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The J Anomaly Ridge is a structural ridge or step in oceanic basement that extends southwest from 
the eastern end of the Grand Banks. It lies beneath the J magnetic anomaly at the young end (M-4 to M- 
0) of the M series magnetic anomalies. Its structural counterpart beneath the J anomaly in the eastern 
Atlantic is the Madeira-Tore Rise, but this feature has been overprinted by post-middle Cretaceous 
deformation and volcanism. In order to study the origin and evolution of the J Anomaly Ridge- 
Madeira-Tore Rise system, we obtained seismic refraction and multichannel reflection profiles across 
the J Anomaly Ridge near 39øN latitude. The western ridge flank consists of a series of crustal blocks 
downdropped along west-dipping normal faults, but the eastern slope to younger crust is gentle and 
relatively unfaulted. The western flank also is subparallel to seafloor isochrons, becoming younger to 
the south. Anomalously smooth basement caps the ridge crest, and it locally exhibits internal, 
eastward-dipping reflectors similar in configuration to those within subaerially emplaced basalt flows 
on Iceland. When isostatically corrected for sediment load, the northern part of the J Anomaly Ridge 
has basement depths about 1400 m shallower than in our study area, and deep sea drilling has shown 
that the northern ridge was subaerially exposed during the middle Cretaceous. We suggest that most of 
the system originated under subaerial conditions at the time of late-stage rifting between the adjacent 
Grand Banks and Iberia. The excess magma required to form the ridge may have been vented from a 
mantle plume beneath the Grand Banks-Iberia rift zone and channelled southward beneath the rift axis 
of the abutting Mid-Atlantic Ridge. Resulting edifice-building volcanism constructed the ridge system 
between anomalies M-4 and M-0, moving southward along the ridge axis at about 50 mm/yr. About M- 
0 time, when true drift began between Iberia and the Grand Banks, this southward venting rapidly 
declined. The results were rapid return of the spreading axis to normal elevations, division of the ridge 
system into the separate J Anomaly Ridge and Madeira-Tore Rise, and unusually fast subsidence of at 
least parts of these ridges to depths that presently are near normal. This proposed origin and 
evolutionary sequence for the J Anomaly Ridge-Madeira-Tore Rise system closely matches events of 
uplift and unconformity development on the adjacent Grand Banks. 

INTRODUCTION 

Predrift reconstructions of the North Atlantic show the 
southwestern edge of the Grand Banks as a sheared (trans- 
form) margin that developed during the fragmentation of 
Laurasia and the initial opening of the North Atlantic Ocean 
[Pitman and Talwani, 1972; Le Pichon et al., 1977]. The 
Southeast Newfoundland Ridge has been interpreted as the 
trace of a fracture zone in oceanic crust marking the continu- 
ation of this transform margin. The ridge extends about 900 
km southeast from the southern tip of the Grand Banks with 
a subsidiary projection, the J Anomaly Ridge (or Spur 
Ridge), extending to the southwest (Figures 1 and 2). 

The J magnetic anomaly [Pitman and Talwani, 1972] is a 
linear zone of high-amplitude magnetic anomalies, up to 
about 1000 gammas, associated with crust formed between 
magnetic anomalies M-0 and M-1 on both sides of the North 
Atlantic Ocean (Figure 2) [Rabinowitz et al., 1979]. The 
crust therefore is of Barremian-Aptian age (Early Creta- 
ceous, 108-113 Ma), according to the Larson and Hilde 
[1975] time scale used throughout this paper. Rabinowitz et 
al. interpreted the J anomalies as isochrons formed at the 
Mid-Atlantic Ridge axis. They modeled the anomalies by 
assuming that large increases in magnetization intensity exist 
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in crust dating from slightly younger than magnetic anomaly 
M-1 to slightly younger than M-0, but the amplitude of the 
anomaly also can be accounted for by an increase in the 
magnetic layer thickness [Sullivan and Keen, 1978]. In the 
western North Atlantic the J anomaly can be traced north- 
eastward from near the eastern end of the New England 
Seamounts to the eastern edge of the Grand Banks. The 
anomaly has intermediate amplitudes south of 38øN and high 
amplitudes from there north to the Southeast Newfoundland 
Ridge [Rabinowitz et al., 1979]. Keen et al. [1977] also 
suggested that the J anomaly continues northward across the 
Southeast Newfoundland Ridge into the Newfoundland Ba- 
sin, with a 100-km offset; magnetic profiles in this area 
suggest that the amplitude of the anomaly decreases north- 
ward, especially north of the Newfoundland Seamounts. In 
the eastern Atlantic, the J anomaly follows the Madeira-Tore 
Rise (MTR) [Luyendyk and Bunce, 1973; Rabinowitz et al., 
1979], and it appears to continue northward possibly as far as 
the western margin of Galicia Bank [Groupe Galice, 1979]. 
These studies suggest that anomaly amplitudes decrease 
north and south of the Azores-Gibraltar Ridge in the same 
fashion and over about the same distances as in the western 
North Atlantic. 

A basement ridge or step generally is coincident with the J 
anomaly in the western North Atlantic, although it does not 
strictly parallel isochrons. The ridge is asymmetrical and is 
defined in seafloor morphology only north of 40øN, where 
the name 'Spur Ridge' also has been applied [Gradstein et 
al., 1977]. To the south between 38 ø and 40øN, the J 
Anomaly Ridge (JAR) is buried by sediments of the Sohm 
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Fig. 1. Location map of the J Anomaly Ridge and Madeira-Tore Rise in the North Atlantic. 

Abyssal Plain, and the ridge crest commonly exhibits a 
smooth surface (Figures 2 and 3). This part of the ridge 
slopes gently eastward but sharply westward in a series of 
0.5- to 1.5-km west-facing scarps. The changes in basement 

relief alone are not sufficient to account for the amplitude of 
the J anomaly if a magnetic layer of constant thickness is 
assumed [Rabinowitz et al., 1979]. 

A crustal ridge also occurs beneath the Madeira-Tore Rise 
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Fig. 2. Location map of Conrad 21-11 MCS tracks (heavy lines). Bathymetry in meters. Black dots are locations of 
magnetic anomalies, as identified by Rabinowitz et al. [1979]. J anomaly north of Southeast Newfoundland Ridge from 
Keen et al. [1977]. Inset shows three profiles across the high-amplitude J magnetic anomaly, located by dotted lines 
across J Anomaly Ridge. Detail of survey work (boxed area) is shown in Figure 4. Star locates DSDP site 384. 
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Fig. 3. Tracings of single-channel seismic profiles (1-9) across J Anomaly Ridge, aligned along ridge crest (dotted 
line), and with M series magnetic anomalies located (modified from Tucholke and Vogt [1979]). Inset shows profile 
locations on map of depth to basement (in kilometers). Bottom profile shows correlative basement ridge in the eastern 
North Atlantic; profile is 200 km long, crossing Madeira-Tore Rise 70 km north of Madeira. 
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Fig. 4. Location map of Conrad 21-11 track and MCS, OBH, and sonobuoy measurements over the J Anomaly Ridge. 
Bathymetry in corrected meters. 
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at the position of the conjugate J anomaly in the eastern 
North Atlantic (Figure 1). However, the structure of at least 
parts of the Madeira-Tore Rise has been modified by late 
Cretaceous-Tertiary compressional deformation and Neo- 
gene volcanism [e.g., Laughton and Whitrnarsh, 1974; Wat- 
kins, 1973]. Although no detailed study and mapping of 
seismic reflection data has been made for this region, our 
examination of a variety of seismic profiles suggests that at 
least parts of the Madeira-Tore Rise are a mirror image of the 
J Anomaly Ridge in terms of general configuration and 
presence of smooth basement (Figure 3, bottom). 

In 1975, the northern J Anomaly Ridge was drilled on 
magnetic anomaly M-2 in an attempt to resolve the origin of 
the ridge and the J magnetic anomaly (DSDP site 384, Figure 
2). Basaltic ocean crust was penetrated at 4234 m below sea 
level, and upper Barremian or lower Aptian shallow-water 
carbonates were cored immediately above basement [Tu- 
cholke et al., 1979]. The basalt was not anomalous in either 
magnetization or composition. However, the later magnetic 
modeling by Rabinowitz et al. [1979] showed that the J 
anomaly is best explained by anomalous magnetization (or 
anomalous magnetic-layer thickness) in crust between 
anomalies M-0 and M-l, rather than at M-2. 

Gradstein et al. [1977] examined geological and geophysi- 
cal data along the southeastern edge of the Grand Banks and 
concluded that subsidence of the northern J Anomaly Ridge 
was very similar to that of the adjacent Grand Banks. Thus 
they inferred that the cored basalts were flows covering 
continental crust. Such an explanation seems unlikely in that 
this part of the ridge extends well to the southwest of the 
Grand Banks transform margin and has a trend parallel to 
seafloor isochrons. Furthermore, interpretation of the mag- 

netic anomalies as part of the Mesozoic M series [Rabino- 
witz et al., 1978, 1979] and the occurrence of the conjugate 
Madeira-Tore Rise in the eastern North Atlantic seem to 
demonstrate conclusively that the J Anomaly Ridge is devel- 
oped in oceanic crust. Vogt and Einwich [ 1979] also assumed 
an oceanic composition, and they suggested that the magne- 
tization changes and (or) thickened magnetic layer associat- 
ed with the J anomaly originated in response to the transition 
from a long period of relatively slow seafloor spreading (M 
series anomalies) to a period of faster spreading (Cretaceous 
magnetic quiet zone). 

The oceanic basement (seismic layer 2) that forms the J 
Anomaly Ridge and that lies beneath the Sohm Abyssal Plain 
farther west seldom is well resolved in single-channel seis- 
mic reflection records made with small-volume (20-60 in 3) 
airguns. This is due to a thick cover (0.7-3.5 km) of 
interbedded hemipelagic and coarse turbiditic sediments that 
greatly attenuate seismic energy. For this reason, it was not 
certain that the anomalously smooth 'acoustic basement' of 
the J Anomaly Ridge observed in single-channel records 
actually was basaltic crust. In order to better understand the 
structure and origin of the J Anomaly Ridge, we obtained a 
series of refraction and multichannel seismic reflection mea- 
surements over the ridge near 39øN (Figure 4). This area was 
selected because previous magnetic and single-channel seis- 
mic profiles suggested strong development there of both the 
smooth acoustic basement and the M series anomalies. 

METHODS 

Approximately 3300 km of 24-channel seismic reflection 
data, 35 sonobuoy reflection/refraction profiles, and three 
ocean bottom hydrophone (OBH) refraction profiles were 
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obtained during a 32-day cruise of the R/V Conrad in July 
1978 (Figures 2 and 4). The objectives of the cruise were 
three-fold. First, we traced key seismic reflecting horizons 
from south of the New England Seamounts into the Sohm 
Abyssal Plain and continental rise off Nova Scotia where 
reflector identification was poorly controlled. Second, we 
investigated the structure and seismic velocity distribution 
of the buried J Anomaly Ridge. Finally, we obtained new 
seismic data bearing on the structure and nature of the 
'sedimentary (salt) ridge province' of the central and upper 
continental rise off Nova Scotia [e.g., Jansa and Wade, 
1975; Uchupi and Austin, 1979]. This report describes the 
results of our seismic work over the J Anomaly Ridge 
(Figure 4). 

Multichannel Seismic Reflection Measurements 
The multichannel seismic (MCS) reflection equipment 

aboard R/V Conrad consisted of a 2400-m-long, 48-group 
streamer, four 466 in 3 airguns, and a DFS IV digital record- 
ing system. The airguns were fired at 127 kg/cm 2 (1800 psi) 
every 18-20 s at a ship's speed of 9 km/hr. Shot points were 
located by satellite navigation and dead reckoning. The data 
were recorded digitally on magnetic tape at a 4-ms sampling 
rate and over a recording window of 8-12 s; the data window 
started just before the seafloor arrival. Common depth point 
(CDP) processing of the data tapes was done at Lamont- 
Doherty Geological Observatory. Standard processing in- 
cluded demultiplexing and CDP gather, semblance velocity 
analysis, normal moveout correction, stack, and deconvolu- 
tion as described by Talwani etal. [1977]. 

Airgun-Sonobuoy Measurements 
Over the 5000-m-deep Sohm Abyssal Plain, the 2.4-kin 

hydrophone array is too short to resolve sediment interval 
velocities accurately, and SSQ-41A sonobuoys were used to 
provide velocity/depth information [Houtz et al., 1968; Le 
Pichon et al., 1968]. These analog recordings were obtained 
at two frequency bands on a shipboard drum recorder. In 
addition, refracted waves generated by explosive charges 
were recorded as oscillograms at several sonobuoy locations 
and plotted on time-distance diagrams; these data sets were 
obtained as a by-product of shooting to ocean bottom 
hydrophones. 

Ocean Bottom Hydrophone Measurements 
Ocean bottom hydrophone (OBH) measurements were 

made by using the Lamont-Doherty prototype instrument 
[Carmichael et al., 1977]. The OBH is a lightweight, inter- 
nally recording, pop-up system that separates from a combi- 
nation ballast-weight/power-supply by a time release mecha- 
nism. Anchored about 2 m above the seafloor, it allows 
increased resolution of crustal velocity structure and re- 
duced ambiguity in travel time data compared to drifting 
sonobuoys. For our project, the OBH was modified to 
permit 12 hours of continuous recording and was fitted with 
a magnetostrictive pinger for location and navigation pur- 
poses [e.g., Francis et al., 1975]. 

The reduction of seismic refraction data recorded at the 
seafloor is described by Ewing and Ewing [ 1961], Davis et al. 
[1976], and Purdy and Detrick [1978], among other. We 
recorded refraction profiles in opposite directions at each 
OBH location, using explosives as the sound source. After 
appropriate filtering, the data were plotted as time-distance 

graphs and interpreted by the conventional slope-intercept 
method for reversed profiles [e.g., Ludwig et al., 1968]. 

BASEMENT MORPHOLOGY AND STRUCTURE 

Multichannel seismic reflection profiles were obtained 
both perpendicular and parallel to the trend of the J Anomaly 
Ridge (Figures 5 and 6). Mapped together with previously 
obtained single-channel profiles, they show clearly that 
regional structures trend northeast nearly parallel to seafloor 
isochrons (Figure 7): Aside from a few small, apparently 
isolated peaks, minimum depths along the ridge crest in the 
survey area are slightly less than 6.0 km below sea level. 
Acoustic basement depths increase northwestward to about 
7.5 km at a position 80 km from the ridge crest. Toward the 
southeast, basement dips very gently, reaching depths of 
only 6.2-6.5 km before rising into the flank of the Mid- 
Atlantic Ridge [Tucholke et al., 1982]. Acoustic basement 
observed in MCS profiles is unusually smooth over the crest 
of the ridge, and along line 151 parallel to the ridge crest it is 
almost perfectly flat for at least 77 km (Figure 6). The 
smooth basement is broken by a series of predominantly 
northwest dipping normal faults that strike northeast parallel 
to the ridge crest. Many of the fault blocks appear to have 
rotated, and several faults continue into the overlying sedi- 
ment column as growth faults (e.g., line 152, Figure 5). The 
corners of several fault blocks also appear to be truncated to 
form a nearly horizontal surface (see arrows, Figure 5). The 
faulted smooth basement extends from crust of about anom- 
aly M-2 age (113 Ma) at least to anomaly M-0 (108 Ma). West 
of anomaly M-2 the basement becomes an irregular, diffract- 
ing horizon that is more typical of oceanic crust, although a 
few areas of smooth basement persist (lines 148 and 150, 
Figure 5). A narrow ridge of irregular crust interrupts the 
smooth basement and bounds a distinct basement step about 
halfway between anomalies M-2 and M-0 (Figures 5 and 7). 

The smooth acoustic basement between the irregular 
basement ridge and anomaly M-0 is distinctly different from 
smooth basement farther west because it locally exhibits 
internal reflectors that dip and diverge toward the east 
(Figure 5). Intrabasement reflectors elsewhere often appear 
to be peg-leg multiples generated by a double travel path 
within the sediment column, but the dipping reflectors 
cannot be explained in this manner. West of the irregular 
basement ridge the smooth basement also appears to contain 
internal reflectors, but it is difficult to distinguish primary 
events from multiples because the structure has no signifi- 
cant dip. Although the basement surface there is much 
smoother than normal, it nevertheless has some small-scale 
roughness (indicated by hyperbolic diffractions) that may be 
partially masked by thin, high-velocity sedimentary beds or 
basalt flows. 

The overall morphologic development of the J Anomaly 
Ridge system is not strictly parallel to seafloor isochrons. In 
Figure 8 we plot basement depth, isostatically corrected for 
loading by overlying sediments, along several seafloor iso- 
chrons from approximately magnetic anomaly M-1 l/M-12 to 
anomaly M-0. In crust formed through anomaly M-4 time 
(117 Ma), there is little indication of ridge development; in 
fact, crustal depths are up to a half kilometer deeper than 
predicted from the North Atlantic empirical age-depth 
curve. At anomaly M-2 (113 Ma) the northern part of the 
ridge becomes well developed adjacent to the Grand Banks; 
DSDP site 384 recovered upper Barremian or lower Aptian 
shallow-water carbonates overlying basement on this part of 
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Fig. 5a. MCS stacked record sections for lines 148, 150, and 152 across J Anomaly Ridge. Bandpass filter 10-70 Hz; 
time-varying gain and Burg deconvolution applied. Scale bars = 20 km. Locations in Figure 4. 

the ridge. The magnitude of the positive topographic anoma- 
ly decreases along younger crustal isochrons, but there is a 
clear indication that the topographic anomaly migrated 
southward along the spreading axis at a rate of about 50 mm/ 
yr (dotted line, Figure 8). By anomaly M-0 time, the crust is 
within about 200 m of normal elevations, and the zone of 
highest amplitudes of the J magnetic anomaly [Rabinowitz et 
al., 1979] is restricted to crust north of this morphologic 
trend (Figure 8, stippled area). 

SEISMIC-VELOCITY STRUCTURE 

The velocities and layer thicknesses determined from 
unreversed, airgun-sonobuoy profiles are based on the as- 
sumption of nondipping layers; thus it is useful to compare 
them with results from reversed sonobuoy and OBH profiles 
recorded with explosives to determine true velocity in the 
presence of dip. Such comparison is possible along the 
anomaly M-4 isochron and along the crest of the J Anomaly 

Ridge near anomaly M-0. Recognizing that both sonobuoy 
and OBH refraction profiles are localized measurements 
which determine average velocities over the line sampled, 
there is good agreement between the reversed and unre- 
versed measurements (Table 1). The airgun-sonobuoy tech- 
nique has greater resolution because of the much higher 
repetition rate of the airgun compared with explosives. In 
the reversed refraction lines shot with explosives to the 
OBH (Figures 9 and 10) and to sonobuoys, the shot spacing 
was not close enough to detect arrivals from acoustic 
basement; hence the velocities were assumed from nearby 
airgun-sonobuoy measurements. With one exception (sono- 
buoy 221), both smooth and rough acoustic basement (as 
observed in the MCS records) have refraction velocities of 
4.5 km/s or greater. We therefore interpret acoustic base- 
ment as basaltic ocean crust, possibly interbedded with high- 
velocity elastic sediments in the smooth-basement areas. 

The various crustal layers determined by sonobuoy solu- 
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Fig. 5b. Interpretation of record sections in Figure 5a. 

tions have a fairly wide range of velocities. This is because 
some sonobuoy solutions do not resolve all layers but give 
velocities combining several layers, and because the veloci- 
ties are not corrected for layer dip. For these reasons 
individual solutions may be misleading in studying geologic 
structure. In Figure 11 we have partially circumvented this 
problem by averaging sonobuoy solutions for three crustal 
age groups: M-0, M-4, and a group extending from M-16 (135 
Ma) westward into the Jurassic quiet zone (--•155 Ma). In 
comparing the averages in this plot, increases in basement 
velocity due to increases in sedimentary overburden and 
hydrostatic pressure are ignored; the changes are small 
(--•0.2 km/s) and most likely are compensated by equally 
small velocity decreases related to increasing temperature 
[e.g., Chroston et al., 1979] with increasing depth of burial. 

The basement velocity structure at anomalies M-0 and M- 
4 is very nearly the same (Figure 11). There is a suggestion 
that somewhat lower velocities occur 0-2 km subbasement 
beneath the crest of the J Anomaly Ridge at anomaly M-0, 

but because of the small statistical sample it is not known 
that this difference is significant. More importantly, the 
velocities within the upper 2.5 km of older crust (>M-16) are 
uniformly 0.4-1.1 km/s higher than at M-0. This difference is 
exemplified in the shallowest crust where measured veloci- 
ties for the older basement range from 4.95 to 5.75 km/s, but 
for M-0 basement all values but one are in the range 4.5-4.7 
km/s (Table 1). 

The differences in crustal velocity structure are illustrated 
in a cross section extending from the J Anomaly Ridge 
northwest toward the Nova ScotJan margin (Figure 12). As 
shown by the isovelocity contours, a thick, lower velocity 
crustal section is associated with the J Anomaly Ridge 
beginning approximately at the time of anomaly M-4. The 
same trend exists if the previously developed 'velocity layer' 
conventions of Houtz and Ewing [ 1976] and Houtz [ 1980] are 
used. These authors designated crustal velocities with extre- 
mal ranges of about 4.8-5.6 km/s as 'layer 2B' and velocities 
less than 4.1 km/s as 'layer 2A.' With the exception of 
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Fig. 6. MCS stacked record sections for line 149 along anomaly M-4 isochron (top) and for line 151 near M-0 
isochron at crest of J Anomaly Ridge (bottom). Bandpass filter 10-70 Hz; time-varying gain and Burg deconvolution 
applied. Scale bars = 20 km. Locations in Figure 4. 
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Fig. 8. Perspective diagram of basement depths (corrected for isostatic loading by sediments) along isochrons in 
area of J Anomaly Ridge southwest of DSDP site 384. Vertical ruling highlights depths below empirical age-depth curve 
of Tucholke and Vogt [1979]; depths above curve are unpatterned. Stippled area shows zone of anomalous 
magnetization between anomalies M-1 and M-0 proposed by Rabinowitz et al. [1979] to account for J anomaly. Dotted 
line shows approximate trend of southward ridge migration between anomalies M-4 to near M-0; it intersects M-0 near 
38øN, where J anomaly amplitudes decrease markedly to the south. Axial profile of Iceland and Reykjanes Ridge at 
upper left [from Vogt, 1974] is shown for comparison of vertical and horizontal scales. 

sonobuoy 221, there are no velocities in the layer 2A range in 
our study area. Layer 2B is less than a kilometer thick in 
older crust beneath the Sohm Abyssal Plain, but it is 1.5-2 
km thick beneath the flank and crest of the J Anomaly Ridge 
(Figure 11). Farther east beneath 45-100 Ma old seafloor, the 
shallowest crustal layer also appears to have velocities 
characteristic of layer 2B, but the layer thickness there is 
only about 1 km [Houtz and Ewing, 1976; Houtz, 1980]. 
Hence the J Anomaly Ridge appears to have an anomalously 
thick layer 2B. This structure is not reflected in the gravity 
field, which shows a nearly flat free-air anomaly that indi- 
cates isostatic compensation at depth. 

ORIGIN OF TIlE J ANOMALY RIDGE 

To determine the origin of the J Anomaly Ridge (and its 
eastern Atlantic counterpart, the Madeira-Tore Rise), it is 
useful to consider several geologic analogs in Iceland and the 
Reykjanes Ridge. The parallels in structure and morphology 
are quite striking, and they are useful in interpreting both the 
paleodepth and the mechanism of formation of the J Anoma- 
ly Ridge/Madeira-Tore Rise System. 

A variety of observations indicates that much of the J 
Anomaly Ridge was formed at or even above sea level. The 
dipping reflectors beneath the smooth basement of the J 

Anomaly Rdge (line 152, Figure 5) are very similar to those 
observed beneath Iceland [Zverev et al., 1980a, b] in that 
they dip and diverge toward the accretion axis, and they tend 
to be rather short (--• 10 km) reflective segments rather than 
laterally extensive horizons. Geologic and kinematic models 
proposed by Bodvarsson and Walker [1964] and Pallmason 
[1973, 1980], respectively, explain the Icelandic units as 
subaerial flows that thicken toward the spreading center; 
subsidence near the spreading center is due to loading by 
subsequent flow units. Assuming a relatively fixed distance 
over which flow units normally spread, the units ultimately 
offlap in the direction of the continually widening rift zone. 
Similar dipping intrabasement reflectors have been recog- 
nized at the edge of several passive continental margins, and 
these also are thought to be characteristic of subaerial 
seafloor spreading associated with initial accretion of ocean 
crust [e.g., Mutter et al., 1982]. 

On the J Anomaly Ridge the normal faults that dip away 
from the spreading axis also are like those observed in 
Iceland [Zverev et al., 1980a] and in the Icelandic insular 
slope adjacent to the Reykjanes Ridge [Egloff and Johnson, 
1979]. We presume that they result principally from in- 
creased thermal contraction with distance from the spread- 
ing axis. Saemundsson [1967] observed that some Icelandic 
normal faults have greater displacement in older strata than 
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Fig. 11. Plot of velocity versus depth below basement averaged 
for each of three crustal age groups. Number of individual determi- 
nations used for each average is given in parentheses (see Table 1). 
The low average velocity for 0-0.5 km subbasement at M-0 is due 
largely to inclusion of an anomalous 3.1 km/s refractor observed in 
sonobuoy 221. The same relative pattern of velocity distribution 
versus age group is observed if the total velocity range of each age 
group is plotted. 

in younger strata; thus these faults appear to be comparable 
to the growth faults observed on the J Anomaly Ridge. 

Th e smooth basement widely developed along the crest of 
the J Anomaly Ridge also suggests a subaerial origin, proba- 
bly as a result of laterally extensive basalt flows coupled 
with subaerial erosion. In additon, subaerial erosion at sea 
level best explains the apparently truncated tops of tilted 
fault blocks near the ridge crest (see arrows, Figure 5). 

The only direct sampling of the J Anomaly Ridge, accom- 
plished on the shallower northern part of the ridge at DSDP 
site 384 (Figure 2), provides direct evidence of subaerial 
exposure. The crust there was formed at magnetic anomaly 
M-2 (-• 113 Ma) and consists of normal tholeiitic basalts only 
slightly enriched in large ion lithophile (LIL) elements and of 
undistinguished magnetization [Tucholke et al., 1979]. Three 
lava flows were recovered, the lowest of which contains 
titanomagnetites altered by high-temperature deuteric oxida- 
tion that is typical of subaerial extrusion. The upper flows 
are altered by low-temperature, probably submarine, oxida- 
tion [Petersen et al., 1979]. Initial subaerial extrusion and/or 
later exposure also are indicated by high vesicularity of the 
basalts and by a basaltic 'soil' horizon presumably formed 
by intense subaerial weathering. 

The basalt could have been above sea level for as much as 
several million years, after which upper Barremian or lower 
Aptian shallow-water carbonates accreted on the ridge. The 
carbonates were deposited until late Aptian or early Albian 
time (---105-108 Ma). Petrographic and oxygen isotopic data 
indicate that the carbonates themselves were then subaerial- 
ly exposed [Rothe, 1979; Rothe and Hoers, 1979] before the 
ridge rapidly subsided to its present depth. 

Given this geologic history, it is reasonable that the ridge 
crest farther south, in our survey area, also formed near sea 
level. Basement depth at site 384, isostatically corrected for 
sediment loading, is 4100 m. This is only 1400 m shallower 
than the comparably corrected basement depth of 5500 m 
over the southern part of the ridge. Thus while the M-2 age 
crust at site 384 was Subsiding toward sea level, the M-1 to 
M-0 age crust farther south probably was accreting at sea 

level. Crustal accretion and erosion at zero depth seem to 
provide the best explanation of the available geological and 
geophysical observations. 

The analogous development of the J Anomaly Ridge and 
the 'Iceland phenomenon' extends beyond basement struc- 
ture. The vertical and horizontal scales of the two systems 
are very much the same (Figure 8), and there is obvious 
similarity in the southward deepening axes of the J Anomaly 
and Reykjanes Ridge systems, with resultant southward 
pointing, V-shaped bathymetric patterns. These larger scale 
trends suggest that the J Anomaly Ridge system was formed 
by a mechanism like that responsible for the Iceland system. 

Iceland is thought to result from effusion of excess mag- 
mas above a mantle plume or hot spot [e.g., Morgan, 1981]. 
In addition, increasing axial depths and systematic changes 
in chemistry of Reykjanes Ridge rift-axis basalts southwest 
from Iceland both have been attributed to the presence of the 
sub-Icelandic mantle plume [e.g., Schilling, 1973; Vogt, 
1974, 1976]. These authors suggest that the ascending man- 
tle-plume melts,which normally would migrate radially from 
the hot spot, are preferentially channeled into 'pipe flows' 
along and beneath the rift axis of the mid-ocean ridge. Head 
loss and progressive mixing of primary and mantle-plume 
melts away from the plume account for the observed topo- 
graphic and geochemical effects. Vogt [1974] calculated that 
the migration rate of the plume melts is of the order of 50- 
200 mm/yr, very similar to the 50 mm/yr southward migra- 
tion of the topographic expression of the J Anomaly Ridge. 
All these considerations suggest that the J Anomaly Ridge 
system originated by a hot spot mechanism or at least with 
the presence of a hot spot-like magma source. Discussion of 
this concept and evolution of the ridge system are outlined 
below. 

EVOLUTION OF J ANOMALY RIDGE 

In Early Cretaceous time prior to formation of the J 
Anomaly Ridge, the spreading axis of the Mid-Atlantic Ridge 
intersected the southwestern margin of the Grand Banks 
nearly at right angles. The spreading axis did not extend 
north into Laurasia but was offset along a major transform 
fault into the Tethys [e.g., Dewey et al., 1973]. The adjacent 
continental crust of Iberia (Iber) and the Grand Banks (GB) 
had experienced a probably Triassic-Liassic phase of rifting 
followed by relative inactivity during the Middle Jurassic 
[Sibuet and Ryan, 1979]. During the Late Jurassic and Early 
Cretaceous, GB-Iber rifting again commenced, and the first 
true drift and production of oceanic crust between these land 
masses are inferred to have occurred at the J anomaly about 
the end of Aptian time (--105 Ma; Sibuet and Ryan [1979] 
and Sullivan [1982]). 

We propose that the J Anomaly Ridge and Madeira-Tore 
Rise originated in concert with, and possibly in response to, 
the late-stage rifting and initial drift between Iberia and the 
Grand Banks. Specifically, drawing on the Iceland analog, 
we suggest that partial melts from deep sources within the 
rift zone were funneled southward along subcrustal conduits 
and entered the spreading axis of the abutting Mid-Atlantic 
Ridge. Extrusion and intrusion of these melts at the spread- 
ing axis caused the Mid-Atlantic Ridge crest to accrete to 
elevations at and above sea level. Southward migration of 
this 'melt front' (and corresponding topographic anomaly) 
with time allowed the J Anomaly Ridge to be constructed 
across seafloor isochrons until about 108 Ma (anomaly M-0, 



9402 TUCHOLKE AND LUDWIG: STRUCTURE AND ORIGIN OF J ANOMALY RIDGE 

TOTAL IIYTœNSIT¾ /"\ I ø MA•'NœTIC ANOMALY / ',.,\ 
M4 / M•0 •, _ 400 

-B00 

4- SEISMIC STRUCTURE 

5 I 

6 m 

e I 

9 I 

12 I 

141 

SOHM ABYSSAL PLA IAI 

1.60 

I I 
I I 

,I - AAIOMAL Y• 
RIDGE ]-- 

1._70 1,78 "1.84 j 
1.99 2.35,..,, /-X,l• 6 

, 

? 

8 

-12oo 7' 

8.5 

0 50 I00 Km 
I I I 

--9 

---IO 

--II 

--13 

--14 

SE _ 15 

Fig. 12. Velocity-structure section and magnetic anomaly profile across the J Anomaly Ridge. The configuration of 
the basement layer is drawn from MCS line 152 (see Figure 5), and isovelocity contours are based on averages in Figure 
11' mantle determination at left is from sonobuoy 235. 

Figure 8). If we extrapolate the rate of southward migration 
of the ridge (50 mm/yr) back to the continental margin, the 
melt front probably was beneath the edge of the Grand 
Banks at about 120 Ma. 

Two possible origins of the magma source seem attractive. 
One is the passage of the Grand Banks over a rising mantle 
plume or hot spot. Recent work by Morgan [1981, manu- 
script in preparation, 1982] suggests that the Labrador shelf 
passed over the Canaries hot spot and that the Grand Banks 
moved over the Madeira hot spot about 120-110 Ma. The 
Grand Banks and adjacent rift zone then remained over the 
Madeira hot spot continuously up to about 105 Ma. A 
problem with this model is that Morgan's relative position of 
the Madeira hot spot at 120 Ma depends on inception of drift 
between the Grand Banks and Iberia about 80 Ma, whereas 
evidence presented below and by $ibuet and Ryan [1979] 
indicates that drift began at the end of the Aptian (--105-108 
Ma). Although this does not invalidate the possible role of a 
hot spot, we cannot clearly attribute the origin of the partial 

melt to a mantle plume until the hot spot trace is better 
constrained. 

A second possible source for the magma is a large zone of 
partial melting beneath the GB-Iber rift system. The east- 
ward relative movement of the Mid-Atlantic Ridge crest with 
respect to the GB-Iber rift zone may have brought the 
spreading axis to a location where it 'tapped' this melt zone. 
However, it is not clear that this kind of magma source 
would be volumetrically important in the absence of a mantle 
plume. 

Presuming that the kinematic evolution, if not the dynamic 
mechanism of ridge formation proposed above, is valid, we 
can outline the following geologic history for the J Anomaly 
Ridge system as it related to the adjacent GB-Iber rift zone. 
Late-Rift Phase (120-113 Ma) 

The partial melt migrating southward from the GB-Iber rift 
zone (Figure 13) probably reached the Newfoundland Frac- 
ture Zone about 117 Ma (anomaly M-4} and th e latitu•le of 
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Bank and Flemish Cap is at the 5-kin ba•m•nt-d•pth contour. The African and Iberian plates are arbitrarily separated 
along Gorringe Ridge. North of Tore Seamount the triangles locate the J anomaly on the Iberian plate [Groupe Galice, 
1979], and the dots locate a possible J anomaly over Flemish Cap Ridge on the North American plate [Sullivan, 1982]' to 
the south, the rotated J anomalies are coincident. Pico Fracture Zone and Newfoundland Fracture Zone are symbolized 
by synthetic flow lines (K. Klitgord and H. Schouten, manuscript in preparation, 1982)' these flow lines follow 
basement structural trends quite closely. 

site 384 about 114 Ma (anomaly M-3). This is presumed to be 
reflected in the southward extension of subaerially accreting 
crust along the Mid-Atlantic Ridge. We know that by 113 Ma 
(anomaly M-2), basalts were being extruded subaerially at 
site 384 on the Mid-Atlantic Ridge crest. Farther south, the 
spreading axis probably was below sea level (Figures 3 and 
5). No true oceanic crust had yet formed in the GB-Iber riff 
zone. 

Rift-Drift Transition (112-108 Ma) 
Between anomalies M-1 and M-0 (upper Barremian to 

middle Aptian), the melt front and topographic expression of 
the ridge migrated south to a (present) latitude of about 38øN 
(Figure 8). The ridge probably accreted to heights near or 
slightly above sea level along its entire length, and subaerial 

basalt flows locally formed the characteristic eastward dip- 
ping subbasement reflectors observed in our multichannel 
seismic lines (Figure 5). Subaerial erosion peneplaned this 
crust to form the unusually smooth basement surface. Slight- 
ly older crust had partially cooled and subsided; this crust 
was block-faulted along west dipping fault planes and some 
of the blocks were rotated (Figure 5). Erosion products from 
the adjacent subaerial crust probably helped smooth and 
mask the basement surface of this older crust. At site 384, 
the crust subsided below sea level, and reef carbonates 
accumulated. 

Drift Phase (--•108 Ma) 
We suggest that the first emplacement of true oceanic 

crust between Iberia and the Grand Banks began at this time 
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(about anomaly M-0). The thermal anomaly and minor 
regional uplift that are postulated to accompany this conti- 
nental breakup [Falvey, 1974] seem to explain best two 
unusual facets of the J Anomaly Ridge: (1) the temporary, 
late Aptian or early Albian uplift and subaerial exposure of 
the reef carbonates at site 384 and (2) the apparent uplift and 
subaerial truncation of corners of tilted fault blocks near the 
ridge crest (arrows, Figure 5). These minor, although impor- 
tant, features would correlate with Falvey's 'breakup uncon- 
formity.' Furthermore, the entire ridge system apparently 
experienced unusually rapid subsidence shortly following 
anomaly M-0. We attribute this to rapid decay of the initial 
thermal regime that accompanied the breakup, and we 
suggest that the mid-oceanic ridge axis rapidly evolved to 
near-normal depths greater than 2000 m. 

DISCUSSION 

The suggested timing of the above events correlates 
closely both with Falvey's [1974] model of continental 
breakup and with observations of regional geology. Falvey 
predicted two phases of uplift during the rifting history of a 
passive continental margin. The first could occur well before 
(>50 Ma) the initiation of true drift and consists of regional 
uplift over the rift zone in response to a thermal anomaly 
impinging on the base of the lithosphere. The second is 
predicted to be a 'short, sharp' period of uplift associated 
with convective heat transport at the time of breakup. A 
period of relative subsidence is thought to occur between 
these phases, possibly as a result of thermal metamorphism 
[Falvey, 1974]. 

The early-rift uplift correlates with widespread develop- 
ment of an erosional unconformity over the Grand Banks, 
Orphan Knoll, Galicia Bank, and in the Lusitanian and 
Aquitanian basins of Europe [Amoco and Imperial, 1974; 
Gradstein et al., 1975; Jansa and Wade, 1975; Ruffman and 
van Hinte, 1973; Laughton et al., 1972; Sibuet and Ryan, 
1979; Dardel and Rosset, 1971; Winnock, 1971]. The uncon- 
formity is typified in Grand Banks wells, where the hiatal 
gap usually spans the Late Jurassic through middle Creta- 
ceous (Aptian). Thus, following initial uplift, subsidence 
over most of the Grand Banks apparently was so slight that 
no Lower Cretaceous marine sequences accumulated. We 
have suggested that the adjacent oceanic crust of the J 
Anomaly Ridge system also was subaerially exposed; hence 
the Lower Cretaceous unconformity may be continuous 
across both continental crust and the oceanic crust of the 
ridge. 

There are two kinds of locations where this widespread 
hiatal development may have been restricted to a shorter 
time interval. One is in basins which initially were less 
elevated or which subsided so rapidly that Lower Creta- 
ceous marine sedimentary sequences could accumulate. 
Examples occur along the southwest margin of the Grand 
Banks in the South Whale Basin (Puffin B-90 well, Gradstein 
et al. [1975]; Amoco and Imperial [1974]) and over Galicia 
Bank [Sibuet and Ryan, 1979]. The Newfoundland, Iberia, 
and Tagus basins probably also accumulated Lower Creta- 
ceous marine sequences, and they may have been so deep 
that no hiatus developed (Figure 13). A second, very local- 
ized, restriction of unconformity development probably oc- 
curred at loci of subaerial volcanism. Volcaniclastics and 
lavas of mixed Late Jurassic-Aptian ages can be expected to 
interrupt and overlie the synrift unconformity throughout the 
region. 

We correlate the 'short, sharp breakup unconformity' with 
subaerial exposure of the reef at site 384 and with truncation 
of the corners of tilted fault blocks on the J Anomaly Ridge, 
and we place the time of initial drift between Iberia and the 
Grand Banks at anomaly M-0 (--•108 Ma, late Aptian). 
Similar manifestations of brief subaerial exposure probably 
occur on other basement ridges and seamounts in this 
region. In deeper basins the breakup unconformity probably 
is not developed, but some shallower basinal sediments may 
have been briefly exposed. A possible example of the latter 
occurs in the South Whale Basin (Amoco and Imperial 
[1974], their Figure 9) where the Puffin B-90 well encoun- 
tered nonmarine facies and an overlying unconformity in the 
Aptian-Turonian section. In most other areas the uplift 
either caused reexcavation of the earlier synrift unconformi- 
ty or maintained the subaerial exposure and excavation 
inherited from the previous uplift. Regional subsidence 
shortly following the breakup event allowed Upper Creta- 
ceous marine facies to become widely distributed across the 
Grand Banks [Gradstein et al., 1975]. 

Our placement of the ocean-continent boundary between 
Iberia and the Grand Banks at anomaly M-0 (J anomaly) has 
several interesting consequences. First is the implication 
that there is deeply subsided continental crust (8+ km) 
beneath the Newfoundland, Tagus, and Iberia basins (Figure 
13). The depth of these basins perhaps is not too surprising 
because the Jeanne D'Arc Basin beneath the Grand Banks 
has more than 12 km of Mesozoic/Cenozoic fill (Figure 13), 
but the size of the basins is significantly larger and their 
sedimentary fill is much smaller (--•5 km). These basins may 
contain continental crust that was extensively thinned (and 
intruded) during the rifting phase. Margin basins of similar 
size and depth occur farther north in the Flemish Pass and 
the Orphan Basin. Refraction work there by Keen and 
Barrett [1981] suggests that extensively thinned (--•50%) 
continental crust underlies the basins and that total crustal 
thickness is 15-17 km, including up to --•5 km of Cretaceous/ 
Tertiary sediment. 

A second consequence of postulating that breakup did not 
precede anomaly M-0 is that Flemish Cap and Galicia Bank 
exhibit minimal overlap (Figure 13). The 70-km overlap 
north of Tore Seamount in the M-0 reconstruction might be 
explained by subsequent extension (spreading?) east of 
Galicia Bank (extensional basins of Rdhault and Mauffret 
[1979]) and/or possibly in the deep graben west of Flemish 
Cap [Haworth and Keen, 1979]. 

Finally, the westernmost Newfoundland Seamounts and 
Tore Seamount are formed very near the ocean/continent 
boundary but on presumed continental crust. This raises the 
interesting possibility that the unusual ring structure of Tore 
Seamount actually is a collapsed caldera formed under 
subaerial conditions. Laughton et al. [1975] considered this 
possibility but dismissed it because of the unusually large 
magma chamber that would be necessary. However, if the 
seamount formed near a newly developed spreading center 
subject to mantle-plume influence, the explanation may not 
be so unrealistic as was once thought. 

The position of the ocean/continent boundary south of the 
Grand Banks is equally interesting. The data and model that 
we have presented for the J Anomaly Ridge system indicate 
that only oceanic crust occurs south of the Newfoundland 
Fracture Zone (Figure 13).We also suggest that oceanic crust 
extends northward to the Pico Fracture Zone near the edge 
of the Grand Banks. Seismic refraction profiles just south- 
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west of the Grand Banks appear to confirm the occurrence of 
oceanic crust seaward of the Pico Fracture Zone [Jackson et 
al., 1974]. In contrast, Grant [1977, 1979] inferred from the 
observed distribution of the Lower Cretaceous unconformi- 
ty in seismic reflection records that continental crust was 
present in this region beneath the Southeast Newfoundland 
Ridge. However, as noted earlier, the unconformity could be 
continuous over both continental and oceanic crust. Further- 
more, if continental crust were present between these frac- 
ture zones off the Grand Banks, we would also expect 
continental crust to occur in conjugate areas of the eastern 
Atlantic, for example within the strongly deformed Gorringe 
Ridge. Neither geophysical or dredge results indicate the 
presence of continental crust there [e.g., Purdy, 1975]. If 
oceanic crust in fact is present immediately southwest of the 
Grand Banks, the two southwest trending basement highs 
there require explanation (Figure 13). It is possible that they 
are earlier formed versions of the J Anomaly Ridge, em- 
placed at the crest of the Mid-Atlantic Ridge as it migrated 
eastward along the Grand Banks transform margin. 

While the structural origin of the J Anomaly Ridge/ 
Madeira-Tore Rise system can be correlated rather well with 
the history of rifting between Iberia and the Grand Banks, 
the origin of the J magnetic anomaly itself remains uncertain. 
The restriction of anomalous magnetization to the zone 
between anomalies M-1 and M-0 [Rabinowitz et al., 1979] 
suggests a direct relation to the final rifting and initial drift 
between Iberia and the Grand Banks. Any satisfactory 
model, however, must also explain the apparently decaying 
amplitude of the J anomaly both northward and southward 
from the Southeast Newfoundland Ridge [Keen et al., 1977; 
Groupe Galice, 1979; Rabinowitz et al., 1979]. 

Before considering the mechanism by which the anoma- 
lous magnetization was produced, we should discuss its 
source. The absence of any significant gravity anomaly over 
the J Anomaly Ridge and the normal velocity structure 
(excepting the thickened layer 2B) eliminate the possibility 
that the anomaly is produced by intrusions of dense materi- 
als such as intensely magnetized gabbros or chromium- 
spinel-bearing ultrabasic rocks [Tucholke and Vogt, 1979]. 
However, induced magnetization caused by the presence of 
a large body of serpentinized peridotitc cannot be discount- 
ed. Similarly, emplacement of unusually magnetized rocks 
because of late-stage magma differentiation, thermal bound- 
ary effects, or passage over a mantle plume are viable 
alternatives. Finally, an unusually thick magnetic layer may 
be present. This possibility may be supported by the pres- 
ence of a layer 2B that is up to 2 km thick beneath the J 
Anomaly Ridge, compared with about 1-km thicknesses in 
both younger crust [Houtz and Ewing, 1976] and older crust 
(pre-M-4, Figure 12). The magnitude of the velocities almost 
certainly has changed with time (i.e., the layer 2A-2B 
conversion of Houtz and Ewing [1976]), but the relative 
lateral differences in velocity probably reflect initial differ- 
ences in crustal structure. Thus the original layer 2A (and the 
magnetic layer) at the ridge crest may have been twice as 
thick as normal. 

The mechanism by which the anomalous magnetic body 
was emplaced perhaps is easier to explain. Although there 
are uncertainties about the past location of hot spots in this 
region, the presence of a mantle plume beneath the adjacent 
Southeast Newfoundland Ridge at anomaly M-1 to M-0 most 
conveniently explains the north-south distribution of anoma- 
ly amplitudes. Again referring to the Iceland analog [Schil- 

ling, 1973], radial flow from the plume probably would be 
concentrated along rift-axis conduits toward the south (and 
toward the north unless attenuated in the continental rift 
zone). Progressive mixing of anomalous mantle-plume melts 
with primary rift-axis magmas along the conduits could 
produce a trend of decreasingly magnetized crustal rocks 
with distance from the plume. Or emplacement of excess 
magma nearer the plume may simply have produced a 
thicker magnetic layer. The presence of a mantle plume also 
could explain several other observations: 

1. The steplike decay in anomaly amplitude north of the 
Newfoundland Seamounts, south of 38øN, and again at the 
New England Seamounts: these locations appear to be 
significant structural boundaries (fracture zones?) in the 
crust, where 'pipe flow' from a mantle plume would be 
attenuated or blocked [e.g., Vogt, 1974]. 

2. The timing of actual occurrence of breakup at anoma- 
ly M-0: arrival of an especially weakened zone of rifted 
continental crust over a mantle plume could explain the 
initiation of true drift. 

3. The anomalously rapid subsidence of the J Anomaly 
Ridge, Southeast Newfoundland Ridge, and probably parts 
of the adjacent continental crust following anomaly M-0: 
subsidence at rates significantly faster than predicted by the 
conventional t •/2 relation might be explained by a loss of 
dynamic uplift if a mantle plume either became inactive or 
migrated away from the region following GB-Iber breakup. 

CONCLUSIONS 

The J Anomaly Ridge and Madeira-Tore Rise are paired 
aseismic rises formed by excess volcanism at the crest of the 
Mid-Atlantic Ridge between about anomaly M-4 and M-0. 
The edifice-building volcanism that formed these ridges 
migrated southward at about 50 mm/yr, constructing much 
of the ridge system to and above sea level. This construction 
and migration appear to have been triggered when the 
eastward moving Mid-Atlantic Ridge axis arrived at and 
'tapped' a large magma source (possibly a mantle plume) 
beneath the GB-Iber rift zone. The mantle plume concept 
most readily explains both the large magma source neces- 
sary to form the ridge system and the eventual formation of 
the J magnetic anomaly. 

The evolution of the J Anomaly Ridge/Madeira-Tore Rise 
system is intimately related to the GB-Iber rift-drift se- 
quence. The widespread 'synrift' unconformity over the 
adjacent continental margins appears to be laterally continu- 
ous with a subaerially eroded unconformity developed on 
oceanic crust of the J Anomaly Ridge and probably the 
Southeast Newfoundland Ridge. The short, sharp 'breakup 
unconformity' [Falvey, 1974] at or shortly following M-0 is 
manifested on the J Anomaly Ridge by brief subaerial 
exposure of Aptian reefal carbonates and by truncation of 
the corners of tilted fault blocks. On the adjacent continental 
margins the breakup unconformity mostly is superimposed 
on the 'synrift' unconformity, but in deeper basins it may not 
be present, depending upon local uplift/subsidence histories. 

Following the initiation of true drift between Iberia and the 
Grand Banks, the J Anomaly Ridge, the Madeira-Tore Rise, 
and probably other adjacent oceanic and continental crustal 
segments subsided at rates significantly greater than those 
expressed by the normal t •/2 relation. The northern part of 
the oceanic J Anomaly Ridge and the continental crust 
beneath the adjacent Grand Banks subsided at very similar 
rates [Gradstein et al., 1977]. However, other crustal seg- 
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ments appear to have had significantly different subsidence 
rates (even within the J Anomaly Ridge), and a single 
regional subsidence curve may not be applicable. 

The model developed here agrees with available geological 
and geophysical data but needs further testing. Probably the 
best tests will be found in carefully planned seismic refrac- 
tion and multichannel seismic reflection surveys across the 
proposed ocean-continent boundaries around the Grand 
Banks. Although similar work in the eastern North Atlantic 
will be useful, it must contend with Late Cretaceous and 
Tertiary tectonic and volcanic modification of crust caused 
by relative plate motions within the 'Eurasian plate' and 
between Eurasia and Africa. 
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