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44. MESOZOIC-CENOZOIC GEOLOGY OF THE EASTERN MARGIN OF THE GRAND BANKS

AND ITS RELATION TO GALICIA BANK!

A. C. Grant, L. F. Jansa, K. D. McAlpine, and A. Edwards, Geological Survey of Canada, Atlantic Geoscience

Centre, Bedford Institute of Oceanography, Dartmouth, Nova Scotia, Canada

ABSTRACT

Late Paleozoic reconstructions of the North Atlantic juxtapose the eastern margin of the Grand Banks with the con-
tinental margin off Iberia. Comparison of the geology of the Grand Banks region with results from ODP Leg 103 on
the Galicia margin improves our understanding of the Mesozoic-Cenozoic tectonic evolution of these regions and pro-
vides new constraints on pre-drift fits.

The Grand Banks region is underlain by Paleozoic and Precambrian rocks of the Appalachian Orogen, which were
rifted, eroded, and buried during Mesozoic and Cenozoic tectonic episodes related to formation of the North Atlantic
Ocean and the Labrador Sea. The Carson Basin along the eastern margin of the Grand Banks contains Triassic and Ju-
rassic evaporites overlain by Jurassic and Cretaceous carbonate and clastic rocks that were deeply eroded during the
mid-Cretaceous. This unconformity is overlain by a comparatively thin and undeformed sequence of Cretaceous-Ter-
tiary fine-grained marine clastics. Since the mid-Cretaceous, the outer portion of the Carson Basin has subsided to oce-
anic depths and now underlies the slope-rise zone. Comparison of the seismic stratigraphy of the Carson Basin with
that of the Galicia margin indicates similar tectonic histories and depositional environments from Triassic to Tertiary
time. Seismic-reflection data have been used to map the minimum seaward extent of continental crust, and this bound-
ary lies approximately along a ‘“headland to headland” line between the Newfoundland Ridge and Flemish Cap. Re-
gional juxtaposition of these margin segments is geologically reasonable, but the evidence for continental crust beneath

the slope and rise southeast of the Grand Banks precludes fitting Galicia Bank in this zone.

INTRODUCTION

Masson and Miles (1984) and Srivastava and Tapscott (1986),
among others, have discussed the problems in paleogeographic
reconstructions of Iberia relative to Europe and North America
(Fig. 1). Such reconstructions generally place the Iberian Penin-
sula opposite the southeastern Grand Banks, with Galicia Bank
(where Ocean Drilling Program (ODP) Leg 103 drilled), Flem-
ish Cap, and Newfoundland Ridge presenting obstacles to tight
juxtaposition of the two margins (Fig. 2). In this paper we re-
view the geology of the Grand Banks region, with emphasis on
comparing the Mesozoic-Cenozoic evolution of its eastern mar-
gin with that of the Galicia Bank area. We examine the nature
of the crust in the slope-rise zone between Newfoundland Ridge
and Flemish Cap and compare the seismic stratigraphy of this
zone with that of Galicia Bank. These observations provide
constraints on fitting the Grand Banks and Iberia and may be
useful for future comparative studies.

The interpretations in this paper are based mainly on analy-
sis of geophysical and geological data derived from petroleum
exploration. Additional geophysical and geological data have
been utilized from a variety of government and academic insti-
tution surveys in the region.

REGIONAL GEOLOGY

The structure and stratigraphy of the Grand Banks region
have been discussed by Amoco and Imperial (1973), Jansa and
Wade (1975), Hubbard et al. (1985), Grant et al. (1986), Grant
(1987), Enachescu (1987), Grant and McAlpine (in press), Keen
et al. (1987), and Tankard and Welsink (in press).

The broad continental shelf around Newfoundland is a promi-
nent physiographic feature at the junction of the northeast-

1 Boillot, G., Winterer, E. L., et al., 1988. Proc. ODPR, Sci. Results, 103: Col-
lege Station, TX (Ocean Drilling Program).

trending Atlantic margin and the northwest-trending Labrador
Sea margin of North America (Fig. 1). The continental shelf is
underlain by the northeastern continuation of the Appalachian
Orogen of eastern North America, which is the product of the
Taconian (Middle Ordovician), Acadian (Devonian), and Alle-
ghenian (Permo-Carboniferous) orogenies (Williams, 1979). Off-
shore the Paleozoic and Precambrian rocks of the Appalachian
Orogen are buried by Mesozoic and Cenozoic sedimentary de-
posits. The primary geologic elements of the Newfoundland
margin are thus the Precambrian-Paleozoic rocks, which are
treated as “basement” in this paper, and the overlying Meso-
zoic-Cenozoic sedimentary cover. In general, the Mesozoic sedi-
ments occupy structural basins, and the Cenozoic sediments
form a regional blanket on the continental margin.

The most prominent subsurface geologic features of the Grand
Banks region shown by industry seismic data are a peneplain
(the Avalon Unconformity) beneath undisturbed Upper Creta-
ceous and Tertiary strata and a series of structured Mesozoic ba-
sins beneath this peneplain (Figs. 3 and 4). The basins began to
develop during Late Triassic rifting between North America~
Greenland and Europe-Africa. The northeast orientation of the
basins beneath the Grand Banks is approximately parallel to the
structure of the Appalachian Orogen exposed onshore in New-
foundland. However, north of the Grand Banks the trend of the
sedimentary basins swings through north to northwest (Fig. 4)
and cuts across the projected grain of the Appalachians. These
structural trends are approximately parallel to the present phys-
iographic margin and may relate to the formation of the simi-
larly aligned Labrador Sea.

Africa began to separate from North America in the Early
Jurassic, with inferred development of a transform fault along
the southwestern margin of the Grand Banks (McWhae, 1981).
The Grand Banks experienced only epeirogenic subsidence until
the Late Jurassic.

Doming of the Grand Banks region (the Avalon Uplift) in
the latest Jurassic is associated with a second period of rifting
that culminated in the separation of Iberia from the Grand
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Figure 1. Generalized bathymetry map of the North Atlantic. Numbered dots are selected DSDP and ODP drilling sites, including Leg 103 locations.

Banks in the late Early Cretaceous (Jansa and Wade, 1975). The
formation at this time of the southeastern margin of the Grand
Banks was a major stage in the development of the prominent
peneplain on the Grand Banks, the Avalon Unconformity.

The Avalon Uplift forms a regional arch that trends south-
east from the Avalon Peninsula to the Newfoundland Ridge
(Fig. 3). Erosion associated with the Avalon Uplift cut deeply
into deformed Jurassic rocks in the central basins on the Grand
Banks; progressively younger strata are present beneath the Ava-
lon Unconformity in the basins flanking the Avalon Uplift.
These flanking basins contain several erosional surfaces that co-
alesce updip to merge with the interbasin peneplain, and collec-
tively, they indicate that this surface expresses at least 50-60
m.y. (late Kimmeridgian to Albian-Cenomanian) of deforma-
tion, uplift, and erosion. Locally this surface shows the effects
of Tertiary erosional events associated with eustatic sea-level
changes.

The geology of the Grand Banks region at this described
level of the peneplain is indicated in Figure 5. The basins be-
neath the peneplain preserve remnants of a northeast-trending
Jurassic seaway that extended across the Grand Banks and turned
northward to the east of Newfoundland. Jansa and Wade (1975)
and Swift and Williams (1980) sketched the original boundaries
of this seaway, showing the South Bank High and Flemish Cap
as positive areas to the southeast and east. Figure 5 shows Juras-
sic rocks south of the South Bank High, indicating that it might
have been an insular feature in the Jurassic, with the Jurassic
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seaway extending south of the Grand Banks through the Fogo
Basin to the Carson Basin. P. Ascoli (pers. comm., 1986) has
described the Late Jurassic fauna in the Bonnition H-32 well in
the Carson Basin as having more “open Atlantic” affinities
than the coeval fauna in the Jeanne d’Arc Basin.

Jeanne d’Arc Basin

The deepest of the Mesozoic basins on the Grand Banks is
the Jeanne d’Arc Basin (Figs. 6 and 7); depth contours in Fig-
ure 6 are conservative because basement lies below the recording
depth of conventional, industry seismic records. A deep seis-
mic-reflection line across the Jeanne d’Arc Basin shows that it is
more than 20 km deep (Keen et al., 1987). Because the best un-
derstood and most complete Mesozoic record of the Grand
Banks is preserved in this basin, its structure and stratigraphy
are reviewed briefly in the following. These results are then ex-
trapolated—mainly with geophysical data—to the eastern mar-
gin of the Grand Banks, where comparatively few wells have
been drilled.

Structure

The Bonavista Platform, flanking the Jeanne d’Arc Basin to
the west (Fig. 6), is composed of probable pre-Mesozoic rocks.
The “Outer Ridge Complex” that forms the east flank of the
basin is an area of northeast- to north-trending ridges of base-
ment and deformed sedimentary strata. The latter are in part
age-equivalent to Jurassic and Cretaceous strata in the basin,
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Figure 2. “Pre-drift” reconstructions of the North Atlantic (A) after Masson and Miles (1984; figure 3a.
Initial opening) and (B) after Srivastava and Tapscott (1986; figure 6. Anomaly 4 time). Depth contours in
kilometers. Black area in Figure 2B denotes overlap of Galicia Bank and Flemish Cap.

but may include Paleozoic rocks. The basement ridges may con-
sist of Paleozoic metasedimentary or granitic rocks or of Pre-
cambrian rocks, as occur on Flemish Cap (Pelletier, 1971; King
et al., 1985). Grant et al. (1986) proposed that the principal con-
trols on the structure of the Jeanne d’Arc Basin were periods of
relative subsidence and uplift and superimposed effects of salt
or shale flowage. Structures resulting from flowage include dia-
pirs and pillows and listric faults with associated rollover anti-
clines (Fig. 7). The sedimentary fill of the basin can be viewed as
“floating™ on a substrate of salt or incompetent, overpressured

shale; structural disruption of the marginal areas of the basin is
largely the product of compensatory movement for salt or shale
flowage in the axial part of the basin (Grant, 1987). These
movements may have been triggered by displacements on under-
lying basement faults.

Three main sets of faults disrupt the sediments in the Jeanne
d’Arc Basin: listric-type faults approximately parallel to the
margins of the basin, high-angle normal faults approximately
parallel to the margins of the basin, and trans-basin faults or-
thogonal to the other two sets. The principal trans-basin faults
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Figure 3. Structure contour map (in kilometers) of “base event,” which comprises the deepest seismic horizons that can be mapped regionally
(after Grant and McAlpine, in press). Beneath the Grand Banks this surface corresponds approximately to the Avalon Unconformity or base
of the Upper Cretaceous; beneath the adjacent slope-rise zone it approximates the Cretaceous/Tertiary boundary. Dashed lines trace the

present-day shelf edge (400-m) depth contour.

appear to be over zones of normal faulting in the basement. The
basin can be divided into three structural segments that are sep-
arated by two zones of trans-basin faults (Fig. 6). A strong,
sloping seismic reflector that can be mapped along much of the
west side of the Jeanne d’Arc Basin has been referred to as the
basement “hinge” zone (Grant, 1975). This reflector, which be-
comes nearly horizontal at depth, is related to a surface on
which the overlying sediments show some eastward displace-
ment toward the axial zone of the basin.

Stratigraphy

The stratigraphic evolution of the Jeanne d’Arc Basin is inti-
mately related to its structural history and may be satisfactorily
described in a plate tectonic framework. In brief, the Mesozoic
stratigraphy developed as a complex response to protracted rift-
ing and continental breakup between the Late Triassic and the
end of the Cretaceous. The Cenozoic stratigraphy, in contrast, is
a relatively simple response to passive margin subsidence. The
preserved sediments record two periods of rifting and an inter-
vening period of tectonic stability. The last rift phase was fol-
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lowed by a two-stage transition to the tectonic setting of a pas-
sive continental margin.

The stratigraphic record can be divided into six depositional
sequences based on widely mappable seismic sequences that have
been synthesized with lithostratigraphic and biostratigraphic data
from oil exploration wells (Fig. 8). The strata within each se-
quence are the product of a unique tectonic episode in the con-
struction of the continental margin of eastern Canada. These
sequences are approximately correlative to the four Grand Banks
megasequences proposed by Hubbard et al. (1985); they are also
consistent with the scenario for the development of sedimentary
basins around the North Atlantic discussed by Masson and
Miles (1986). However, our interpretation of the time of initia-
tion of the second period of rift subsidence (Kimmeridgian) dif-
fers from that of Tankard and Welsink (in press), who began
this rift phase in the Callovian. Their account is based on an in-
terpreted “major late Callovian unconformity” and the simple-
shear model of Wernicke (1985) to explain basin development by
crustal extension. We see little evidence to document a late Cal-
lovian tectonic event, and we cannot endorse Wernicke’s model
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Figure 4. Structure contour map (in kilometers) of seismic “basement.” Dotted line is edge of the Cretaceous/Tertiary boundary. Shaded area
is zone of “intermediate” crust defined by Parson et al. (1985). Numbered dots are selected well locations: 1 = Gabriel, 2 = Hibernia, 3 =
Bonnition, 4 = Skua, 5 = Osprey, 6 = Jaeger. Lettered lines mark locations of seismic lines and cross sections in Figures 9 through 13. X’s
trace continent/ocean boundary interpreted from seismic-reflection data. Heavy dashed line is southwest projection of Beothuk Ridge.

to explain the formation of the Grand Banks basins. We prefer
to interpret depositional sequence bases on style of sedimenta-
tion, which infers that the Kimmeridgian unconformity and ac-
companying accumulation of coarse clastics signal the onset of
the second rifting phase.

Sequence 1— “Aborted Rift,” Late Triassic to Early Jurassic

Sequence 1 overlies pre-Mesozoic basement. It consists of
red beds, evaporites, and carbonates deposited in an extensive
rift system that developed between North America~Greenland
and Europe-Africa and extended into the area of the present
North Sea. :

The Kettle, Eurydice, Osprey, Argo, and Iroquois formations
make up this sequence (Fig. 8). Their dominant lithologies are
coarse-grained red clastics (Kettle red beds), reddish shale-silt-
stone (Eurydice Formation), halite (Osprey and Argo forma-
tions), and anhydritic dolomite and oolitic and skeletal limestones
(Iroquois Formation). These rocks record gradual progression

from a continental depositional environment accompanying ini-
tial rifting to deposition in marine water from the Tethys as rift-
ing progressed. Deposition occurred in an arid climatic belt in
restricted evaporite basins, followed by coastal sabkhas, tidal
flats, and restricted lagoons, and finally, by a shallow sea.

A thin unit of subaerial basalt flows between the Argo and
Osprey salts has been encountered in two wells (Spoonbill and
Cormorant; Fig. 6). These basalts can be followed as a promi-
nent seismic event over much of the southern Jeanne d’Arc Ba-
sin. From their stratigraphic position, the basalts are latest Tri-
assic to earliest Jurassic in age and are broadly synchronous
with a widespread igneous event associated with the first stage
of North Atlantic rifting (Hodych and Hayatsu, 1980; Jansa
and Pe-Piper, 1986). In the Carson Basin (Figs. 4 and 5) the Os-
prey well encountered a 2054-m-thick halite sequence of Car-
nian to Sinemurian age (Jansa et al., 1977). A prominent seis-
mic event displaying some discordant relationships occurs be-
tween the Osprey and Argo salts (Holser et al., in press), and
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Figure 5. Generalized geology map drawn at the level of the peneplain (Fig. 3) beneath the Grand Banks. After Grant and McAlpine (in press).

palynological dating (Jansa et al., 1980a) indicates that this
event may be related to the igneous extrusion recorded by the
basalts in the Jeanne d’Arc Basin. The salt extends beneath the
continental slope-rise zone to the southeast, as discussed subse-
quently.

Sequence 2— “Epeiric Basin,” Early to Late Jurassic

Rifting ceased during the late Early Jurassic northeast of the
southwestern edge of the Grand Banks. During the Early Juras-
sic, marine carbonates and continental clastics dominated depo-
sition on the Scotian Shelf and northwest African margin (Jansa
and Wiedman, 1982). However, the shallow-marine carbonates
(Iroquois Formation) deposited on the Grand Banks in Sine-
murian time were succeeded by mainly marine neritic shales
during late Pliensbachian time.

The Whale unit (Fig. 8) consists of a lower shale, a middle
limestone, and an upper shale. The relative development of
these facies varies regionally, and lithostratigraphic boundaries
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are probably diachronous within the unit. The lower shale is
gray, calcareous, and marly, and becomes less calcareous and
medium dark gray toward the top. Skeletal-pelletoidal wacke-
stones and packstones with rare oolite-rich beds dominate the
middle limestone facies. The limestones were deposited in a
high-energy, shallow epicontinental sea during a regressive pe-
riod in the Aalenian-Bajocian. Progressive deepening of the
marine environment during the Bathonian led to deposition of
the upper shale, which is gray, calcareous, and contains occa-
sional beds of siltstone and fine-grained sandstone. The ostra-
code and foraminifer assemblages indicate that the upper shale
unit was deposited in middle neritic environments (P. Ascoli,
pers. comm., 1985; Stam, 1986).

A variety of lithofacies make up the Upper Jurassic (Oxfor-
dian-Kimmeridgian) Mic Mac Formation. In the lower part,
shales are intercalated with fine- to medium-grained quartzose
sandstone, with subordinate oolitic limestone and reddish brown
shale and coal, which indicates a shallow to marginal marine
depositional environment. The upper Mic Mac consists of
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Line A-B shows location of cross section in Figure 7.

shales and shallow-water skeletal, peloid, and oolitic limestones
intercalated with subordinate, very fine- to fine-grained quartz
sandstones. Sandstones and shales become the dominant litho-
facies in the north.

A distinctive, 75~150-m-thick shale unit of middle Kimmerid-
gian age is present near the top of the Mic Mac Formation in the
Jeanne d’Arc Basin. The shale is gray to brown, carbonaceous,
and calcareous. Interbeds of marl are common in some areas.
Organic carbon content is very high, between 3% and 9%. Lack

of foraminiferal microfauna and the occurrence of ostracodes in
the shale indicate deposition in a restricted marine environment
or brackish lagoons (P. Ascoli, pers. comm., 1986). The shale
unit thickens to the northeast, where more open marine condi-
tions prevailed and the organic facies became diluted by clays.
Oil-o0il and oil-source correlation studies show that this shale is
the principal source rock for all the oils discovered in the Jeanne
d’Arc Basin (Powell, 1984; McAlpine et al., 1986; Grant and
McAlpine, in press).
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The top of sequence 2 is a middle Kimmeridgian unconform-
ity, which delineates a new period of taphrogenesis in the geo-
logic development of the Grand Banks.

Sequence 3— “Late Rift,” Latest Jurassic and Neocomian

Continental and shallow-marine clastics were deposited above
the unconformity in the basins developing on the flanks of the
Avalon Uplift (Carson and Jeanne d’Arc basins and South
Whale Sub-basin; Fig. 5). However, regional uplift outpaced ba-
sin subsidence on the axis of the Avalon Uplift, which was
deeply eroded. Hubbard et al. (1985) suggested that Early Cre-
taceous subsidence in the Jeanne d’Arc Basin was influenced by
a northwest-trending rift system that they named the Labrador
Rift system. The northwest-trending trans-basin fault south of
the Egret well has a throw of about 2 km and overlies a major
basement fault (Figs. 6 and 7). Movement on both faults began
in the earliest Cretaceous (Berriasian), which may coincide with
the initiation of rifting and volcanic activity on the Labrador
Shelf (McWhae, 1981). Depositional thickening toward the ma-
jor northwest-trending boundary fault in the northern part of
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the Jeanne d’Arc Basin suggests that tectonism extended into
the late Early Cretaceous. The timing and the orientation of
these faults parallel to the Mesozoic basins of the Labrador
Shelf suggest that overprinting by the -Labrador Sea tensional
regime enhanced subsidence in the Jeanne d’Arc Basin and
complicated the Cretaceous stratigraphy of the Grand Banks.

Average sedimentation rates in the Jeanne d’Arc Basin of 11
or 12 cm/1000 yr during the Middle to early Late Jurassic (se-
quence 2) almost doubled to 20 cm/1000 yr during the late Kim-
meridgian. Basin subsidence was rapid at first but decreased
quickly. The basin was filled by fluvial fan and fan-delta de-
posits of the Jeanne d’Arc member, coastal plain-delta top and
delta front-prodelta sediments of the Hibernia member, inter-
distributary bay and shallow marine shoreface facies of the “C”
member, and estuarine to tidal flat sandstones and siltstones of
the lower Avalon member (Fig. 8). The sediments fine upward
overall, which we interpret as reflecting gradual peneplanation
of the source areas and filling of the basin. The sandstone units
are isolated vertically from one another by shales deposited
when the source areas were relatively low or during periods of
positive eustacy and associated marine transgression.
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Sequence 4— “Transition to Drift: Phase I,” Barremian to
Cenomanian

The siliciclastic units of sequence 4 (Logan Canyon Forma-
tion; Fig. 8) were deposited during the inferred time of conti-
nental separation between the Grand Banks and Iberia. Rifting
continued in the Labrador Sea and incipient continental spread-
ing occurred between the Grand Banks and north Europe at this
time (Deep Sea Drilling Project (DSDP) Site 550; de Graciansky,
Poag, et al., 1985).

Subsidence began to slowly increase in the latest Barremian
and Aptian, but the hinterland was still low-lying, and the ini-
tial sediments of the middle Avalon member consist of fine-
grained estuarine sandstones and lagoonal and tidal flat shales.
The base of this sequence is an easily recognizable seismic
event; although often erosional at the basin margins and over lo-
cal structures, it generally represents a surface of seismic onlap
(Fig. 7). In several wells (e.g., Hibernia B-27, South Mara C-13,
and Ben Nevis 1-45), a red mudstone unit occurs just above the
Barremian unconformity. This red mudstone is locally emer-
gent, contains rootlets, and records a period of very slow, possi-
bly intermittent, deposition.

A new period of basin structuring is recorded by the trans-
basin faults trending southwest from the Hibernia field (Fig. 6)
and by the sediments of the upper Avalon member. Fault move-
ment was mainly during the Albian (Fig. 7), between the middle
and upper unconformities within sequence 4. These unconform-
ities are late Aptian and late Albian in age.

The upper Avalon member is a syntectonic deposit consisting
of shallow estuarine channel and tidal flat sands. Sediment was
supplied from the margins down the axis of the basin and lo-
cally from high-standing fault blocks. These sands record the
last period of faulting that affected the Jeanne d’Arc Basin, and
we interpret them as the record of continental breakup between
the Grand Banks and southern Europe.

The late Albian tectonic event at the top of the upper Avalon
member was less erosive than the late Aptian unconformity. An-
gularity is observed only at the basin margins and over the most
prominent basin structures. In a sense, it represents a base-level
surface resulting from syntectonic infill and beveling of the Al-
bian structures. In the basin depocenter, where marls and shal-
low-water shales and siltstones were deposited, the prominent
seismic onlap observed over this surface indicates that the basin
was subsiding faster than sediment input. In the tectonically sta-
ble southern part of the basin, the Eider unit overlying the up-
per Albian unconformity consists of brown and reddish, me-
dium- to coarse-grained sandstones and conglomerates depos-
ited in a continental to marginal marine environment.

Sequence 5— “Transition to Drift: Phase II,” Late Cretaceous
and Paleocene

Complete separation of the Grand Banks from northern Eu-
rope probably occurred during this period (Masson and Miles,
1984). Sediment supply was intermittent and produced overlap-
ping deltaic sequences with distal turbidites. Deep-water chalky
limestones were deposited when subsidence outpaced sediment
supply. Unconformities of Late Cretaceous and early Tertiary
age are inferred to relate to the breakup between Labrador and
Greenland and Greenland and northern Europe.

Transgressive marine sediments of Cenomanian and Turo-
nian age in the lower part of the Dawson Canyon Formation
consist mainly of shales with minor siltstone and sandstone de-
posited in a neritic environment (Fig. 8). The chalky Petrel
Member was deposited in an outer neritic environment at the
end of this period. Within the Senonian (Coniacian-Maestrich-
tian), prograding clinoforms observed on seismic lines in the
Jeanne d’Arc Basin indicate an influx of clastics from the west
that formed an offlapping clastic wedge (Fig. 7). Equivalent
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deeper water sediments are the Wyandot Formation chalks. Both
the Turonian and Coniacian-Maestrichtian chalk deposits re-
flect periods of eustatic sea-level rise. A major unconformity
with prominent channeling into the underlying Dawson Canyon
Formation (Fig. 8) is of latest Cretaceous-Paleocene age. Delta
front sands and prodelta turbidites of Paleocene age (‘“Paleo-
cene sands”; Fig. 8) overly the unconformity.

Sequence 6— “Passive Margin,” Tertiary

By Eocene time the Grand Banks were surrounded by oce-
anic crust. Seaward tilting of the passive margin led to deposi-
tion of widespread deep neritic shales with minor chalks, sili-
ceous mudstones, and rare sand-silt beds of the Banquereau
Formation (Jansa and Wade, 1975). This was a time of global
change in eustatic sea level and in patterns of circulation, up-
welling, and climate; the modern shelf, slope, and rise were es-
tablished (Fig. 1). Paleoenvironmental data from the Tertiary
sections in East Newfoundland Basin wells indicate a change in
Oligocene time from deep neritic and bathyal depositional con-
ditions to shallow neritic environments (Gradstein and Williams,
1981). Sea level lowered again in the middle to late Miocene,
and much of the Grand Banks may have been exposed sub-
aerially. At the present time, the erosional and depositional re-
cord of this regression cannot be distinguished unequivocally
from the effects of Pleistocene lowerings of sea level.

EASTERN MARGIN OF THE GRAND BANKS

The Carson Basin, along the eastern edge of the Grand
Banks (Figs. 4 and 5), experienced the structural and strati-
graphic evolution outlined in the preceding, but now occupies a
“craton-margin” setting rather than the intracratonic situation
of the Grand Banks basins to the west. Because this setting is
analogous to that of the western margin of Galicia Bank (Fig.
1), aspects of crustal structure of the eastern Grand Banks mar-
gin and of structure and stratigraphy of the Carson Basin are re-
viewed in the following.

The Continent/Ocean Boundary

Delineation of the continent/ocean crustal boundary (COB)
is of primary importance in assessing pre-drift positions of the
continental plates, but the location of this boundary may vary
according to the geophysical technique used to define it. The
COB drawn in Figures 4 and 5 is the minimum seaward extent of
continental crust in our interpretation of seismic-reflection data.

Notable zones of subsided continental crust occur adjacent
to the Grand Banks crustal block, which has behaved as a rela-
tively stable structural unit since the mid-Cretaceous. North of
the Grand Banks, the East Newfoundland Basin (Fig. 3) is un-
derlain by subsided continental crust (Keen and Barrett, 1981;
Grant, 1987). South of the Grand Banks, the COB is drawn sea-
ward of the Newfoundland Ridge (Figs. 4 and 5), where multi-
channel seismic data show gently dipping reflectors (Fig. 9) to
depths approaching 4 s (two-way traveltime) below the seafloor.
Grant (1979) compared the character of these reflectors to that
observed in basinal areas on the Grand Banks and proposed
that the Newfoundland Ridge is underlain by an analogous sedi-
mentary basin. Absence of a significant gravity anomaly over
this feature is further evidence that it is underlain by substan-
tially lighter rocks than would compose a ridge of oceanic crust,
as it was previously interpreted by Watson and Johnson (1970)
and Sullivan and Keen (1978). Moreover, structures in the axial
part of the basin (Fig. 5) appear to be piercements related to
flowage of evaporites or shale (Fig. 9); rim synclines associated
with these structures distinguish them from volcanic seamounts
in the area (Grant and McAlpine, in press). Evaporites in this
location conceivably could range in age from Carboniferous to
Jurassic. The 10-km contour in Figure 4 is a conservative out-
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line of the lateral extent and depth of this basin, which Grant
and McAlpine (in press) have named the Fogo Basin. The area
of the Fogo Basin underwent regional subsidence, but the strata
that form the Newfoundland Ridge stand higher than their sur-
roundings, possibly because of isostatic compensation. The Fogo
Seamount cluster northwest of the Fogo Basin apparently lies
on continental crust (Figs. 4 and 5), and scattered seamounts
flank the basin to the northeast and southwest.

Newfoundland Ridge and Flemish Cap form promontories
of continental crust projecting eastward from the Grand Banks
continental block. Multichannel seismic data indicate that Me-
sozoic-Cenozoic sedimentary rocks in the Carson Basin extend
seaward into the “embayment” between these promontories (Fig.
10). On the cross section in Figure 10, these rocks can be traced
southeast for about 150 km to a northeast-trending ridge at a
depth of about 6.0 s. This ridge is the apparent seaward limit of
the outer Carson Basin; it extends northeast to connect with the
Beothuk Ridge (Figs. 4 and 5). In cross section D (Fig. 11), this
ridge lies at a depth of 4.0 s; the depth to the top of the Beothuk
Ridge (cross section C; Fig. 11) is about 1.0 s. The vertical dislo-
cation of this ridge between sections C and D (Fig. 11) is about
2.5 km. Continental basement rocks lie seaward of this struc-
ture on Beothuk Ridge (C, Fig. 11), and similar rocks may be
expected seaward of this ridge in deep water to the southwest
(Fig. 10; D, Fig. 11). In fact, seismic data show a zone of rela-
tively smooth basement seaward, with intrabasement reflectors.
Parson et al. (1985) mapped “intermediate” basement in this
zone, which they suggested might be transitional between conti-
nental and oceanic crust. They regarded the irregular basement
surface to the east of this zone as displaying “normal” oceanic
character. We suggest (Fig. 4) that continental crust extends at
least to the seaward edge of Parson et al.’s (1985) “intermedi-
ate” zone.

Parson et al. (1985) also noted difficulties in using magnetic
data in this area to locate the COB. The magnetic field is com-
plex and the J anomaly (Fig. 2) could be projected across the
Fogo Basin in different ways. Large and irregular anomalies as-
sociated with the Newfoundland Ridge highlight the anomalous
structure of this zone. These anomalies tend to correlate with
relief on the approximate mid-Cretaceous surface, with positive
anomalies generally over structural highs and negative anoma-
lies over lows. This correlation suggests that the magnetic anoma-
lies may be associated with volcanic material deposited at the
level of the unconformity, most obviously with the seamounts in
this area. Analogous volcanic rocks have been drilled at the level
of the unconformity in several wells on the Grand Banks (Jansa
and Pe-Piper, 1986). Northeast of the Fogo Basin, proposed lo-
cations of the COB have been based on interpreted positions of
the J anomaly (e.g., Tucholke and Ludwig, 1982; Sullivan, 1983;
Masson and Miles, 1984). Tucholke and Ludwig (1982) and Sul-
livan (1983) placed the COB close to the line we have drawn in
Figures 4 and 5. Our boundary generally lies seaward of that
proposed by Keen and de Voogd (in press), who have interpreted
the structure that we relate to the outer margin of the Carson
Basin as marking the COB. We note that the reconstruction of
Srivastava and Tapscott (1986) based on interpretation of mag-
netic lineations results in overlap of Flemish Cap and Galicia
Bank (Fig. 2).

Carson Basin Structure

The Carson Basin comprises several depocentres, the deepest
containing over 10 km of Mesozoic-Cenozoic sediments (Fig.
4). The basin terminates to the southwest against the South
Bank High and is separated from the south Jeanne d’Arc Basin
to the west by a basement ridge (Figs. 4 and 5). This ridge prob-
ably is composed, in part, of Paleozoic granitic rocks such as
encountered in the Jaeger A-49 well, radiometrically dated as
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Devonian in age (376 + 17 Ma; Amoco Canada, 1973). S.
Hada (pers. comm., 1976) assigned these rocks to the adamel-
lite category (vs. granodiorite) of Acadian intrusions in the Ap-
palachians.

To the northeast, the Carson Basin extends into the area of
the “Outer Ridge Complex,” where basement rocks may be as
old as Precambrian (Fig. 5). To the east, shallow drill cores from
central Flemish Cap are composed of Hadrynian age granodio-
rite, minor granite, dacite, and some laminated, cherty volcanic
sandstones metamorphosed to subgreenschist facies (Pelletier,
1971; King et al., 1985). Absolute age dating of the granodiorite
provided K-Ar ages on biotite and hornblende of 615 + 20 Ma.
U-Pb analysis of zircons from the granodiorite gave older ages
of 751-833 Ma. King et al. (1985) related the younger biotite
age from the granodiorite to superimposed subgreenschist meta-
morphism and concluded that these rocks are part of the Ava-
lon Zone of the Appalachian Orogen.

The basement rocks exposed on central Flemish Cap are en-
circled by a veneer of outward-dipping sedimentary strata that
are truncated at the flank of the cap. The depositional, ero-
sional, and structural aspects of these sediments suggest that
Flemish Cap has been a relatively positive crustal element through
the Cenozoic and at least part of the Mesozoic. Because Flem-
ish Cap is remote from sediment sources, the sediments on the
cap probably reflect slow deposition in shallow water, with fre-
quent lacunae. Sen Gupta and Grant (1971) reported Creta-
ceous foraminifers in a limestone specimen dredged from the
southern flank of Flemish Cap.

On southwestern Flemish Cap, more than 3 km of sedimen-
tary strata are present in a north-trending half-graben (Flemish
Cap Basin) east of Beothuk Ridge (Figs. 4 and 5). These sedi-
ments are essentially undeformed but are underlain by deformed
strata. If the latter are analogous to the deformed strata in
Flemish Pass sampled by the Gabriel C-60 well, they may be
Early Cretaceous in age and the undeformed sediments in the
graben may thus be Late Cretaceous. Apart from some rela-
tively local zones with a highly reflective basement surface, seis-
mic data indicate that basement in this area is composed mainly
of deformed sedimentary rocks. Grant (1972) compared the
seismic character of rocks underlying Beothuk Ridge to that of
Carboniferous strata on the shelf northeast of Newfoundland
(Fig. 5).

The structure of the Carson Basin is illustrated by the cross
section through the Bonnition H-32 well in Figure 10. The promi-
nent unconformity beneath the continental shelf is the surface
mapped in Figure 3. This unconformity cuts Lower Cretaceous
sedimentary rocks in the Bonnition well and Jurassic rocks be-
neath the outer shelf and continental slope. Some of the erosion
at this level occurred in the Tertiary. The shelf edge presently lies
roughly 30 km landward of a downwarp in the unconformity.
This downwarp represents a major structural dislocation, de-
fined here as separating the inner and outer Carson Basin. This
is the same structural break that truncates the Beothuk Ridge
(Fig. 11). The Cretaceous and Cenozoic section overlying the
unconformity thickens abruptly seaward across this zone. Fold-
ing and faulting of the rocks beneath the unconformity reflect
flowage of evaporites or shale and collapse of the margin on
seaward-dipping faults. The ridge separating the inner and outer
Carson Basin appears to be underlain by a basement block, and
deep seismic events suggest that salt flowage may be associated
with this structure.

Reflectors are evident beneath the unconformity to the foot
of the scarp at a depth of 6 s (100 km in Fig. 10). Seaward from
this point, the reflector defining the unconformity surface be-
comes irregular and difficult to trace on the single-channel pro-
file used for this portion of the cross section. However, multi-
channel lines in this zone show deep reflectors, including struc-
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tures interpreted as related to the flowage of evaporites or shale.
These structures can be traced seaward to the outer limit of the
Carson Basin at the Beothuk Ridge extension (150 km in Fig.
10).

Carson Basin Stratigraphy

Four exploratory wells (Fig. 4) have been drilled in the Car-
son Basin: Osprey G-84, Skua E-41, Bonnition H-32, and St.
Georges J-55 (data from the St. Georges well are not yet re-
leased). The rocks in the released wells can be directly correlated
with the depositional sequences defined for the Grand Banks in
the Jeanne d’Arc Basin (Fig. 8). None of these wells reached
pre-Mesozoic basement; the oldest rocks recovered are Carnian-
Norian coarse-grained continental clastics (Kettle Formation,
sequence 1; Fig. 8) that underlie the Osprey evaporites in the Os-
prey well (Jansa et al., 1977). The evaporites, about 2 km thick,
are dominated by halite with minor interbedded reddish argilla-
ceous mudstones. The low bromine content of the halite, lack
of any other evaporitic minerals, and intercalations of red beds
may reflect extensive modification by freshwater inflow (Holser
et al., in press). Alternatively, Jansa et al. (1980a) suggested lat-
eral fractionation of brines to explain the monomineralic com-
position of evaporites in the Carson Basin. They speculated that
the Carson Basin was contiguous with a larger evaporitic basin
located between Grand Banks and Iberia. Seismic evidence (Fig.
10) for extension of the Carson Basin beneath the slope rise sup-
ports this speculation. Increasing marine influence is evidenced
during the final stages of evaporite deposition by the occurrence

of anhydrite and upward transition (Sinemurian-Pliensbachian)
to shallow-marine carbonates (Iroquois Formation, sequence 2;
Fig. 8).

The post-Pliensbachian Jurassic and Lower Cretaceous de-
posits, which are mainly shales, carbonates, and fine-grained
clastics (Whale unit and Mic Mac and Missisauga Formations;
Fig. 8), have been variably preserved in the Carson Basin as a re-
sult of their truncation at the Avalon Unconformity. The amount
of erosional truncation in the basin increases southwestward to-
ward the South Bank High (Fig. 5). In the Osprey well the un-
conformity truncates the top of the Iroquois carbonate. The
sedimentary section is more fully preserved in the central and
northern part of the basin, where Lower Cretaceous rocks un-
derlie the unconformity in the Skua E-41 and Bonnition H-32
wells. The most complete Upper Jurassic-Lower Cretaceous se-
quence was encountered at Bonnition H-32, and because it re-
sembles the sequences encountered during Leg 103, its stratigra-
phy and depositional history are presented in Figure 12 for pur-
poses of comparison with Galicia Bank. This sequence has been
described in detail by Jansa et al. (1980b).

EASTERN GRAND BANKS-GALICIA BANK
COMPARISON
Drilling data from ODP Leg 103 and extensive geophysical
surveys of Galicia Bank (Mauffret and Montadert, 1987) now

enable more detailed comparisons of the geologic evolution of
the Iberian and Newfoundland margins than were possible pre-
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viously. We briefly examine basement composition, tectonic frame-
work, seismic sequences, lithofacies, and depositional environ-
ments of these two margins.

Basement

Basement beneath the eastern Grand Banks and Galicia Bank
includes suites of similar sialic igneous rocks represented by
granodiorites and minor granites, dacites, volcanoclastic sand-
stones, and low-grade metamorphics (King et al., 1985; Moug-
enot et al., 1985; Capdevila and Mougenot, this volume). The
petrographic similarity of the igneous basement rocks indicates
that these areas could have been part of the same geologic prov-
ince, but the relative positions of Galicia Bank and Flemish Cap
are not constrained by basement composition (Capdevila and
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Mougenot, this volume). Absolute age dating of the rocks from
Galicia Bank may assist in addressing this question.

Tectonic Framework

‘We have shown that the Mesozoic history of the eastern mar-
gin of the Grand Banks is a complex response to protracted rift-
ing and continental breakup. The tectonic development of Gali-
cia Bank is apparently less complex, but this may be due to the
failure of Leg 103 to completely sample all pre-drift sequences
(Mauffret and Montadert, 1987; Jansa et al., this volume). Leg
103 concentrated on the edge of the continental plate near the
continent/ocean crustal boundary, where the tectonic style is
dominated by slope failure with listric faults generating cascad-
ing sets of half-grabens. These tectonic conditions are similar to



108

CARSON BASIN GALICIA BANK
DEPOSITIONAL > DEPOSITIONAL
ENVIRONMENT o ENVIRONMENT =
& 5 — ;
et < THICKNESS| | £ SHELIZ 509,
TRAT. € - RBEE c?®
GEOCHRONOLOGIC | LITHOS E{S DEPTH | tHorogyl 2 |LrHorogy| SCALE |.|3|ole]ElEh-. X5 TECTONICS AND LITHOFACIES
SUBDIVISIONS UNITS HHEE SE Zlu|E|ElS IEs 0p
zlz|z|E o z|5|E|lElz|kke 2@
z|z|z|2 o Digigz|baE: 42
Z1o|e|E|w El2|c|E|¥zz0 .
C oW a w | = )
EEEE JHEEEEE
0l2|Z|38|a[ ™ [FEET M | FEET |0 |2 |Z|0]@|afs ~
T T
SPORES, |FORAMS, SEA LEVEL
DINOFLAG |OSTRAC. |
| SEA FLOOR —
F A o (COMPOSITE
| | z
PLEISTO . SECTION
H.cene Unit 1A 1000 2 9 )
MIOCENE [~~~ 7 7
______ MIOCENE z
o 500
> - — - —|1840'(5608m) 2 A
E OLIGOCENE Unit 1B E ( 2000
= OLIGO =
o w
[ T et o I N A U N A Y IR (B st B < B S <11 A P U A P
I 010 Pelagic marls
. w © MIOCENE |
. -QUAT
ke <l 29801010em). 3000 &
& Hnit1e g ™~ = [ Red clay facie
S
EOCENE[] E‘.f 1000 | _JGREL | 8 similar to Plantagenet Fm.
— | o
w a (100 ALBIAN I Black shale facies
a £ [ A A N I I I (A A (O ) i BT | NP (N 30 (SN NN AN AN (N AN A N A N I I, | similar to Hatteras Fm.
a , p— APTIAN H Limestone debris flow,
s m’4262 (1299.1m) L R | conglom., exposed escarpment
9 o T 7 900 e = “Blake Bahama Fm"
HAUTER e pelagic limestone deposition
= 20000 | | |1 | | A | EEETss T Slope instability, collapse, slumps,
> olistostromes, tectonic pulse,
= block tilting
150015000 » ;
VALANG Fapid subsicéence. basin
BARREM illing by turbidites-
o | BARREM MISSISAUGA 1 hemipelagic sediments, slope
3 FORMATION I|_environment
o EQUIVALENT A 3000
o ' 5 Tectonics, brief subaerial exposure,
o / \7ar=71639 | 1000 major unconformity
< 6000 / . 8 i
7 A SO 7 & TITH. + ;—;
6 ______ ?BERR o
HAUTER / i .
6730'(2051.3m) Vd 2000+ / 4000 Mixed ? pelagic and shelf
H H microfauna. Frogress:ve
n_deepening of carbonate shelf,
VALANG SHALE- 7000 =& o bt EEEEEES
=== e oo LIMESTONE [ Shallow shelf
F Friey SEQUENCE-A = ;
_ _[~ VALANG. i 1500
- === 2HIATUS = ;
TITH o e
PORTLAND 2HIATUS e
. < 8000
~om e SITSI(RA9.Tm) . S = A
Unit 5 = 2800
&l 7 g * Datum for correlation of LEG 103
%) L|A?S$TL5&E g composite section is top of
%) i -
2 SEQUENCE-B E Barremian at -4850m.
E-:, < 9000
= %)
KIMMER !
=
[od
o
ul
= 3000 —=
10,000

Figure 12. Stratigraphic diagrams for Carson Basin and Galicia Bank, compiled from Jansa et al. (1980b) and Boillot, Winterer, et al. (1987).

SINVE ANVIO NIDIVIN NIHLSVH 40 AD0TOED DIOZONHD-DIOZOSHN



A. C. GRANT ET AL.

those in the outer Carson Basin beneath the continental slope
and rise.

The presence of Carnian-Norian continental red beds and
salt in the Carson Basin constrains the timing of the first Meso-
zoic tectonic period affecting the eastern Grand Banks to the
Late Triassic. The onset of rifting on Galicia Bank has probably
not been successfully defined by drilling. On the basis of seismic
evidence, Jansa et al. (this volume), in contrast to Boillot et al.
(1985), suggested that the Tithonian limestones encountered at
Site 639 do not lie on basement but are underlain by at least 600
m of presumed Mesozoic sedimentary deposits. Similarly, Mauf-
fret and Montadert (1987) indicate that locally up to 1200 m of
sediments may underlie Upper Jurassic limestones. Because Tri-
assic sandstones have been dredged on the Galicia Bank margin
(Mougenot et al., 1985), the initiation of rifting on Galicia
Bank could have been much earlier than suggested by Boillot et
al. (1985).

Mauffret and Montadeért (1987), on the basis of interpreted
thick, pre-Upper Jurassic deposits and deep-faulted basement,
suggested that rifting was initiated during the Oxfordian-Kim-
meridgian. Mid-Kimmeridgian tectonism that resulted in for-
mation of an angular unconformity on the Grand Banks, as dis-
cussed by Grant et al. (1986), Grant and McAlpine (in press),
and Tankard and Welsink (in press), is only weakly represented
by a facies change from a terrigenous sandstone-shale sequence
to shale and limestone in the Carson Basin (Skua E-41). This
event is difficult to associate with any regional tectonic event
other than the onset of rifting between the Grand Banks and
Iberia.

The Early Cretaceous on the Grand Banks was a tectonically
active period, with block tilting and fault readjustment, propa-
gation, and rejuvenation. The end of this period is associated
with the mid-Cretaceous stage of development of the Avalon
Unconformity on the Grand Banks. This stage is well developed
in the Carson Basin, where, in places, later erosion produced
post-Albian and Eocene unconformities. These three uncon-
formities merge in the Bonnition H-32 well (Figs. 10 and 12).
We associate the change of tectonic style at this unconformity—
from a tectonically active to a passive mode—with a decline in
stress regimes as the continental crust between Flemish Cap and
Galicia Bank separated and seafloor spreading began in this re-
gion in the late Aptian. A similar unconformity can be identi-
fied on seismic data from Galicia Bank (Boillot, Winterer, et
al., 1987), although the existence of this unconformity has not
been confirmed by drilling. Site 641 on Galicia Bank penetrated
this seismic horizon and found the strata to be conformable
with no lacuna (Boillot, Winterer, et al., 1987). The only change
was lithologic, with an upward transition from conglomeratic
and pebbly beds to shales across the seismic event. This strati-
graphic level has been interpreted by Boillot, Winterer, et al.
(1987) as representative of the post-rift unconformity on Galicia
Bank, and it has been dated paleontologically as occurring at
the Aptian/Albian boundary. Similarly, the outer Carson Basin
stratal relations at the mid-Cretaceous unconformity are para-
conformable in places. The mid-Cretaceous tectonic events rep-
resent the final regional Mesozoic period of structuring that is
recognizable in the Carson Basin and is accompanied by signifi-
cant salt tectonics and growth faulting. The last period of tec-
tonism that we can recognize is probably of Eocene age, and it
resulted in the development of an Eocene unconformity in the
Carson Basin and the associated readjustment of some of the
basement blocks.

Seismic Sequences

Multichannel seismic-reflection profiles from the outer Car-
son Basin beneath the continental slope and rise show seismo-
stratigraphic units that correlate with those in the Jeanne d’Arc

802

Basin, the Galicia margin (Mauffret and Montadert, 1987), the
Canadian continental margin (Parson et al., 1985), and the
North American Basin (Jansa et al., 1979) (Fig. 13). The north-
ern part of the outer Carson Basin is characterized by a series of
southerly plunging ridges, grabens, and half-grabens. The gra-
bens are filled by Jurassic-Cretaceous and Tertiary sedimentary
rocks that can be traced northward into several grabens in the
“Outer Ridge Complex” (Fig. 5). The separation of Mesozoic
sediments into discrete basins and grabens is lost as the inter-
vening ridges plunge southward and are buried by an increasing
cover of Mesozoic strata. In this area, six major sequences are
identified (Figs. 13 through 15).

The oldest seismic sequence, sequence 6, is dominated by a
series of high-amplitude events separated by thick intervals of
low reflectivity in the inner Carson Basin. The top of this se-
quence is marked by a highly faulted surface characterized by a
series of reflectors with high amplitude and low frequency. The
beds are interpreted to include the Upper Jurassic carbonates
recognized on the Galicia margin and penetrated at Bonnition
H-32 (Fig. 12). The unit is designated as formation 5b by Mauf-
fret and Montadert (1987) but is not recognized by Parson et al.
(1985). We propose that the unit should be recognized sepa-
rately as sequence 6, thereby extending the nomenclature of Par-
son et al. (1985) and reflecting the change in depositional char-
acter above the carbonate and shale interval.

Seismic profiles show a considerable Mesozoic section below
the total depth (3048 m) of the Bonnition H-32 well (Fig. 10).
Within the inner Carson Basin, small stocklike diapirs of Lower
Jurassic and Triassic salt are apparent with pre-salt reflectors
below a depth of 7 km. In the outer Carson Basin a strong re-
flection sequence correlates with the Tithonian-Kimmeridgian
carbonates of the inner Carson Basin. However, thick sequences
of pre-Kimmeridgian deposits are not observed, although some
evidence of salt tectonics is seen. In updip areas the Upper Ju-
rassic carbonates may rest directly on basement, an observation
that is also made on the Iberian margin (Mauffret and Monta-
dert, 1987).

Sequence 5 provides the major sedimentary fill in the basin
and corresponds to formations 5a of Mauffret and Montadert
(1987) and 5 of Parson et al. (1985). Sequence 5 is characterized
by generally weak reflectivity, but a paraconformity in the axial
part of the basin is marked by a single strong reflector. The up-
per part of sequence 5 is generally subparallel to the top of the
strong seismic marker, and the sequence displays extreme growth
across major faults. The character of the internal reflection is
variable, ranging from strongly reflective parallel events on the
crests of fault blocks to weakly reflective in the basin axes. This
part of sequence 5 is probably of Hauterivian age.

The strong internal reflector of sequence 5 may represent the
equivalent of the base of the sandy interval at 2051 m in the
Bonnition H-32 well, and the interval below this may be the
equivalent of the Valanginian turbidites and pelagic marls en-
countered on Leg 103 in Hole 638C and at Site 639. Therefore,
the lower section of sequence S would be a dominantly shaly in-
terval of Valanginian-Berriasian age.

Sequence 4, which is relatively thin, is marked at the base by
a well-developed seismic marker, but this unit is seen clearly
only in the basin axial zone. The unit is removed by erosion in
structurally updip positions by the base of the sequence 3 un-
conformity. The base of the sequence 4 paraconformable event
can be correlated to the base of sequence 4 (“transition to drift:
phase 1”; Fig. 8) in this paper and to the 8 horizon of Jansa et
al. (1979). The internal character of sequence 4 is generally
dominated by weak reflectivity, with some tendency for weakly
mounded reflectivity to develop in the basin center. It is inter-
preted that the interval is composed of alternating marls, pe-
lagic carbonates, and turbidites; the sequence is of Barremian-
Aptian age.
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Figure 13. Seismic stratigraphies proposed for the North Atlantic, compared to those proposed in this paper.

The top of sequence 3 is the base of the Tertiary unconform-
ity on the basin margins and ridges, which becomes paraconfor-
mable in the axial zone of the basin. At Bonnition H-32 a lower
Eocene section overlies a thin (8.5-m) interval of sediments of
possible mid-Cretaceous age that in turn unconformably over-
lies Barremian strata. Subcrop to the base of the Tertiary uncon-
formity is seen to range from probable Paleozoic to Upper Cre-

taceous, with the most significant erosion evidenced on ridge
flanks and the updip sides of half-grabens (Fig. 15).

The base of Sequence 3 is marked by a third regional uncon-
formity that can be recognized in the Grand Banks basins. In
the Jeanne d’Arc Basin a major erosional unconformity of prob-
able Aptian age can be identified; subcrop and erosion of %e-
quences younger than Barremian are seen (Fig. 7). On the basis
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of Petro Canada). B. Interpretation of Figure 15A. Numbers indicate seismic units. Crosshatched interval denotes turbidites.

of its character and form, the base of sequence 3 is interpreted
as the same erosional event evidenced in the Carson and Jeanne
d’Arc basins. Sequence 3 is dominantly a seismically transpar-
ent zone and would appear to correlate in part with the lower sec-
tion of formations 2 and 3 of Mauffret and Montadert (1987)
and Parson et al. (1985).

In the deep basin areas, seismic evidence suggests that se-
quence 3 may be subdivided into upper (3a) and lower (3b) in-
tervals (Fig. 14). The 3a section may represent a condensed, al-
though complete, Upper Cretaceous sedimentary sequence pre-
served beneath the Paleocene turbidites. On the basin margins
and in updip structural positions this sequence is absent as a re-
sult of either nondeposition during the early Tertiary lowstand
or erosion by the early Tertiary unconformity. Sequence 3a,
which is only weakly reflective and very thin, may correlate with
the red clay facies of the Plantagenet Formation (Jansa et al.,
1979), the occurrence of which at Galicia Bank has been con-
firmed by ODP Leg 103. Sequence 3b is interpreted to represent
the Albian to Cenomanian black shale, equivalent to the Hat-
teras Formation of the North Atlantic. This facies is well devel-

oped at Hole 641C on the Galicia Bank margin (Fig. 16). Both
Mauffret and Montadert (1987) and Parson et al. (1985) place
the base of the sequence at the top of the Aptian.

Sequence 2 is marked at its base by a major unconformity,
the base of the Tertiary unconformity. The interval is composed
of a thick sequence of lower Oligocene, Eocene, and interpreted
Paleocene sediments. The lower Oligocene is probably repre-
sented by a thin sequence of high-amplitude reflectors beneath
the mid-Oligocene unconformity. The majority of sedimentary
fill in this interval is composed of a series of progradational
units of Eocene age; reflectivity is associated with the top of
each depositional unit and there is a lack of reflector contrast
within the unit.

In the axial areas of the basin the base of the Tertiary uncon-
formity is overlain by an extensive, turbiditic sequence (Fig. 4).
This unit is interpreted to be of Paleocene age and appears to be
the continuation of a series of Maestrichtian-Paleocene turbi-
dites recognized from the southern margin of Nova Scotia to the
outer Carson Basin and in the Jeanne d’Arc Basin (“Paleocene
sands”; Fig. 8). We interpret such fans to be the product of

805



A. C. GRANT ET AL.

w E

. S GP 14

Figure 16. Seismic section from the continental margin off Galicia Bank.
After Mauffret and Montadert (1987; fig. 13).

shelf-edge erosion during the post-Cretaceous lowstand (Vail et
al., 1977). To the south of Bonnition H-32, a major channel
that makes a deep cut into the Lower Cretaceous is interpreted
to be a submarine canyon that channeled sediment onto an early
Tertiary submarine slope (Fig. 15). Similar channels are ob-
served in the Jeanne d’Arc Basin. In half-graben settings the in-
ferred Paleocene sequence is interpreted as clastic fans devel-
oped from basin margin fault scarps (Fig. 15).

Sequence 1 extends from the sea bottom to a major regional
unconformity of mid-Oligocene age recognized by Vail et al.
(1977) as a major sea-level lowstand. The shallowest unit recog-
nized by Mauffret and Montadert (1987), formation 1, was sub-
divided by those authors into three subunits, the lowest of which
(1c) they assigned to the lower Oligocene encountered at DSDP
Site 398. Therefore, in the divisions proposed here, the base of
sequence 1 would correlate to the top of formation 1c on the
Galicia Bank.

Sedimentary Facies and Environment

The oldest dated sediments from the Galicia margin are Titho-
nian limestones, which were interpreted by Jansa et al. (this vol-
ume) to be shallow shelf deposits. It is not clear whether the
carbonates formed isolated banks or rimmed platforms sur-
rounding tilted edges of tectonic blocks or if they were depos-
ited on a low-angle ramp. The mixing of shallow-water biota
(such as the large foraminifer Anchispirocyclina lusitanica, das-
ycladacean algae, and hydrozoans) and pelagic microfauna (cal-
pionellids) suggests that deposition occurred near the shelf edge
and that a deeper Late Jurassic basin existed seaward of ODP
Site 639. Tithonian limestones of similar composition interca-
lated with neritic shales occur in the Bonnition and Skua wells
in the Carson Basin (Jansa et al., 1980b). Mechanical logs for
Site 639 indicate that the Upper Jurassic limestones also are in-
tercalated with clastics (Jansa et al., this volume). The paleo-
geographic interpretation of the Carson Basin and the drilling
results from the flank of Vigo Seamount (Jansa, 1978; Sibuet,
Ryan, et al., 1979) are consistent with the existence of a deeper
Jurassic basin south of Galicia Bank. Galicia Bank, Flemish
Cap, and the Carson Basin were elements of the shelf that
rimmed this basin.

The Tithonian and Berriasian boundary in the Carson Basin
may be a short diastem, which was followed by deposition of
deep neritic shales that continued into the Hauterivian. This
diastem may be correlative with a period of major block tilting
on Galicia Bank, in which the Jurassic limestones were uplifted
and dolomitized. The tectonic block investigated by ODP Leg
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103 subsided rapidly during the Valanginian as hemipelagic slope
deposits followed by sand turbidites were deposited on top of
the unconformity.

The combination of rapid deposition and fast subsidence
during the Early Cretaceous resulted in slope instability and for-
mation of the megaslumps and olistostromes shown by seismic
profiles on Galicia margin (Mauffret and Montadert, 1987). We
suggest that the Hauterivian sequence in Hole 638B is of such
an origin. The slump is covered by Barremian pelagic carbon-
ates similar to Blake-Bahama Formation lithologies known from
the central North Atlantic Basin (Jansa et al., 1979). This indi-
cates that the ocean floor forming between Galicia Bank and
Flemish Cap at this time had already subsided to the same level
as the floor of the North Atlantic Ocean Basin. The water depth
during Barremian was between 2500 and 3000 m. This subsi-
dence might be interpreted as exceptional and rapid, but this is
not the case. Considering the uncertainty in the initiation of
foundering of the tectonic block where Site 639 is located, the
average subsidence rate for the Berriasian-Barremian period was
either 12.5 or 19 ¢cm/1000 yr, depending upon which boundary
(Berriasian/Tithonian or Berriasian/Valanginian) is used for
calculation. The first value is of the same magnitude as the re-
gional subsidence of the sedimentary basins on the Grand
Banks (Gradstein et al., 1977). In the Carson Basin during the
late Hauterivian and Barremian, neritic sandstone and shale
were deposited, with the top of the sequence cut by the Avalon
Unconformity. The facies and environmental differences of the
uppermost Lower Cretaceous deposits stem not so much from
different tectonic settings as from contrasting conditions of sed-
iment supply. The deposits investigated by Leg 103 were on a
starved outer continental margin with individual tectonic blocks
involved in overall margin subsidence. In contrast, the tectoni-
cally similar inner Carson Basin has been continuously infilled
by sediments, with sediment supply keeping pace with subsi-
dence.

The post-rift unconformity in the Bonnition well cannot be
better constrained paleontologically than post-Barremian to pre?-
Albian-Eocene, as two or three unconformities may be present
within an 8 m interval (Fig. 12). No unconformity has been de-
tected at ODP Site 641, but the sharp change upward in the
character of deposition, as indicated by the disappearance of
conglomeratic and pebbly beds in the core, is here interpreted to
correspond to the same interval and has been dated micropa-
leontologically as late Aptian (Boillot, Winterer, et al., 1987).
Dark gray shales of Albian age, lithologically similar to the
black shales of the Hatteras Formation of the North Atlantic,
are well developed on the Iberian margin and indicate deposi-
tion below the carbonate compensation depth. They do not
have a known counterpart in the shallow inner Carson Basin,
but a seismically similar facies (sequence 3b) can be interpreted
as occurring locally in the outer Carson Basin in the lower con-
tinental rise area.

In parts of the Carson Basin, the upper Cretaceous is miss-
ing or represented by Campanian-Santonian chalks, as in the
Skua well (Barss et al., 1979) where they are truncated by an Eo-
cene unconformity. Red clays encountered on Galicia Bank at
Sites 640 and 641 represent a period of nondeposition or very
slow deposition in the evolving oceanic basin. The red color is
the result of high oxidation during low deposition and does not
necessitate oceanographic change. These clays are lithologically
and stratigraphically similar to the Plantagenet Formation of
the central Atlantic (Jansa et al., 1979) and attest to the expan-
sion of the central North Atlantic depositional and paleoceano-
graphic regime into the Galicia-Flemish Cap area during the
Late Cretaceous.

The Tertiary sequences on the eastern Grand Banks margin
are lithologically variable, with chalks, marls, siliceous mud-
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stones, and coarse clastics deposited in response to mainly eu-
static and climatic changes. Corresponding stratigraphic data
are not available from Leg 103, because in order to achieve max-
imum penetration of Mesozoic strata, the Tertiary section was
bypassed by drilling in a Miocene channel.

CONCLUSIONS

Six main depositional sequences based on regional seismo-
stratigraphic units confirmed by well data can be defined for the
Mesozoic-Cenozoic basins on the Grand Banks in terms of the
main events in the tectonic evolution of the North Atlantic. The
stratigraphy of the inner Carson Basin on the southwest flank
of the Grand Banks is typical of these basins. Based on analysis
of multichannel seismic data, this stratigraphy can be extrapo-
lated to the outer Carson Basin beneath the present slope-rise
zone southeast of the Grand Banks. The seismic stratigraphy of
this zone can be compared on a unit by unit basis with that of
the Galicia margin, indicating that these two regions had similar
tectonic histories and depositional environments from the Trias-
sic to Tertiary. In addition, similarities of Mesozoic and older
basement rocks on the Grand Banks and Galicia margins sug-
gest that these regions may have been part of the same geologic
province prior to formation of the North Atlantic. Evidence for
foundered continental crust in the slope-rise zone southeast of
the Grand Banks appears to preclude pre-drift reconstructions
that place Galicia Bank within this zone.
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