, we infer that the first phase of ex-
tension must have been sufficiently minor not to create a strong zone
in the lithosphere and shift the second phase of rifting elsewhere.

We aimed to approximate only the gross lithospheric features of
the Newfoundland and Iberian Margins. Primarily, we were interest-
ed in reproducing the crustal thickness profile across the two margins.
On the Canadian side, the crust is 35 to 38 km thick across the Grand
Banks and thins gradually seaward of the Jeanne d'Arc Basin to an
ultrathin 4 to 8 km beneath the Newfoundland Basin. On the Iberian
side, the crust on the continent is about 30 km and thins gradually to
5 to 8 km over a broad area. We tried to model the crustal profile, as
well as the distribution of upper crust extension and subsidence.

The original width of the model and the amount of extension it un-
derwent were based on values estimated for the Newfoundland and
Iberian Margins (Tett, 1993); for simplicity, we rounded the original
width to 600 km and the amount of extension to 400 km. (As in the
generic models, these parameters reflect our supposition of a conti-
nental nature of Newfoundland Basin and Iberia Abyssal Plain crust.)
Of that 400 km, we assigned 60 km to the first rifting phase and 340
km to the second. This choice was based on the value of β = 1.1 that
Hiscott et al. (1990) cited for the Triassic sequences of the Bristol
Channel area and in the Wessex Basin in the British Isles. Although
we are uncertain of the method by which this figure was estimated,
and even though it applies to the British basins and not the ones ex-
641



D.L. TETT, D.S. SAWYER
Figure 9. Deformation of the mechanical mesh for model BS4 (20.8, 37.5,
41.7). The gray box represents the size of the initial model (400 km wide by
124.5 km deep) at each time step.

  

amined in this paper, it is the best estimate available. Paleomagnetic
data cannot resolve the amount of extension between Iberia and
North America (J.E.T. Channell, pers. comm., 1993). The upper Tri-
assic synrift sediments of the Newfoundland and Iberia shelf basins
are buried so deeply, and salt tectonics have deformed the sediments
so extensively, that reliable estimates of extension for the Triassic are
difficult to obtain.

We assigned durations (25 and 45 Ma, respectively) to the first
rifting phase (which lasted roughly from 230 to 205 Ma) and the rest-
ing phase (which lasted from 205 to 160 Ma) that are similar to those
used in the generic model suite. We chose a duration of 35 Ma (in-
642
Figure 10. Strain rate plot for model BS4 (20.8, 37.5, 41.7). Grays range
from log10 (strain rate) of -14.9 (black) to -11.4 (white). The light back-
ground delineates the maximum width (650 km) and original thickness of the
model (124.5 km).

stead of 50 Ma) for the second rift phase, however, using the follow-
ing reasoning. The second phase is though to have begun at about 160
Ma. Our preliminary choice of 110 m.y. for the initiation of seafloor
spreading yielded a duration of 50 Ma for the second phase of the ge-
neric model suite. Because a date of 125 Ma is a more accurate aver-
age date for the rift-drift transition on the transect discussed here, we
reduced the estimate of second-phase duration to 35 Ma. (This had
the net effect of making the second phase of rifting faster, making
less likely a shift in locus of extension.) The choices for distribution
and duration of extension during the two rifting phases results in the
rifting path shown in Figure 11. The extension rate of 9.7 km/m.y.
(half-rate of 4.85 mm/yr) for the second phase is significantly less
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Figure 11. Rifting path used for the margin-specific model. Vertical axis
indicates the cumulative percentage of total extension; horizontal axis indi-
cates time since the beginning of rifting. The total amount of extension is 400
km, and the total duration of extension is 105 Ma. The slope of line is propor-
tional to relative rate of extension.

than the rate of initial seafloor spreading on the southern half of the
Newfoundland margin (24 to 26 km/m.y.; half-rate of 12 to 13 mm/
yr) given by Srivastava et al. (1990). Although this discrepancy is
somewhat discouraging, it must be remembered that the extension
rate used here is an average over a period of 35 Ma, whereas the ini-
tial seafloor-spreading rate is an instantaneous one. Though it is not
included in our model, it is conceivable that the instantaneous rate of
extension increased during the second phase of rifting, resulting in an
average rate quite a bit lower than the rate of rifting just before sea-
floor spreading.

Several parameters for the initial model (Fig. 12) are less well
constrained. The original crustal thickness is almost impossible to
constrain. The crust beneath Newfoundland itself, in the heart of un-
extended Appalachian orogen, ranges in thickness from 40 to 45 km.
The Paleozoic orogen was enormously complex, and the part of the
orogen about which we are most concerned has been obliterated by
extension. Lacking any independent constraints on the original crust-
al thickness profile, we chose original crustal thicknesses between 40
and 46 km.

The crustal weakness in the model (Fig. 12) was chosen with a
similar level of speculation. It was designed to mimic the distribution
of the rift basins on the continental shelves of the Newfoundland and
Iberian Margins. The shelf basins nucleated on weaknesses inherited
from different orogenies on both sides. On the Iberian side, the Porto-
Badajoz-Cordoba shear zone (PBCZ)—the major Paleozoic trans-
form fault in western Iberia (Lefort, 1989)—became the eastern
boundary of the Lusitanian Basin and served as the landward limit of
extension. In southeastern Newfoundland, a similar major strike-slip
fault, the Dover fault, appears to be the PBCZ's counterpart on the
opposite margin (Keen et al., 1986) and would seem to be a location
favored for upper crust extension. Basins on the Newfoundland mar-
gin, however, nucleated on Precambrian Avalonian weaknesses, hun-
dreds of kilometers seaward of the Dover fault. Thus, it is impossible
to attribute with any certainty a single factor that controlled the upper
crustal basin formation, and hence that could be chosen as a "crustal
weakness" in the margin-specific model. The role of any crustal
weakness is a major uncertainty in the model.

The width and location of the crustal welt (the mantle weakness)
in the initial model (Fig. 12) are speculative as well. Without excep-
tion, attempts to design a model with a wide crustal welt led to "wide
rifting"—a style that we do not think is manifested on these conjugate
Figure 12. Initial model for the Newfoundland-Iberia conjugate margins.

margins. To achieve the narrow rifting style that appears to have oc-
curred here, we had to use a narrow mantle weakness. The position
of the crustal welt in the model reflects the estimates of original mar-
gin width (Tett, 1993); the Newfoundland Margin (to the left) is de-
signed to be much wider than the Iberian (to the right). Also, the lo-
cation of shelf basins and the crustal profile indicate a predominantly
symmetrical rifting style. Attempts to model these margins using a
model with moderate to large asymmetry resulted in extremely poor
fits to the observed crustal profile. Thus, the weaknesses in the initial
model are roughly symmetrical.

RESULTS OF THE MARGIN-SPECIFIC MODEL

The lithosphere stretches very little in the first phase (Fig. 13), and
the root of the original orogen is removed, but further crustal thinning
does not occur at the site of the mantle weakness. The Moho beneath
the original crustal welt started with a higher temperature than the ad-
jacent Moho. Although the upper mantle cools during the resting
phase, this temperature difference is preserved, and by the beginning
of the second rift phase at 160 Ma (+70 Ma, Fig. 13), the Moho be-
neath the area of first-phase necking still has a higher temperature
than the neighboring Moho. Thus, the lithosphere is weakest there,
and second-phase necking concentrates in the same place as first-
phase extension. Necking continues at the same place until 130 Ma
(+100 Ma). After this time, the mesh becomes so deformed that the
FEM becomes unstable, and the model does not execute its last time
step (125 Ma). Nevertheless, the mesh is sufficiently necked there to
assume that, in the final time step, necking would be concentrated
there.

Before 145 Ma, the strain rate is distributed in a manner similar to
that shown at 145 Ma in Figure 14. Between 145 and 135 Ma, how-
ever, necking rapidly concentrates at the location of highest strain
(Fig. 14). This timing is consistent with the shift of extension from
the Grand Banks and Lusitanian Basin (on the shelves ) to the New-
foundland Basin and Iberia Abyssal Plain at about 140 Ma.

The elevation on the Iberian side of the model does not match the
subsidence values computed for the Iberia Abyssal Plain margin (Fig.
15) (Tett, 1993). Nevertheless, the abrupt change in slope between
100 and 200 km on the profile resembles the shape of the shelf break
on the Newfoundland Margin, and the slope of the model's surface
between 150 and 350 km is similar to the continental slope on the
Newfoundland Margin. Although the model elevation will drop fur-
ther owing to thermal subsidence—rendering the fit poorer—the
shape of the Newfoundland Margin is predicted by this model.

Similarly, the crustal profile of the model fits the actual crustal
thickness reasonably well on the Canadian margin, but poorly on the
Iberian side. None of our attempted models—including the final one
shown here—features broad zones of highly thinned crust, as are ob-
served on both conjugate margins.
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Figure 13. Deformation of model mechanical mesh. The larger date to the
right of each mesh indicates the geologic date in millions of years before
present; the smaller date indicates time since the start of the model and corre-
sponds with the time scale of the generic models. The gray box represents the
size of the initial model (600 km wide by 125 km deep) at each time step.

This last issue notwithstanding, of all the models we tried—by
varying crustal thickness, width of crustal and mantle weaknesses,
Moho slope, constant-temperature boundary condition, and different
constant heat-flow boundary conditions—this model provides the
most accurate fit to the crustal profile and the subsidence. If it is in-
deed true that the driving forces of extension between North America
and Iberia paused for almost 50 m.y., the model here suggests that the
original crustal welt must have been narrow, and the amount of the
extension during the first phase must have been minimal. Both impli-
cations are difficult to verify: the original crust has been obliterated
by the extension we are examining, and the majority of first-phase
synrift sediments accessible only through seismic surveys. We do not
intend to imply that this model is the unique solution to the rifting be-
644
Figure 14. Strain rate plot for the model, showing the final necking of the
lithosphere. Grays range from log10 (strain rate) of -14.9 (black) to -9.8
(white). The light background delineates the maximum width (950 km) and
original thickness of the model (124.5 km).

tween Newfoundland and Iberia; it is simply one possible model that
fits the observations better than any other model we considered. Nev-
ertheless, any future attempt to model spreading between Newfound-
land and Iberia must consider the effects of the resting phase that sep-
arates the two.

MAGMATISM IN THE DYNAMIC RIFTING MODELS

A number of workers have discussed the issue of magmatism at
rift zones (Foucher et al., 1982; McKenzie and Bickle, 1988; White
and McKenzie, 1989; White, 1993). As pointed out earlier, the New-
foundland and Iberian Margins display little rift-related volcanism
and are thus labeled "nonvolcanic." It was our intention to estimate
the amount of magma generated by the foregoing models.

Like Harry and Sawyer (1992b), we considered only partial melt
generated within the upwelling asthenosphere (that is, material that
lies "underneath" the finite element mesh); the mantle rock within the
mesh is too cold to produce any magma. We next needed to consider
the temperature of the underlying asthenospheric material. As dis-
cussed earlier by Bassi et al. (1993), the heat-flow bottom boundary
condition allows the lithosphere to cool too fast; therefore, we at-
tempted to imitate their temperature boundary conditions in order to
generate a more realistic magma generation model. For each vertical
slice across each model, and at every 5 m.y. throughout each model,
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Figure 15. Elevation profile of the surface of the model at time 130 Ma (+100
Ma; the last executed step) plotted beside the observed sediment-stripped
depth-to-basement. The left side represents Newfoundland, and the right side
represents the Iberian Margin. The point of greatest necking appears at about
600 km in this figure. The x-axis values are arbitrary and are meant only to
indicate horizontal scale.

we computed the geotherm down to the original model depth (about
125 km in all cases). This was done by using a one-dimensional finite
difference routine to simulate the conduction of heat through the
lithosphere. (The temperatures in this model were computed indepen-
dently of those used in the dynamic models. The effect of this revi-
sion was higher, more realistic temperatures.) We maintained the sur-
face of the model at 0°C and a constant 1333°C at a depth of 125 km.

At each time step, as the lithosphere thinned, we added an amount
of "fresh" asthenosphere material at 1333°C at the bottom, for which
the thickness was equal to the amount of thinning. This scheme ap-
proximates the upwelling of asthenosphere into the space left by thin-
ning lithosphere and the subsequent accretion of that material onto
the base of the lithosphere. Beneath an actual rift, this material may
continue to convect, and thus maintain elevated temperatures, instead
of accreting to the lithosphere. This possibility suggests that the tem-
perature scheme used here may still underestimate temperatures in
the space down to 125 km depth. However, the scheme used here ap-
proximates the lower lithosphere processes better than the schemes
available in the dynamic models.

Once we had calculated a geotherm for every location and time in
each model, we computed the pressure imposed by the overburden.
Hence, having a pressure and temperature at every point, we used
McKenzie and Bickle's (1988) relations to compute the percentage of
partial melt generated at each point. Integrating the result over each
vertical slice yielded the thickness of magma that would be erupted
on the surface at the top of each slice at each point in time (assuming
the melt travelled directly and immediately upward).

We applied this analysis to every model (including those not dis-
cussed here). In each case, no magma was generated at any time at
any location throughout the model run. For the rates of rifting mod-
eled here (10 km/m.y. and less), the mantle cooled too quickly to al-
low asthenospheric material to decompress sufficiently to create
melt. Because even our fastest model did not produce any melt using
this method, it can be safely concluded that the slower models—and
the actual margins they may represent—were not close to producing
any partial melt.

This conclusion is consistent with the observations from the New-
foundland and Iberian Margins, which show no significant magma-
tism at the surface. Furthermore, the rate of rifting has a decided im-
pact on whether or not, and how much, melt will be generated at rift-
ing margins. In addition to considering the initial temperature of the
asthenosphere and the presence or absence of a "mantle plume" be-
neath a rifting margin, future researchers interested in examining
melt generation at rifting margins should consider the rate of rifting
as well. Instead of considering only "hot and cold rifts" (White,
1993), we should also consider "fast" and "slow" rifts in the magma-
forming process.

CONCLUSIONS

Through dynamic modeling of multiphase rifting in general, and
of the conjugate margins in particular, we have determined the fol-
lowing:

1. Upper mantle extension localizes where the Moho is hottest.
This observation explains lateral migration of the locus of rift-
ing as well as the rifting style produced by multiphase rifting.
In most cases, the site of the original rift will not be favored for
extension when stretching resumes, because the Moho will
have been elevated by the first rifting phase and subsequently
cooled. The magnitude of this effect is dependent on the ther-
mal regime at the base of the lithosphere and on the amount of
sedimentation.

2. The first phase of rifting between Newfoundland and Iberia
(late Triassic to Early Jurassic) was probably minor; most of
the extension occurred in the second phase (Late Jurassic to
Early Cretaceous). Rifting took place in the same location dur-
ing both rift phases; if the first rifting phase had elevated and
cooled the Moho—thus strengthening the lithosphere—the
second phase probably would have occurred elsewhere. In ad-
dition, the estimated amount of extension (about 400 km over
an original width of about 600 km) and the duration of exten-
sion (35 Ma in the last rifting phase) appear reasonably close
to the correct amounts. Although the dynamic model of the
Newfoundland-Iberia conjugate margins is not a unique solu-
tion, it provides the best fit to the observations on those mar-
gins.

3. The present models do not predict the existence of a 400-km-
wide zone of highly thinned continental crust. We have not yet
seen a model created by the FEM and by rheologies used here
that results in such a feature. This shortcoming may be due to
the limitations of the modeling method. Nevertheless, based
on the results of the models presented here, it would seem
more likely that the Newfoundland Basin and Iberia Abyssal
Plain are not underlain by crust of continental affinity. This, in
turn, suggests that the ocean/continent boundary is in the vi-
cinity of the shelf break on both margins.

4. No magmatism is predicted by the model. This observation is
consistent with the lack of rift-related igneous activity on the
Newfoundland and Iberian Margins. The lack of volcanism is
probably the result of both a low initial asthenosphere temper-
ature and the slow rate of rifting. Because it seems likely that
the Newfoundland Basin and Iberia Abyssal Plain are under-
lain neither by continental crust nor by igneous crust created
by initial seafloor spreading, it may be that these areas are un-
derlain by mantle rock slowly unroofed by extension of the
overlying continental crust. This conclusion can only be de-
scribed as highly speculative, however, since at this time we
lack any other evidence to support it.
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