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ABSTRACT

The ocean-continent boundary in the Newfoundland Basin is defined
on the basis of seismic reflection and magnetic data as the seaward
boundary of the continental margin magnetic smooth zone. The boundary
is diachronous, being coincident with the J-anomaly (115 Ma) between
the Southeast Newfoundland Ridge and the Newfoundland Seamounts and
being of younger, but uncertain age north of the seamounts. These data
are combined with recently-published data to define a pre-drift fit for
Iberia-North America that is without gaps and continental overlaps.

Active seafloor spreading began in the southern Newfoundland Basin
at J-anomaly time (115 Ma); rifting began much earlier, perhaps in
Triassic time (concomitant with the opening of the main Atlantic basin
to the south). Changes in magnetic anomaly trends document two pole
shifts prior to anomaly 31/32: At about 102 Ma the spreading axis
shifted from the 01l5° J-anomaly trend to 055°, and spreading occurred
simultaneously in the Newfoundland Basin and the Bay of Biscay about
a pole located northeast of Paris; at about 80 Ma (anomaly 34) the
spreading shifted to the Cenozoic geometry evident in the pattern of
magnetic anomalies 34 through 1.

The Southeast Newfoundland Ridge formed on oceanic crust along
the southeastern extension of the Newfoundland Fracture Zone. Two pro-
cesses were involved: migration of a leaky transform fault along the
trend from 102-80 Ma and differential vertical movements in post-
Middle Cretaceous time. The Newfoundland Seamounts represent volcanic

activation of two structural trends, the seaward prolongation of a
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major continental structure (evident gravimetrically) and the fracture
zones formed during the Biscay-Newfoundland Basin spreading phase.
Late-stage trachytic volcanics on Scruncheon Seamount (qur/agAr age =
97.7 * 1.5 Ma) and the formation of a shallow-water limestone cap on
Shredder Seamount (Early-Middle Cretaceous fauna) indicate that sea-
mount volcanism had largely ceased by mid-Cretaceous time.

Three acoustic stratigraphic sedimentary units are defined on the
basis of seismic reflection profiles and sonobuoy data. These correl-
ate well with the units defined by Horizons B and A in the Northwest
Atlantic and with the sedimentary sequence drilled on the Iberian and
Biscay margins by the Deep Sea Drilling Project. The distribution and
character of the Newfoundland Basin units document the uplift of the
southern Grand Banks and Southeast Newfoundland Ridge in Early
Cretaceous time and the onset of active bottom currents (turbidity
and/or contour currents) in the Late Cretaceous or Early Tertiary.

Magnetic surveying and modelling in the southern Newfoundland
Basin confirm the existance of magnetic lineations in oceanic crust
of Late Cretaceous (Cretaceous Normal Polarity Interval) age that ap-
pear to be due to field reversals. It is shown here that chemical
alteration or tectonic rotation of crustal blocks could account for

the observed lineations without field reversals.
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CHAPTER 1: INTRODUCTION

An extensive body of literature dealing with the pre-drift posi-
tions of the circum-Atlantic continents and the relative motions of
the plates in that region has accumulated in the past ten years. There
is now widespread agreement on a basic model for the evolution of the
North Atlantic which, between the Azores-Gibraltar line and the Charlie-
Gibbs Fracture zone, is well-constrained from the present back to ano-
maly 31/32 (Bullard et al., 1965; Pitman and Talwani, 1972; LePichon
and Fox, 1971). Interest is now shifting towards resolution of more
specific paleogeographic and plate kinematic problems. Two such problems
are the initial position of Iberia with respect to North America and the
geometry and chronology of the pre-anomaly 31/32 (73 Ma) relative motions
of these plates (Fig. 1.2).

Some progress has been made on these fronts since the early works
of Wegener (1924) and Choubert (1935). Carey (1958) showed that a
closer fit was obtained when the seaward limits of continental crust
were matched instead of present-day coastlines; and Bullard et al. (1965)
proved the geometrical validity of the morphological fits. However, the
now-classical Bullard fit (Fig. 1.2b) and most subsequent reconstructions
(Fig. 1l.2c; Laughton, 1972, 1975; Dewey et al., 1973) fail to arrive at
a pre-drift position for Iberia that does not involve either overlaps
between continental areas or large, unexplained gaps. The pre~drift
positions of the various sunken continental fragments in this part of

the North Atlantic (Rockall Bank, Porcupine Bank, Orphan Knoll, Flemish



) Figure 1.1
© Logation map. F.C.=Flemish Cap; O.K.=0Orphan Knoll; R.B.=Rockall
Bank; P.B.=Porcupine Bank; G.B.=Galicia Bank.



Cap; Galicia Bank; Figure 1.1) have proved especially difficult to
determine.

More recently, Arthaud and Matte (1975, 1977) have shown that in-
tensive crustal fragmentation was produced in the former Iberia-~Grand
Banks continental region during several Paleozoic tectonic episodes.
The significant influence this fragmentation exerted upon the pattern
of subsequent rifting is stressed by both Arthaud and Matte (1977) and
LePichon et al. (1977). The latter authors express some doubt that a
successful reconstruction of this part of the North Atlantic wili ever
be achieved, in view of the extreme complexity of the pre-drift struc-
tures. However, the apparent success of a reconstruction recently
proposed by Haworth (in prep.) seems to indicate that detailed studies
combining continental, continental margin and deep-sea data may provide
a means for considerably improving upon the earlier, less satisfactory
reconstructions.

Haworth (in prep.) approaches the task of reconstructing the pre-
drift positions of the North Atlantic continents from both an oceanic
and avcontinental viewpoint. Tectono-stratigraphic zones of Newfoundland
are traced across the North American continental shelf and margin on
the basis of detailed geophysical surveys (Haworth and MacIntyre, 1975)
and correlated with similar features on the European and Iberian margins
(Lefort, 1975; Roberts, 1975; Riddihough and Max, 1976; Lefort and
Haworth, in press). These correlations are then used to refine the
reconstruction of the Labrador Sea and North Atlantic proposed by

Srivastava (1978) on the basis of detailed marine geophysical studies.
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Haworth's final model (Figure 1.2) succeeds in eliminating continental
overlaps with minimal movement of the various continental fragments
(only a small displacement of Galicia Bank is required) but still
leaves a gap of several hundred kilometers between the southern Grand

Banks and western Portugal.
Objectives

The position of Iberia with respect to North America in the Haworth
reconstruction was not determined directly, but rather is a consequence
of the Iberia-Europe and Europe-Greenland-North America fits. The need
to use this indirect approach stemmed from the lack of comprehensi&e
geophysical studies of the continental margins and oldest oceanic crust
adjacent to Portugal and the Grand Banks. The recent publication of
drilling results and site-survey data collected during Legs 47B and 48
of the Deep Sea Drilling Project (Groupe Galice, 1977; Montadert, Roberts
et al., 1977; Ryan, Sibuet et al., 1976) partially removes this limitation
by providing crucial data from the Iberian plate west of Portugal.

On the North American plate the Newfoundland Basin (Fig. 1.1), com-
prising the continental margiﬁs of the eastern Grand Banks and Flemish
Cap and the adjacent seafloor west of anomaly 31/32 (Heirtzler et al.,
1968; Pitman and Talwani, 1972; Srivastava, 1978) was very poorly known
until recently. The first seismic reflection and refraction data in the
southern Newfoundland Basin and across the eastern Grand Banks contin-
ental margin were obtained in 1973 (H. R. Jackson et al., 1975), and

systematic multiparameter geophysical surveys and seamount studies were
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undertaken between 1974 and 1976. The magnetic data collected during
the latter surveys have been compiled and interpreted by B. R. Hall
(1977) and C. E. Keen et al. (1977). 1Initial studies of the Newfoundland
Seamounts were presented by Sullivan and Keen (1977).

One objective of the present study is to complete the task of as-
sembling the geological and geophysical data base for the Newfoundland
Basin and to integrate this with currently available data from the sur-
rounding continental and oceanic areas. Specific scientific objectives
of this effort are: delineation of present structure and stratigraphy;
determination of the seaward extent of continental crust and continental
structural elements; determination of the age and nature of the
Newfoundland Seamounts.

The second broad objective of this study is to apply this new
knowledge to the problem of the pre-drift Iberia-North America f£it and
to establish the early (pre-~73 Ma) history of rifting and seafloor
spreading between Iberia and the Grand Banks. This involves integration
' of the data from the North American plate compiled in this study with
the currently-availablé data from the Iberian plate (Groupe Galice, 1977;
Montadert, Roberts et al., 1977; Ryan, Sibuet et al., 1976; Williams,
1975; Montadert et al., 1974). Again, a number of specific points of
interest are included within this general topic: the orientation and
identification of magnetic anomalies older than anomaly 31/32 (73 Ma)
in the Newfoundland Basin; the extent of the J-anomaly (identified by
B. R. Hall, 1977) within the Newfoundland Basin; the age for the ini-

tiation of active seafloor spreading between North America and Iberia;
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the relationship between spreading in the Newfoundland Basin and spread-
ing in the Bay of Biscay; the origin of the Southeast Newfoundland Ridge

and the Spur Ridge.

Organization of the thesis

A review of current knowledge of the continental shelves surrounding
the Newfoundland Basin and the structures that form the southern boundary
of this area, the Southeast Newfoundland Ridge and Spur Ridge (Fig. 2.1),
is given in Chapter 2. The data assembled during this study are pre-
sented in Chapters 3-6, which also include short discussions of certain
specific geological or geophysical topics. Data bearing on the nature
and age of Newfoundland Seamounts are discussed in Chapter 7, and a
model is presented which attempts to define the significance of the sea-
mount volcanic activity in the evolution of the Newfoundland Basin as a
whole. Chapter 8 synthesizes the data and interpretations presented in
the thesis and combines these with recent data from the Bay of Biscay
and western Portugal to define the initial positions of the continents
and to develop a model for Iberia-Europe~North America relative motions
prior to anomaly 31/32. A summary statement and suggestions for future

research are given in Chapter 9.



CHAPTER 2: GEOLOGICAL SETTING

Many studies of continental break-up and passive margin formation
have confirmed the idea, initially put forth by LePichon and Fox (1971)
and LePichon and Hayes (1971), that the structural fabric of the split-
ting continental block exerts a significant influence upon the pattern
of rifting and the early phases of the seafloor spreading history. Pre-
rift structures are believed to have been particularly significant in
the opening of the Atlantic north of the Southeast Newfoundland Ridge
(LePichon et al., 1977; Arthaud and Matte, 1977; Haworth, in prep.). In the
Newfoundland Basin, one would expect to find evidence that the early his-
tory was in part controlled by structures on the Grand Banks and Flemish
Cap; effects of the complex interactions of the North American, Iberian
and African plates should also be evident along the southern boundary of
the area.

Some familiarity with the geology and geophysics of these contin-
ental areas and of the structures formed along the seaward extension of
the Newfoundland Fracture Zone (Auzende et al., 1970; M. J. Keen and Keen,

1971) is essential background for the other chapters in this thesis.
2.1 Grand Banks

The Newfoundland Basin lies seaward of the northern Appalachian
structural province of Canada (Figure 2.1; H. Williams et al., 1974).
The Paleozoic Appalachian mountain system runs sub-parallel to the

Atlantic coast of North America from the southeastern United States to
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Newfoundland, a distance of over 3,500 km. On the island of Newfoundland
the Appalachians consist of a central Paleozoic mobile belt bounded both
to the Northwest and the southeast by zones of Precambrian and Lower
Paleozoic sedimentary and volcanic rocks (H. Williams, 1964). The south-
eastern belt is known as the Avalon Platform or Avalon Zone (H. Williams
et al., 1974), and it is the rocks of this zone which are believed to con-
stitute continental basement on the Grand Banks and Flemish Cap (Haworth

and Lefort, in prep.).
2.1.1 Geophysics

Numerous seismic refraction studies have been conducted on the
continental shelf surrounding Newfoundland in order to determine crustal
structure and to map the seaward extent of the various Appalachian zones
(Press and Beckmann, 1954; G. N. Ewing et al., 1966; Dainty et al., 1966;
C. E. Keen and Loncarevic, 1966; Sheridan and Drake, 1968; Fenwick et al.,
1968; H. R. Jackson et al., 1975). Unfortunately, the coverage on the
Grand Banks southeast of the Avalon Peninsula is insufficient to accu-
rately reveal the crustal structure on this portion of the shelf. Base-
ment velocities measured on the central and southeastern Banks are
6.0-6.6 km/sec. Sheridan and Drake (1968) correlate this velocity range
with the igneous and metamorphic rocks of the Avalon Zone.

Seismic refraction coverage is also sparse on the eastern contin-
ental margin of the Grand Banks. H. R. Jackson et al. (1975) report on
one airgun-sonobuoy line in this area. They find approximately 4 km of
sediment overlying basement (5.8 km/s) on the continental slope here

(sonobuoy 33, Table 4.1). More detailed seismic coverage, including two
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crustal refraction profiles, 1is available on the southwestern Grand

Banks margin. H. R. Jackson et al. (1975) identify oceanic layer 2 within
100 km of the shelf break on reflection profiles southwest of the Tail

of the Bank and present refraction results which indicate that the
transition from oceanic to continental crust occurs in a relatively

narrow region (about 40 km) on this margin.

The extensive body of potential field data collected in the Grand
Banks area during the past 15 years has recently been compiled and in-
terpreted in terms of the plate tectonic evolution of this region
(Haworth and MacIntyre, 1975; Haworth, 1975; Haworth and Lefort, in prep).
The. region between the Avalon Peninsula of Newfoundland and Flemish Cap
is characterized by a group of sinuous potential field anomalies
(Fig. 2.2, 2.3) which Haworth and Lefort (in prep.) show are quite
similar in amplitude and character to the anomalies observed over the
terrestrial Avalon Platform; the continuation of the latter zone to the
east beneath the Grand Banks is thus inferred. The "Collector Anomaly",
a band of positive gravity and magnetic anomalies extending from Nova
Scotia to the southwestern Grand Banks, is believed to mark the southern
boundary of the Avalon Zone on the Banks (Haworth and Lefort, in prep.).

The northern boundary of the Avalon Platform east of Newfoundland
is geophysically less distinct. Basement structures, inferred from
magnetic anomaly trends, cross the high-amplitude shelf-edge gravity
anomaly northeast of Newfoundland, suggesting that the continental
structures producing the magnetic anomalies continue to the northeast

into the Orphan Knoll Basin (Haworth, in prep.; Haworth and Lefort,
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Figure 2.2 Figure 2.3

Magnetic and Bouguer anomaly trends on the Grand Banks
(after Haworth, 1975)
Black=positive anomalies; fine stipple=negative anom-
alies; + = linear positive trends; hachured line =
gravity gradient.
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in prep.). The transition from continental to oceanic crust must there-
fore lie seaward of a line joining Orphan Knoll and Flemish Cap (A. C.

Grant, 1975; Haworth and Lefort, in prep.).

2.1.2 Structural Framework

The development of structures related to the present phase of
Atlantic seafloor spreading appears to have begun in Early or Middle
Triassic time on both the Grand Banks and the Scotian margin. This
development is discussed in detail in Jansa and Wade (1975), from which
the following summary has been taken.

The Avalon Uplift trends southeast from the Avalon Peninsula of
Newfoundland to the Tail of the Bank (Fig. 2.4), separating the Scotian
margin and southwestern Grand Banks area from the Newfoundland Basin
and northeastern Banks areas. The Uplift is subdivided into six tec-
tonic elements: The South Whale, Whale, Horseshoe, Jeanne d'Arc and
Carson Sub-basins and the South Bank High.

The sub-basins are structurally complex fault-bounded troughs
(Fig. 2.5) which contain 4-12 km of sediment. Exploratory wells on
the Grand Banks and Scotian shelf indicate that the South Whale Basin
is more closely related structurally and stratigraphically to the
Scotian Basin than to the other Grand Banks sub-basins (Jansa and Wade,
1975; Gradstein et al., 1975).

The South Bank High is ﬁnderlain by a large basement block, which
Jansa and Wade (1975) interpret as having been a positive element until

late Early Cretaceous time. The Bittern exploratory well on the flank
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Figure 2.4

Structural elements on the Grand Banks (after Jansa and
Wade, 1975) with locations of exploratory wells Puffin (P);
Skelly Mallard (S); Bittern (B); Osprey (O); and Murre (M).
200 m and 4,000 m bathymetric contours shown.
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Figure 2.5a

Basement structure on the Grand Banks: contours on economic
basement (kilometers below sealevel). After Jansa and
Wade (1975).
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Basement structures on the Grand Banks (after Jansa and
Wade, 1975): Diagrammatic cross-section from Puffin to
Murre well (see Fig. 2.4 for location).
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of the High ("B", Fig. 2.4) bottomed in Early Devonian granite (Amoco,
1969). However, study of seafloor outcrops (Lilly, 1966) and of the
potential fields over this region (Haworth, 1975; Haworth and Lefort, in
prep) suggest that basement may consist of a variety of Precambrian to
Pevonian igneous and metamorphic rocks.

The Orphan Knoll Basin lies between the northeastern Newfoundland
shelf edge and the Orphan Knoll and Flemish Cap bathymetric highs
(Fig. 2.4). Sediment thicknesses here may locally exceed 12 km. On
the basis of combined structural and geophysical studies it is believed
that the floor of this basin consists of foundered continental crust
(A. C. Grant, 1975; Haworth and MacIntyre, 1975). The Jeanne d'Arc
Sub~basin forms a southerly branch of the Orphan Knoll Basin that ex-
tends to the South Bank High.

The area of the present study is the final major basin shown in
Figure 2.4. Jansa and Wade (1975) give little information about this
area, noting only that approximately 6 km of sediment lie beneath the
lower slope on the eastern Grand Banks margin. They interpret the

sediment fill as mainly of post-Early Cretaceous age.

2.1.3 Stratigraphy

Comprehensive reviews of the stratigraphic succession on the
Scotian Shelf and the Grand Banks, as revealed by exploratory well-
drilling operations, are given in Jansa and Wade (1975) and Gradstein
et al. (1975). The following brief synopsis presents the points that

are relevant to the present study:
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1. The few wells that have bottomed in basement indicate that
Devonian intrusive rocks and pre-Devonian metamorphic rocks comprise
the basement complex.

2. Paleozoic (Ordovician-Silurian and Carboniferous) sediments
have been drilled at several localities on the Grand Banks, but the
oldest sediments in most areas are Triassic-Early Jurassic continental
and marginal marine sediments deposited in linear, fault-bounded
troughs; these strata sometimes attain thicknesses of 3,000 m.

3. Deposition of progressively shallower water facies continued
without interruption from Triassic into earliest Jurassic time. Upward-
coarsening sequences of Early-Middle Jurassic age signal the beginning
of uplift in the terranes from which these deposits were derived.

4. A major change in the structural framework of the region during
latest Jurassic and Early Cretaceous is indicated by the deposition of
coarse clastic sediments across the Jurassic-Cretaceous boundary and
the development of a major unconformity (see Point 5, below). This
phase of tectonism broke the Jurassic Georges Bank-Orphan Knoll basin
into four separate basins (Jansa and Wade, 1975). These are the Georges,
Scotian, Orphan Knoll and Newfoundland Basins shown in Fig. 2.4.

5. Over much of the Grand Banks the Early Cretaceous is a period
of erosion or non-deposition, marked by the Avalon Unconformity. This
hiatus is most extensive on the South Bank High, where Devonian base-
ment rocks are directly overlain by Cretaceous or Tertiary sediments.
The maximum spatial extent of the unconformity occurred near the end of
the Early Cretaceous, when erosion or non-deposition spread as far west

as the Puffin well (Fig. 2.4). In contrast, the Early Cretaceous section



- 19 -

in the Scotian and Orphan Knoll Basins consists of thick continental
margin deposits (alluvial plain and deltaic sequences; Gradstein et al.,
1975).

6. The Early Cretaceous tectonism was accompanied by the eruption
of basaltic rocks and trachytes at the Skelly Mallard well on the south-
western Grand Banks ("S", Fig. 2.4; Gradstein et al., 1977).

7. Establishment of open marine conditions over much of the area
in Late Cretaceous time resulted in reduced sedimentation rates and
deposition of pelagic facies.

8. Several widespread carbonate and chalk horizons occur in the
Cretaceous section. Two most noteworthy of these units are the Petrel
Limestone Member of the Dawson Canyon Formation and the Wyandot Chalk
Formation. The former is of Turonian age in the Scotian Basin and

Turonian-Coniacian age in the Grand Banks sections; the latter is absent

in wells on the Avalon Uplift, but may be present in the East Newfoundland

Basin (possible correlatives have been recognized in seismic profiles)
and on Orphan Knoll (DSDP Site 111; Laughton et al., 1972).

9. The Tertiary section on the Avalon Uplift and northeastern
Grand Banks 1is thinner and of shallower-water facies than is.that in

the Scotian Basin and the South Whale Basin.
2.2 Flemish Cap

Flemish Cap (Fig. 2.1) is a submerged continental structure which
became partially detached from North America during an early phase of

seafloor spreading (A. C. Grant, 1971). The geology and geophysics of
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this area are described by A. C. Grant (1971, 1972), Monahan and McNab
(1975) and Haworth and Lefort (in prep), whose findings are summarized
below.

Seismic and magnetic results indicate that Flemish Cap consists of
a central area of basement material surrounded by outward-dipping sedi-
mentary strata which attain thicknesses of 4-6 km. Core and dredée
samples indicate that basement lithologies and ages are similar to those
of bedrock in the Avalon Zone of Newfoundland; the potential field ana-
lysis of Haworth (1975) and Haworth and Lefort (in prep.) corroborate
this. The overlying sedimentary cover includes Orbitulina limestones
of Early-Middle Cretaceous age (Sen Gupta and Grant, 1972).

Flemish Cap is separated physiographically from the northeastern
Grand Banks by Flemish Pass (Fig. 2.1). The Pass is 265 km in length
and 20-45 km wide, the narrowest zone occurring near the southern end.
Seismic and potential field studies show that both margins of the Pass
are underlain by basement ridges. The eastern ridge, which may con-
tinue south beyond the end of the Pass to form Beothuk Knoll (Fig. 2.1)
is coincident with a linear band of high-amplitude magnetic and gravity
anomalies. The western ridge has a similar high gravity signature, but
is not markéd by any significant magnetic anomaly. The Pass itself
contains substantial thicknesses of sediment and is characterized by

relatively low-amplitude gravity and magnetic anomalies.
2.3 Southeast Newfoundland Ridge and Spur Ridge

The Southeast Newfoundland Ridge (SENR; Fig. 2.1) extends approxi-

mately 900 km to the southeast of the Tail of the Bank, roughly on
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strike (130°) with the southwestern transform-fault margin on the Grand
Banks ((1.J. Keen and Keen, 1971). The Sohm Abyssal Plain (5300 m-5500 m)
lies to the southwest of the SENR and the Newfoundland Basin (4,000-
4,800 m) lies to the northeast. At 46°W the SENR is intersected by the
smaller Spur Ridge (Renwick, 1973; "J-anomaly Ridge" of Tucholke, Vogt
et al., 1975).

The entire Grand Banks-SENR lineament is commonly referred to as
the 'Newfoundland Fracture Zone' (Auzende et al., 1970; LePichon and
Hayes, 1971; LePichon et al., 1977). Although the seafloor topographic
expression of the ridge terminates between 43°W and 45°W, Watson and
Johnson (1970) and Laughton and Whitmarsh (1974) believe that the frac-
ture zone continues to the east, being correlative with thé Pico Fracture
Zone on the present-day Mid-Atlantic Ridge. C. E. Keen et al. (1977)
point out that significant wvertical movements have also occurred across
the SENR. The evidence for this is the 1 km difference in the present
depths below sea level of coeval shallow-water limestones on the Spur
Ridge (Tucholke, Vogt et al., 1975) and on the easternmost of the
Newfoundland Seamounts (Chapter 7; Appendix II). Both limestones are
of Early- Middle Cretaceous age, so the differential subsidence must be
post-Middle Cretaceous.

Watson and Johnson (1970), Auzende et al. (1970) Renwick (1973) and
H. R. Jackson et al. (1975) present seismic and magnetic data collected
over the SENR and Spur Ridge and interpret these data as indicating that
both ridges are underlain by faulted oceanic crust. This conclusion is

supported by the work of B. R. Hall (1977), which shows that the oceanic
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J-magnetic anomaly is observed on the northern flank of the SENR near
the Tail of the Bank and by the observation that the J-anomaly, a |
prominent seafioor spreading isochron which is consistently associated
with distinctive basement structures in the North Atlantic (Tucholke,
Vogt et al., 1975; Ballard et al., 1976; B. R. Hall, 1977), is coincident
with the Spur Ridge.

In contrast, A. C. Grant (1977) and Gradstein et al. (1977) propose
that continental crust underlies much of all of the Spur Ridge and SENR.
This alternative interpretation is based largely on examination of multi-
channel seismic profiles across the Tail of the Bank and on the north-
western limits of the ridges; Gradstein et al. (1977) also note similar
subsidence histories for the Spur Ridge (based on DSDP Site 384, Vogt
et al., 1975) and the southwestern Grand Banks (based on exploratory
wells; Gradstein et al., 1975) as further support for their hypothesis.
Seismic and magnetic data relevant to this question are presented in
Chapters 4 and 5 of this study, and the problem of the boundary between

oceanic and continental crust is discussed in greater detail in Chapter 8.
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CHAPTER 3: PHYSIOGRAPHY

Strictly speaking, the entire Newfoundland Basin lies within the
continental margin physiographic province (Johnson et al., 1971;
Emery and Uchupi, 1972). However, subsequent chapters will show that
significant structural and geophysical boundaries exist at the upper
rise-lower rise transition. It is therefore more convenient for the
purposes of this paper to consider the "continental margin" as extending
from depths of 200 m or less to 4,000 m and to consider the lower con-
tinental rise (deeper than 4,000 m) separately.

This section is based on the bathymetric map prepared for the Wood's
Hole Oceanographic Atlas (Uchupi, 1971) (Fig. 3.1). Data collected on
Bedford Institute cruises to the Newfoundland Basin since 1971 permit
refinement of this map in the southern Newfoundland Basin and SENR
areas (section 3.2) and in the vicinity of the Newfoundland Seamounts

(Section 3.3).

3.1 Continental Margins

The continental margin province (depths of less than 200 m to
4,000 m) varies in total width from about 60 km at the southeastern
corner of Flemish Cap to 150 km at the southeastern Grand Banks. On
the basis of the bathymetry shown in Figure 3.1 the margin can be
divided along its length into four segments (Fig. 3.3), herein termed
the Tail of the Bank segment, the Eastern Banks segment, the Flemish

Pass segment and the Flemish Cap segment. Subsequent sections of this
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Bathymetry of the Newfoundland Basin and adjacent areas as

S0

given in Wood's Hole Oceanogravhic Atlas (Uchupi, 1971).

Locations of profiles shown in Figure 3.4 and survey area

in Figure 3.5 also shown.
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Physiographic provinces of the Newfoundland

Figure 3.2:
Basin.

Figure 3.3: Segmentation of the continental margin.
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report will show that this segmentation is also reflected in geophysical
characteristics. Bathymetric profiles across the various margin seg-
ments are shown in Figure 3.4. No continuous profiles are available
from the eastern portion of the Flemish Pass region.

The Eastern Banks and Flemish Cap margin segments are relatively
straight, with much narrower and steeper continental slopes (35-40 km
wide, 3.5-4.0° slopes) and fewer canyons than the other two sections.
The continental rise widens westward along the Flemish Cap segment.

In contrast, the Tail of the Bank and Flemish Pass segments are
characterized by wider slope and upper rise regions, with more numerous
large canyons and rather less distinct shelf breaks. This may reflect
the greater structural complexity of these two margin segments, which
lie at the intersection of major structural features: The southwest and
southeast Grand Banks continental slopes and the SENR intersect at the
Tail of the Bank; Flemish Pass and the northeast Grand Banks and Flemish

Cap slopes intersect in the Flemish Pass section.
3.2 Lower Continental Rise

The lower continental rise comprises those regions lying at depths
greater than 4,000 m (Fig. 3.2). The Newfoundland Seamounts divide this
physiographic province into a northern and southern section. Detailed
bathymetry to supplement the Wood's Hole chart is available only for the
southern section.

Depths in the northern section of the lower rise range from 4,000 m

to 4,800 m, with slopes of 0.8° between 4,000 m and 4,400 m and 0.1°
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between 4,400 m and 4,800 m. The strike of the 4,000 m isobath, which
roughly defines the landward boundary of the lower rise, changes at
45°30'N from 010° (between the SENR and the Newfoundland Seamounts) to
030° (along Flemish Cap).

The southern section of the lower rise is a roughly square area
lying between the seamounts and the SENR. Depths as great as 4,930 m
are recorded in the southeastern portion of this area. Detailed bathy-
metry in the southern area collected during Hudson cruise HU75-009 re-
veals two linear trends on the seafloor (Fig. 3.5). The first of these,
at the southern limit of the survey area, is the northern flank of the
southeast Newfoundland Ridge. The second linear trend (approximately
42°15'N, 43°15'W) is the seafloor expression of a prominent basement
scarp (Seismic line 39, Fig. 4.3c). Also indicated in the figure are
locations of shallow seafloor channels mapped by Dr. D. J. W. Piper
during the survey. The floors of the channels are stronger acoustic re-
flectors than are the adjacent levees, suggesting that coarser sediment
is deposited in the channel axis and finer material in the levee. The
orientation of the channels suggests that the currents producing these

features move primarily downslope.
3.3 The Newfoundland Seamounts

Most published bathymetric maps of the Newfoundland Basin (for
example, Figure 3.1) show the Newfoundland Seamounts to be a roughly
linear group of about ten peaks striking east-west between 43° and 44°N.

However, a comparison of maps from several sources reveals discrepancies
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in the positions and morphology of many of the seamounts that stem from
the limitations of the data previously available in this area.

A new bathymetric data base for the seamount region has been com-
piled during this study. This comprises data from five cruises under-
taken between 1973 and 1976 by ships from Bedford Institute (Table 3.1).
Navigation on all cruises was by Loran-C in the range-range mode and
navigational satellite, giving a positioning accuracy of + 300 m at the
95% confidence level (S. Grant, 1973). Five seamounts have been sur-
veyed in some detail during these cruises (Fig. 3.7, 3.8) and the aver-
age spacing of ship's tracks in the seamount area has been reduced con-
siderably (Figure 3.6). Some small seamounts may have been overlooked
in these studies, but the positions and morphology of the seamounts
shown in Figure 3.6 are accurate. Seamounts that do not at present have
official names are given numerical designations in this report.

Examination of these new data reveals that the seamounts occupy a
roughly triangular area within the Newfoundland Basin (Fig. 3.2) with
most of the seamounts lying in an east-west zone extending from 43°15'
to 44°15'N. Five seamounts (Scruncheon, Touten, Dipper, Number 4,
Number 5) lie along a southeasterly trend which branches off tﬁis east-
west band at Scruncheon Seamount; seismic reflection data described in
the next chapter show that several large basement highs in the southern
section of the lower continental rise also lie along this trend (open
triangles, Fig. 3.6).

A number of significant physiographic and geophysical parameters
for the eleven seamounts shown in Figure 3.6 are presented in Table 3.2.

The data show that the seamount summits lie at depths of 2400 m
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TABLE 3.1
SEAMOUNT CRUISE (S) DAY OR DAY/TIME
Screech 73-011 154
75-009 157
# 2 73-011 154
74-021 172
Scruncheon 73-011 152-154
74-021 169
Touten 73-011 154
74-021 171
Dipper 74-019 169-170
74-021 171
# 1 73-011 151-152
74-021 170
SHREDDER 75-009 159,165
# 3 73~011 154
74-021 172
75-009 157
# 4l 76-031 283/0800~1000
# 5l 75-009 163/1900-2100
# 6l 75-009 173/0300-0500

1 denotes single track across this seamount



TABLE 3.2

" DIST. TO SEAFLOOR SUMMIT SEDIMENT TOTAL DIMENSIONS APPROX. V¢ L RATIO DIAMETERS DIRECTION NO. OF F.A. MAG
SEAMOUNT SHELF BREAK DEPTH (m) DEPTH (m) THICKNESS (km) RELIEF AT SEAFLOOR (kmal MAJOR: MINOR AXIS OF ELONGATION FEAKS GRAV. SIGN
(km) (km) mgal

SCREECHD 272 4080 3361 2.3 (N,W) 3.0 11x16 124 1.45 NNE 1 40 +
1.5 (S,E) 2.2

43 1299 4013 3525 2.0 (S,E) 2.5 10x14 212 1.40 NNE 1 65 +

B2 342 4000 3112 1.8 2.7 20? 159 nd nd nd 30 +

SCRU‘NCHEOND 374 4500(S,E) 2400(E) 1.8 3.9 15x41 708 2.73 EW-ENE 2 40-60 +
4100 (N,W) 2860 (W) 3.0

TOUTEN 381 4550 3088 1.8 3.1 15x17 208 1.13 NONE 1 15 +

DIPPBRD 409 4500 2900 1.5* 3.1 22x35 659 1.59 ENE 2 40 +

2.6 N

#1 444 4630 2850 1.4 3.2 15x207? 2422 nd ENE nd 60 +

SHR.EDDERD 524 4685 2389 1.3 3.1 37x37 1111 1.00 NONE 1 120 +

# 41 ) 433 4800 4200 1.0 1.6 10x15 427 1.5 NE nd 15 +

] 5l 470 4820 4643 0.8 1.0 nd nd nd nd nd 12 +

# 6l 446 4820 3195 1.3*% 2.9 16x12? 149 1.3? nd 2 50 +

+ : D denotes seamount which has been dredged; 1 denotes seamount crossed by only one track.

® : thickness approximated from nearest seismic profile.

743
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(Scruncheon) to 4643 m (Number 5), while the surrounding seafloor ranges
in depth from 4000 m (Number 2, Number 3) to 4820 m (Number 5, Number 6).
The relief above the seafloor thus varies from approximately 200 m to
2100 m. This variation is due in part to differences in the thickness
of sediment surrounding the seamounts and in part to a real difference
in seamount size (columns 5 and 6). The maximum true relief of six of
the eleven seamounts tabulated is between 2.7 and 3.2 km.

The shape of the seamounts at the seafloor and their approximate
volumes vary considerably throughout the area (columns 7-11, Table 3.2;
Fig. 3.6), but it is not clear from the morphological data which, if any,

of the apparent trends are significant.
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Figure 3.7: Contoured bathymetry, Newfoundland
Seamounts

a. Scruncheon, Touten and Dipper
Seamounts.

b. Shredder Seamount.
c¢. Number 1 Seamount

d. Screech Seamount
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CHAPTER 4: SEISMIC DATA

Bedford Institute of Oceanography has collected over 4,000 km of
continuous single-~channel seismic reflection profiles, 23 expendable
sonobuoy profiles and one crustal refraction profile in the Newfoundland
Basin (Fig. 4.1, Table 4.1). A considerable amount of published multi-
channel and single-channel reflection data from this and surrounding
areas (Fig. 4.2) have also been examined during the course of this
study. The sources for the latter data are: Watson and Johnson (1970),
Johnson et al. (1971), Auzende et al. (1970), Jansa and Wade (1975) and
A. C. Grant (1977).

Selected Bedford Institute seismic profiles are presented in
Figure 4.3 as interpretive line drawings with accompanying geophysical
data. The significant basement and sedimentary features observed on
seismic profiles in each of the physiographic provinces within the Basin
are described in Section 4.1, followed by the expendable sonobuoy re-
sults (Section 4.2). Section 4.3 summarizes the important points brought
out in the reflection profile and sonobuoy analysis. Possible correla-
tions between the acoustic stratigraphy of the Newfoundland Basin and
the well~known sections of the Grand Banks, the western Portugese con-
tinental margin and the North Atlantic south of the Southeast Newfoundland
Ridge are discussed in Section 4.4.

A few points regarding the terminology used here and the inter-

pretation of seismic profiles need clarification.
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Location map, Bedford Institute seismic data in the Newfoundland Basin.
M.0.C. = Northwest Atlantic Mid-Ocean Canyon; solid line with open
circles indicates crustal refraction line; solid lines are single-
channel air-gun seismic profiles.
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37

38A

38B

38C

39

40

41

42B

42C

42D
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TABLE 4.1

B.I.0. Seismic Reflection Profiles

CRUISE

72-021

72-021

73-011

73-011

73-011

73-011

73-011

75-009

75-009

75-009

75-009

75-009

75-009

75-009

75-009

75-009

75-009

75-009

75-009

START

LAT (N)
LONG (W)

40.82
51.95

39.71
51.18

40.04
50.06

42.50
46.00

43.66
44.50

43.91
45.65

44.23
47.74

45,22
49.31

43.48
49.31

44.92
43.13

45.95
43.13

45,96
44.43

42.29
44.72

41.61
43.21

41.61
43.16

42.28
44,68

42.32
45.95

42,54
45.95

42.22
45.98

DAY/TIME

208/2200

209/1100

148/1700

150/0845

151,/2300

154/0830

155/0300

156/0423

164/2345

167/0458

167/1317

le67/2151

169/0350

169/1930

171/1450

175/2252

176,/0000

176,/1200

176/1530

FINISH

IAT (N)
LONG (W)

39.71
51.18

40.68
51.23

41.85
45.57

42.50
45.30

41.82
44.72

43.37
45.49

44.43
49.20

43.95
46.43

43,73
43.74

45.95
43.14

45.96
44,43

44.90
44 .30

42.29
43.32

41.61
44.74

41.11
43.39

42.32
44.83

42.54
45.95

42.22
45.98

41.68
43.25

DAY/TIME

209/1100

209/2300

149/2300

150,/1200

152/0245

154/1500

155/1500

157/0312

165/1032

167/1317

167/2151

168/0749

169/1245

170/0507

171/2012

176/0000

176/1200

176/1530

177/0900



PROFILE
NUMBER

42E

42F

42G

42H

423

42K

42L

42M

43

44n

448

45

46

CRUISE

75-009

75~-009

75-009

75-009

75-009

75-009

75-009

75-009

76-031

76-031

76-031

76-031

76-031
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TABLE 4.1 (continued)

START

LAT (N)
LONG (W)

41.68
43.25

41.31
43.25

41.63
44.58

41.87
45.98

41.52
45.98

40.96
43.21

40.62
43.29

42,10
49.35

44.65
49.31

43.88
41.22

43.46
41.91

43.46
47.21

42.81
45.89

DAY /TIME

177/0900

177/1200

178/0130

178/0930

178/1300

179/0500

179/0800

180/2050

277/1420

281/0900

282/0430

284/0300

284/1341

FINISH

LAT (N)
LONG (W)

41.31
43.25

41.66
44.56

41.87
45.98

41.52
45.98

40.96
43.21

40.62
43.29

42,10
49.35

41.69
50.32

44,58
44.28

43.37
41.98

43.46
47.21

42.90
46.02

42.85
46.70

DAY/TIME

177/1200

177/1900

178/0930

178/1300

179/0500

179/0800

180/2050

181/0200

279/0030

281/0700

284/0300

289/1217

284/2030
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55°W 50° 45° ' . 40°

Pigure 4.2

Location map, published seismic reflection and refraction
data. Dashed lines: multi-channel profiles (Jansa and Wade,
1975); dot-dash line: USNS Kane profile (Johnson et al., '
1971; solid lines: single-channel profiles (Watson and
Johnson, 1970); refraction profiles (™ and ~~ ) from
Sheridan and Drake (1968).
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Several descriptive terms are used in reference to the character of
reflectors in various sedimentary units (e.g. "wavy-laminated", "dis-
rupted"). This usage is convenient for description of records but may
be misleading if genetic significance is carelessly attached to the
descriptive terms. In the absence of direct sampling the geological or
sedimentological significance of acoustic characteristics can only be
inferred by comparison with areas where similar acoustic facies have
been sampled. Correlative studies of this type have shown that uniformly
well-laminated intervals of continuous, moderate to strong reflectors
characterize distal turbidite deposits (Davies and Laughton, 1972). Wavy
or inclined laminations and rippled or scoured seafloor surfaces are
commonly attributed to contourites, i.e. sediments deposited by geostro-
phic bottom-currents flowing along the western margins of the Atlantic
basin (Heezen et al., 1966; Johnson and Schneider, 1969; Johnson et al.,
1971; Hollister and Heezen, 1972; Flood and Hollister, 1974). However,
proximal turbidites might display many similar features (Stow, 1977).
Since the nature of the currents depositing such units cannot be clearly
determined on the basis of seismic profiles alone, the term "bottom-
current" is used in this chapter as a general term that does not imply a
specific mechanism.

Unless otherwise specified, the term "basement" 1is used throughout
this chapter in reference to acoustic basement, which is the deepest
primary reflector observed on the seismic record. Without direct
sampling it is impossible to determine with certainty that the basement

reflector actually represents the top of the crustal layer beneath the
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sediments. In the present study this uncertainty gives rise to three
particularly important problems:

a. An interval of relatively high-velocity sediments of variable
thickness commonly occurs at the base of the sedimentary section
(Section 4.2, 4.4), and reflections from this layer can mask true
basement.

b. It is often difficult, especially in the SENR area and the
southern part of the lower rise, to distinguish constructional volcanic
from tectonic (fault-controlled) basement relief. Deep layers of
strongly-reflective sediments may also obscure the original relief in
places, complicating the matter.

c. It is often difficult to determine whether large basement
highs are in fact acoustically continuous with the adjacent basement
surface, because the airgun systems and vertical scales used in re-
cording these profiles cannot resolve the junction between these two
surfaces. This leaves the true nature of these features and the crust
surrounding them open to some doubt, unless sampling or potential field
data provide corroborating evidence.

The ambiguities arising from these elementary pitfalls in seismic
reflection interpretation can be very troublesome, particularly when
attempting to define the boundary between oceanic and continental
crust.

All times quoted in the text are two-way travel times in seconds.
4.1 Reflection Profiles

The major upper crustal and sedimentary structures of the
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Newfoundland Basin and its margins are illustrated by the seismic re-
flection profiles indicated in Figure 4.1. This section describes in-
terpretive line drawings of selected profiles (Fig. 4.3) and highlights
significant features of the accompanying geophysical data. Copies of
the original records for all profiles shown in Fig. 4.1 are given in
Appendix V.

4.1.1 Flemish Cap continental margin (Profiles 38A, 38B, 38C; 54;
Fig. 4.3a)

Profiles 54 and 38C together provide the only currently-available
crossing of the entire Flemish Cap margin. Basement and sedimentary
reflectors on the Cap appear to be truncated at the shelf-break, and
basement may be exposed on the very steep continental slope in this
region. Between 40 km on Line 54 and 45 km on Line 38C, basement is
frequently too deep to be observed. South of the peak at 80 km base-
ment lies at 7.3-7.5 seconds sub-bottom.

The latter basement high separates two distinctly different sedi-
mentary regimes: to the north one finds a substantial thickness of
sediments deposited in fault~-bounded troughs (Lines 54, 38C, 38B).
These units are bounded above by a strong seaward-dipping reflector.
Above the latter horizon there is a southward-thinning wedge of sedi-
ments characterized by wavy-laminated and disrupted reflectors (here-
after called the 'Flemish Cap wedge'). South of the basement high a
turbidite unit lies directly on basement. The turbidites appear to
unconformably overlie the Flemish Cap wedge between 35 and 75 km

(Fig. 4.4).
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Figure 4.3:

Line drawings of seismic profiles.
a. Flemish Cap margin:
Lines 38A, 38B, 54-38C.

b. Eastern Banks margin:
Lines 36, 43.

c. Southern Newfoundland Basin:
Lines 39, 42D, 42L, 44, 46.

d. SENR and Spur Ridge:
Lines 42M, 42N, 28, 11a,

e. Newfoundland Seamounts:
Lines 30, 31, 37.
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Figure 4.4: Detail of seismic record,
Line 38C.
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Profiles 38A and 38B provide some indication of the trends and
spatial limits of the features described above. Very deep sediments
are observed between 20 km and 60 km on 38B, with baéement shallowing
east of this. The Flemish Cap wedge extends, at the seafloor, to 70 km
on line 38B. Profile 38A does not extend sufficiently far north to
observe the deep sedimentary basins, but the toe of the Flemish Cap
wedge can be seen abutting a basement high at the northern end of the
line. This basement structure is thus inferred to be the continuation
of the basement high seen at 80 km on line 38C. The strike of this

feature, hereafter called the 'Flemish Cap Ridge' is 060°.

4.1.2 Eastern Banks continental margin (Profiles 36 and 43; Fig. 4.3b)

Profiles 36 and 43 present views of the Eastern Banks margin which,
at first glance, appear to be quite different. This impression is due
primarily to differences in profile orientation with respect to both
structure and bathymetry and to differences in vertical exaggeration.

Both profiles show that basement beneath the shelf (approximately
1.0 seconds sub-bottom) is faulted at the shelf-edge and cannot be
detected with certainty between the shelf break and the slope-rise
transition. The slope-rise transition is underlain by a distinctive,
block-shaped basement structure. It is important to note that, with
the possible exception of some of the very youngest sedimentary hori-
zons, no reflectors continue across this structure (this point is
treated further in Section 4.3). Seaward of the base-of-slope structure

on line 36 basement disappears beneath a 100 km wide graben. Clear
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basement reflections appear again at 190 km, from which point basement
can be traced eastward to the Newfoundland Seamounts. On line 43 base-
ment reflections are quite weak between the base of the slope and 125 km,
in part because of high hydrophone noise-levels prevailing during rough
seas; clear reflections are first evident at about 160 km and shallowing,
very rough basement occurs east of 190 km.

The most prominent feature in the sedimentary section on the shelf
is the angular unconformity at 0.5 seconds sub-bottom. This correlates
well with the Early Cretaceous Avalon Unconformity (Chapter 2; Jansa
and Wade, 1975; C. E. Keen et al., 1977). The unconformity can be
traced, with some difficulty, across the shelf break onto the slope,
but it cannot be traced beyond the basement structure at the foot of the
slope.

The sedimentary fill in the graben at the base of the continental
slope on Line 36 is over 3 seconds thick. One unit that wedges out to
the southeast can be seen near 5.0 seconds on the landward side of the
graben; overlying sediments are unconformable with this unit. Both
northwest and southeast of the seamounts, the uppermost sedimentary
units have a wavy-laminated character, suggestive of bottom-current in-
fluence in the vicinity of the seamounts.

Line 43 shows that the sediments of the upper continental rise
north of the seamounts have been deposited as a series of off-lapping
units. It is not possible with only one section to determine whether
slumping, erosional, or other processes dominate rise sedimentation.

The abrupt variations in reflector strength and continuity within the
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Figure 4.5: Details of seismic record,

Line 43, upper continental
rise sediments.
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upper 1 second of section (Fig. 4.5) suggests that both scouring and
slumping have been and continue to be active agents in shaping the rise.
Very similar sedimentary features seen in profiles across the contin-
ental rise off the eastern United States have been attributed to slumping

and turbidity current activity (Emery and Uchupi, 1972) with penecon-

temporaneous and subsequent modification by contour-following bottom
currents (Hollister and Heezen, 1972).

At 190 km on line 43 all reflectors above 5.5 seconds undergo a
| ; significant change in dip as they pass above a relatively transparent
1 I zone in the record (Figure 4.5). The cause of this very marked change
‘ is not known. One possible explanation is that the transparent zone
represents a sedimentary ridge, like the Gardar or Eirik Ridge (Johnson
and Schneider, 1969; Johnson et al., 1971), over which younger sediments
are draped.

Figure 4.6 shows a less vertically-exaggerated view of the eastern-
most 170 km of line 43. This figure shows that the reflectors in the
upper unit of the rise sequence take on a wavy form as they pass over a
series of basement highs. The angular unconformity between the sedi-
ments of the rise prism and the younger turbidites may outcrop between
25 and 35 km. A prominent reflector at 7.5 seconds continues eastward
beneath the turbidites.

4.1.3 Southern Newfoundland Basin (Profiles 39, 42D, 42L, 44, 46;
Fig. 4.3c)

Profiles 39, 42D and 42L, from the southern survey area, illustrate

the nature of acoustic basement and the typical sedimentary sequence of
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the southern Newfoundland Basin.

This region is characterized by gently westward-dipping, rugged
basement with average relief of about 0.5 seconds. Basement peaks up
to 1.5 seconds high are observed on several profiles (one shown in
Fig. 4.3c) in the eastern half of the survey area. The closer-than-
average track-spacing here (10 km and less) permits correlation of
these features between profiles; a NNE direction of elongation is in-
dicated.

Lines 42D and 39 show basement shallowing abruptly to a smoother,
bench-like feature at the eastern limit of the survey area. The eastern
extent of this feature is not known. Three other seismic lines
(Appendix V, Lines 40, 42F, 42J) also cross this scarp. Correlation
between these profiles indicates that the scarp strikes 015° south of
line 40; the strike north of this is unknown. Profile 39 also crosses
the fracture zone which B. R. Hall (1977) identified on the basis of
magnetic anomaly disruptions (40 km).

Line 42L, at the southern limit of the seismic coverage, shows
rough basement extending west to about 50 km, where it abruptly becomes
smoother and begins to deepen more rapidly. These changes may be re-
lated to volcanic activity on the SENR (smoothing basement relief) and
sediment loading near the continental margin.

Profiles 44 and 46 provide coverage to the north and west, re-
spectively, of the lines just described. From east to west on line 44
there are three zones of distinctly different basement topography:
High-relief, relatively deep (500 to 360 km); smooth, shallow (360 km

to 125 km); deep, blocky (125 to O km). The smooth shallow basement
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in the central part of the record occurs in the region of the Newfoundland
Seamounts, and is presumed to reflect modification of the original, high-
relief surface formed at the ridge crest by subsequent seamount volcanism.
The rugged topography on the eastern end of the line closely resembles
basement topography on the USNS Kane line north and east of the seamounts
(Johnson et al., 1971; Fig. 4.2). Basement topographic zones on line 44
do not appear to correlate with those observed further south in the Basin.

Line 46 crosses basement structures very similar to those seen
between 25 and 50 km on the western end of Line 44. Distinctive mag-
netic signatures are associated with these basement structures in both
localities. On line 46 the basement highs observed between 25 and 40 km
lie just east of a sharp 700-nT decrease in the magnetic anomaly.
Basement is not visible west of this ridge.

Two prominent sedimentary reflectors observed throughout most of
this region divide the sedimentary section into three units (Fig. 4.7).

Unit C, the oldest unit in the southern Newfoundland Basin acoustic
stratigraphic sequence, occurs 'only where basement is deeper than 8
seconds (Fig. 4.1l1). The upper surface of this unit, reflector Rz, is
generally quite flat, except for what appears to be draping over base-
ment highs. However, significant dips are occasionally observed both on
R, and on other reflectors within ﬁnit C.

Unit B, the interval between R; and Ry, either directly overlies
basement or unconformably overlies Unit C (Fig. 4.7).‘ The reflectors
within Unit B vary in strength from very weak to moderate and are es-

sentially flat-lying. Disruption of upper Unit B reflectors near base-
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Figure 4.7: Acoustic stratigraphic units.

4.7a: Definition of units, Line 42D.

4.7b: Illustrative sections, southern
Newfoundland Basin.
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ment highs might be due to: a) acoustic effects alone, b) depositional
draping or post-depositional differential compaction, or c) bottom-
current effects near topographic features.

Unit A is the final section in the sequence (Fig. 4.7). It appears
to unconformably overlie Unit B in most places; occasionally it rests
directly on basement. A relatively strong reflector occurs near or above
the mid-point of Unit A, and several profiles show evidence of an angular
discordance between the sections above and below this horizon; an upper
(Al) and lower (A2) section of Unit A are thus distinguished. Most of
Unit A is well-stratified, and the wavy or disrupted character of the
reflectors suggests that bottom~currents exerted a significant influence
upon deposition. These characteristics are accentuated in the vicinity
of basement and seafloor topographic features such as the SENR and the
basement scarp in the south-eastern part of the area. The recent activity
of down-slope bottom currents (turbidity currents) in this area is in-
dicated by the discovery of a network of shallow channels on the sea-
floor (Section 3.2). Horizontal or contour-following bottom currents
related to those described off the eastern United States by Hollister
and Heezen (1972), Emery and Uchupi (1972) and others may also be in-
volved in controlling sedimentation here.

Tentative correlation of Units A, B and C with the sedimentary units
observed on reflection profiles across the Newfoundland Basin coﬁtinental
margins (Fig. 4.3a, b) can be made on the basis of the depth to reflect-
ing horizons and the distinctive characteristics of Unit A. Using
Line 38C (Fig. 4.3b) as an example, Unit C can be correlated with the

sediments beneath the 7.0-8.0 second reflector (0-50 km), Unit B with
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the section between this horizon and the 6.5 second reflector (0-75 km)
and Unit A with the overlying stratified and wavy-laminated units. This
correlation is supported by the similarity in the velocity structures
measured at expendable sonobuoy stations near the margin and in the

southern Newfoundland Basin.

4.1.4 SENR and Spur Ridge (Profiles 42M, 42N, 1l1A, 28; Fig. 4.3d)

The nature of the Spur Ridge and the SENR is illustrated by pro-
files 11A (Renwick, 1973) and 28 (H. R. Jackson et al., 1975), respec-
tively.

The Spur Ridge at the crossing of line 11A is 40 km wide, and is
underlain by a basement ridge about 1.5 sec. high. Northwest of the
ridge relatively flat basement lies beneath about 1 second of sediment;
the flank of one of the Fogo Seamounts (J. M. Hall et al., 1977) can
be seen at the very end of the profile. Shallower and rougher basement
is observed to the southeast of the ridge. Up to one second of sedi-
ment caps the ridge. One strong reflector is observed immediately above
basement, but the remainder of this unit shows little internal structure.

Line 28 shows that the SENR is also a structurally-controlled base-
ment and sedimentary feature. The seafloor to the southwest is 700 m
deeper than that to the northeast, although no offset in basement depth
is apparent. Faults on the northeastern side exhibit the greatest
throw (up to 2 seconds).

Three distinctive units comprise the sedimentary cover of the SENR

on Line 28 (Fig. 4.8). The strongest reflector in the section ("PR")



T

£ w&w.z

LINE 28

2715

250

|
225

|
200

I
175

1
125

e )
e
L s
-h?
AT
RN SR
. @%be%f&(ﬂ.lﬁ
m“\‘..\aamx‘a n\\ W
.
. e O
| | |
- w L (-]

(03S) 3WIL 13AVHL AVM-OML

KILOMETERS

8

igure 4
tary units on the SENR

F

imen

Sed

t reflector; 1, 2 and 3 are units
referred to the text.

inen

PR=prom

in



- 86 -

is observed just above basement and in small sediment ponds perched on
the ridge flanks. The sediments which unconformably overlie this
prominent deep reflector on the southwestern flank of the ridge (Unit 2)
are characterized by wavy or disrupted reflectors. The contact between
Unit 2 and the more coherently laminated sediments of the abyssal plain
to the southwest is not shown by the seismic record; to the northwest
Unit 2 wedges out against an irregular reflector near the crest of the
ridge. ©No acoustically similar unit is seen on the northeastern ridge
flank.

On the southwest ﬁlank of the ridge, the youngest unit in the
section (Unit 1) occurs in a small depression within Unit 2 (at 130 km).
Acoustically similar sediments unconformably overlie reflector PR or
basement on the northeastern flank. The wavy form of the relatively
continuous reflectors in Unit 1 and the evidence of scouring adjacent
to the basement scarp at 225 km may indicate that significant bottom-
current activity is occurring here.

Profile 42N shows an oblique section across the western flank of
the Spur Ridge. Basement deepens rapidly coming down off the ridge
(115-60 km) and two large basement highs (buried seamounts ?) are ob-
served at the southwest end of the profile. A prominent, nearly flat-
lying reflector (PR) is observed in both of the sediment ponds crossed
by Line 42N. As on Line 28, the sediments overlying PR (Unit 2) are
wavy laminated and there is evidence for recent current activity ﬁeér
the basement highs (i.e. the apparently erosional seafloor scarp at

30 km).



- 87 -

Profile 42M crosses the northeastern flank of the SENR at a low
angle, providing a section approximately normal to that of Line 28 and
a tie line with the southern Newfoundland Basin profiles (Fig. 4.1).
The smooth character of basement along this line and the prominent
basement high at 100 km are noteworthy. The particularly high-amplitude
magnetic anomaly associated with the latter feature has been correlated
with the J-anomaly (B. R. Hall, 1977; C. E. Keen et al., 1977;

Chapter 5.)

Sedimentary reflectors R; and R, can be traced continuously from
Line 42L onto Line 42M (these are actually sections of a continuous
profile). The reflector identifications are shown at the eastern end
of Line 42M. It appears that Ry fades and then pinches out on basement
or older strata between 110 km and 130 km,and R, terminates near 135 km.
Reflector PR,observed in the sediment pond between 25 km and 90 km on
Line 42M (the same pond is crossed by Line 28, 225-260 km) and else-
where on the SENR and Spur Ridge (Profiles 11A, 11B, 42M), is believed
to be correlative with reflector R,; the expendable sonobuoy results
presented below support this. The wavy-laminated character of the
sedimentary units above PR suggests that these are correlative with
Unit A. The absence of Unit B may indicate that the tectonism which
produced the SENR and Spur Ridge was occurring during the time repre-
sented by Unit B in the Newfoundland Basin proper. It is quite prob-
able that this represents the Early Cretaceous tectonism on the Grand

Banks (Sections 2.1.2, 2.1.3).

4.1.5 Newfoundland Seamounts (Profiles 30, 31, 36, 37, Fig. 4.3Db,e)

The general point demonstrated by the seismic profiles in Figure
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4.3e is that the Newfoundland Seamounts are constructional volcanic
features whose flanks are acoustically continuous (within the limits
of resolution of the reflection techniques) with oceanic basement as
identified by H. R. Jackson et al. (1975) and by sonobuoy results re-
ported below.

Unfortunately, none of the profiles extends sufficiently far from
the seamount summits to permit thorough study of basement and sedi-
mentary structures associated with the seamounts. Nevertheless,
several interesting points emerge from examination of these records.

Three of the four profiles show an offset in basement depth across
the seamounts (the fourth profile only shows one flank of the seamount).
In profiles 36 and 37 deeper basement lies to the northwest, whereas
profile 31 shows deeper basement to the southeast.

Profiles 30 and 37 cross what appear to be steeply-dipping faults
of considerable throw (1 km, assuming 3.0 km/sec sediment velocity in
the deep sediments) in basement southeast and south of the seamounts
profiled.

The central and western seamounts (Scruncheon and Touten, profile 31;
Screech and Number 1, profile 36) have clearly exerted a strong influence
on continental rise sedimentation. Profile 31, north of Scruncheon
Seamount, gives particularly clear evidence of this. Note the thick
accumulation of wavy-laminated sediments and ﬁhe evidence of scouring

at the intersection of the seamount flank and the seafloor.
4.2 Expendable Sonobucy Results

Expendable sonobuoys provide valuable information on true sediment
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obser&ed above the reflector PR on the vertical-incidence records
(Units 1 and 2, Fig. 4.8). The lower interval measured on these sono-
buoy records corresponds to Unit 3 (Fig. 4.8) and has wvelocities
2.9-3.0 km/sec. This compares quite well with the range of velocities
measured for Unit C in the southern Newfoundland Basin and so supports
the correlation of reflectors PR and R,.

Sonobuoys 33, 35, 40 and 41 (Fig. 4.9) show that the Eastern
Banks and Flemish Cap upper continental rise sections contain 4-5 km
and 2-3 km of sediment, respectively. The interval velocities deter-
mined at these sonobuoy stations cor;elate moderately well with the
three velocity ranges given in Table 4.3, suggesting that R; and Ry, may
in fact correspond to the reflectors indicated on these sections in
Fig. 4.9.

Only one sonobuoy was deployed on the Grand Banks (sonobucy 34).
A single sediment unit 0.91 km thick, with a velocity of 2.03 km/sec,

was measured at this station.
4.2.2 Basement

Basement velocities were measured at 22 expendable sonobuoy

stations in the Newfoundland Basin and on the SENR, and at one station

on the Grand Banks (Fig. 4.10). Refractors with velocities of 4.4 - -~

km/sec to about 5.6 km/sec were generally associated with reflections
from the upper surface of basement observed on the vertical~incidence
reflection profiles. Velocities greater than 5.6 km/sec, in the range

6.1-8.0 km/sec, are associated with an unseen interface béﬂéath<base=
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ment. Figure 4.10 gives apparent velocities where the depth to the top
of the refracting half-space is unknown or where complex topography on
this surface prevented calculation of a true refractor velocity.

The basement velocities alone provide little indication of changes
in crustal structure. The measured velocities are consistent with
velocities reported for a wide variety of oceanic and continental
lithologies (Press and Beckmann, 1954; Sheridan and Drake, 1968;
Christensen and Salisbury, 1973) and no geographic variation in veloc-
ity is apparent (Fig. 4.10). Section 8.1 discusses the basement veloc-
ity data in further detail, using magnetic data in conjunction with
these results and éreviously published seismic data to permit inter-
pretation of the velocities in terms of oceanic and continental crustal

regimes.
4.3 Summary

It is worthwhile to review briefly the most significant points
brought out in the preceding sections and to clarify the geographic
relations between the major features identified on the seismic profiles
(Fig. 4.11).

Basement on the Eastern Banks margin is truncated by a fault be-
neath the shelf edge and, in general, cannot be seen beneath the thick
sediment of the continental slope. A basement high (without prominent
geophysical signature) observed near the slope-rise transition marks
the seaward limit of shelf and slope sediment units.

The Flemish Cap continental slope at line 54 appears to be an

exposed, faulted basement surface; recovery of Devonian rocks in a
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dredge haul from the southern face of the Cap (Ruffman and van Hinte,
unpubl.) supports this observation.

A basement high with about 3 km of relief (estimated using sono-
buoy 44 results) underlies the continental rise approximately 120 km
south of the Flemish Cap shelf break. This Flemish Cap Ridge strikes
060° between Lines 38C and 38A and is associated with two important
boundaries: The transition from smooth (toward Flemish Cap) to dis-
turbed (toward the Basin) magnetic field signature and the seaward
limit of the base-of-slope grabens and the Flemish Cap wedge.

Lines 39-46 tie in directly with crustal refraction Line 7
(H. R. Jackson et al., 1975). Basement on these lines correlates with
the top of oceanic layer 2 measured on Line 7.

Several distinct structural fabrics are observed in the southern
part of the Newfoundland Basin (Fig. 4.11): Rough, deep basement in
the southern and western areas of the Basin; rough, shallow basement
northeast of the seamounts and alorng the eastern end of line 44;
smooth, shallow basement at the eastern limit of the detailed survey
area in the southern Basin and along line 44 in the seamount region;
deep, block-faulted basement beneath the continental rise, associated
with a smooth magnetic signature; block-faulted basement beneath the
SENR; constructional volcanic basement features (buried and emergent
seamounts) that pre-date most or all of the sediment cover.

Three sedimentary units are recognized in the Southern Basin on
the basis of both sonobuoy and vertical-incidence reflection results.

Units B and C, beneath reflectors R; and Ry respectively, are essen-
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tially flat-lying sediments that £ill in basement relief; Unit A, the
interval between the seafloor and R;, thickens and grades into a wavy-
laminated facies toward the continental margins and SENR.

Correlatives to these units have been tentatively identified on
the continental margin seismic profiles. Particularly thick sections
beneath the presumed R, reflector are observed in deep troughs beneath
the upper rise on the Eastern Banks and Flemish Cap margins. The point
at which these units and éhe presumed Unit B correlatives pinch out on
basement highs to the east and south (75 km on Line 38C; 260 km on
Line 43) is coincident with the change from a smooth to a disturbed
magnetic field character. The two youngest units in the section along
the margins are considered to be members of Unit A. The older unit
(the Flemish Cap Wedge) displays a complex internal structure, with
wavy-laminated or disturbed reflectors and numerous wedgeouts and
angular discordances. Well-stratified sediments (distal turbidites)
unconformably overlie the Flemish Cap wedge to the east and south.

On the SENR and Spur Ridge expendable sonobuoy results indicate
that reflector R, is correlative with a strong, flat-lying reflector
ponded between basement highs (reflector PR). No correlative to Unit B
is observed on the ridges, presumably because of tectonism related to
the formation of these structures and uplift of the southwestern

Grand Banks in Early Cretaceous time (Chapter 2, Jansa and Wade, 1975).
4.4 Correlation of Acoustic Stratigraphy

The acoustic stratigraphy outlined above will be much more useful

in clarifying the evolution of the Newfoundland Basin if some litho-
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logic and chronologic identifications can be made. The only units in
the succession which have been sampled thus far are acoustic basement,
which dredge hauls show is basaltic in the area of the seamounts, and
the sedimentary cap on Shredder Seamount. The age and nature of the
other units in the succession and possible changes in the nature of
basement near the continental margins must be inferred by analogy with
related areas where both seismic and direct sample control are avail-
able. The areas examined in this section are the Bay of Biscay-Iberian
margin and the Northwest Atlantic south of the SENR (Fig. 4.12). The
implications of these correlations for the relationship between seismic
horizons in the Newfoundland Basin and on the Grand Banks are also
examined.

It is worthwhile to emphasize at the outset that this type of
comparison between widely separated areas provides at best a general
indication of possible ages and lithologies in the section. Lithologic
correlations are particularly problematic since, even in the earliest
stages of seafloor spreading, the Newfoundland Basin was physically
separated from the two comparison areas by the ancient Mid-Atlantic

Ridge and the Newfoundland Fracture Zone.
4.4.1 1Iberia-Bay of Biscay

DSDP Sites 398 (Ryan, Sibuet et al., 1976) and 400 A (Montadert,
Roberts et al., 1976) have been chosen as the points of comparison on
the Iberian and Biscay margins (Fig. 4.12). Thick sections were )
drilled at both sites, with 398 bottoming in Hauterivian limestone

and mudstone and 400A bottoming in carbonaceous mudstones of Aptian-
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TABLE 4.4

Groupe Galice Acoustic Site 398 Newfoundland Basin
designation (velocity) Characteristics correlative correlative (velocity)
Acoustic basement diffractant none Basement (> 4.8 km/s)

(> 4.0 km/s)

Formation 4
(2.5-3.5 km/s)

strong upper reflector
fills in basement
relief

relatively thin; hard
to distinguish from
basement

layering conformable with
acoustic basement
some tectonic dips

Haut.-Apt. limestones
and marls, passing
upward into turbidites

Unit C (3.0-4.0 km/s)

Formation 3
(2.2-2.9 km/s)

transparent to slightly
stratified

fills relief; top near-
ly level

only depositional dips

Alb.-Cenom. "black
shales" (claystones;
below CCD)

Unit B (2.2-2.9 km/s)

Formation 2
(1.9-2.1 km/s)

stratified with several
internal reflectors

generally flat-lying,
some inclined bedding
(due to current acti-
vity?)

Maestr.-0lig. turbidites
varying carbonate con-
tent

Formation 1
(1.9-2.1 km/s)

inclined bedding common
la = upper transparent
section

1b = lower stratified

section

Olig.-Present chalks and|
nanno ooze

Unit A (1.9-2.1 km/s)

- 20T -
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Albian age (Fig. 4.13). Correlation of seismic data in the vicinity
of Site 398 with the drilled section, given by Groupe Galice (1977),
provides the final element required for the present analysis.

Table 4.4 compares the acoustic stratigraphy of the Newfoundland
Basin with that found west of Iberia. The correlation between the
acoustic and drilled sections off Iberia, according to Groupe Galice
(1977), is also shown. The similarities between the two acoustic
stratigraphic sections (Fig. 4.14) are quite strong, so this comparison
can be regarded as reasonably reliable. However, because of the in-
creasing geographical separation of Iberia and the Newfoundland Basin
through time, the lithological correlations become progressively less

reliable toward the top of the section.
4.4.2 Northwest Atlantic

The acoustic and litho-stratigraphy of the Northwest Atlantic are
now rather well known. Houtz and Ewing (1964) describe the velocity
structure of the sedimentary succession on the basis of numerous ex-
pendable sonobuoy measurements at stations distributed throughout the
North Atlantic. Two prominent reflectors, Horizons A and B, are nearly
ubiquitous. The seafloor-Horizon A and Horizon A-Horizon B intervals
are characterized by Velocitieé of 1.6-2.2 km/sec and 1.7-2.9 km/sec,
respectively, according to Houtz and Ewing (1964). Velocities below B
are in the range 2.7-3.7 km/sec. H. R. Jackson EE.EE; (1975) observe
a similar velocity structure at sonobuoy stations on the Sohm Abyssal

Plain.
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The acoustic properties of the Northwest Atlantic and Newfoundland

Basin sedimentary sequences are compared in Figure 4.15 and Table 4.5.

The agreement between both the seismic profile and the sonocbuoy data

from each area is very good, indicating that Ry and Ry, in the Newfoundland
Basin likely do represent seismic Horizons A and B, respectively.

Deep Sea Drilling Project (DSDP) drilling in the western North
Atlantic provides lithological identifications for these acoustic units
and reflectors. However, drilling at numerous sites has shown that
seismic Horizons A and B vary significantly in age and nature throughout
the area. Tucholke and Mountain (1977) show that seismic "Horizon A"
is actually one or more of a group of reflectors, which they term the
Horizon-A Complex. The reflectors in this group range in age from
Middle Eocene to Late Oligocene. Four consistently-observed and well-
defined reflectors are identified and correlated with specific litho-
logies as follows (Tucholke and Mountain, 1977 ): Horizon A’ (Late
Oligocene) is the top of a volcaniclastic turbidite sequence; Horizon at
(Middle-Upper Eocene), observed west of Bermuda, marks the top of a
siliceous turbidite unit; Horizon AY (post-Middle Eocene) is an angular

t and 2V and progressively older

unconformity which truncates Horizons A
strata westward; Horizon A* (Late Maestrichtian) occurs well below the
other reflectors in the complex and represents a thin calcareous unit.
(The term "Horizon A", referring to the seismic horizon associated with
one or all of these reflectors, will be retained in this section, since
the concern here is with general identifications of acoustic horizons.

It should be noted, however, that several distinct reflectors are often

observed immediately below R; in the Newfoundland Basin and these may
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TABLE 4.5

HOUTZ & EWING (1964)

THIS STUDY
Unit Velocity (km/sec) Thickness (km) Unit Velocity
avg. range avg. range
A 1.77 1.6-2.0 0.9 0.5-1.5 1. Unconsolidated Tertiary 1.6-2.2
sediments
B 2.4 2,1-2.5 1.5 0.6-2.3 2. Semiconsolidated Upper 1.7-2.9
Cretaceous sediments
C 3.25 3.0-3.5 1.0 0.4-2.2 3. Lower Cretaceous and 2.7-3.7
older consolidated
sediments !
}—l
O
~J
1
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be correlative with specific reflectors within the Horizon-A complex.)

The nature of Horizon B has also been clarified by DSDP drilling.
Mountain and Tucholke (1977) show that B at most DSDP sites marks the
change from Hauterivian limestones to Barremian black clays. At DSDP
Site 4, however, this transition is significantly younger (Late
Cretaceous). As additional evidence that Horizon B is diachronous,
Mountain and Tucholke (1977) point out that the B reflector pinches out
to the east against basement of approximately Hauterivian age (M11-M4)
north of Bermuda and against younger basement of Barremian age (M4-M2)
south of Bermuda.

The four Northwest Atlantic DSDP sections chosen for the present
comparison (Figure 4.12; Ewing, Hollister et al., 1972; Benson, Sheridan
et al., 1975; Tucholke, Vogt et al., 1975) illustrate the regional vari-
ability in Horizons A and B (Fig. 4.16). Except for the variation in the
age of Horizon B, the lithology of the pre-Horizon A sections at all
four sites is quite similar. Strong similarities also exist between
the pre-Horizon A sediments at these Atlantic sites and those drilled
at Sites 398 and 400A, described above. Very pronounced differences in
lithology appear in the post-~-Horizon A units as local environmental
factors (proximity to the shelf edge or volcanoes; local current regimes;
glaciation) begin to dominate sedimentation.

In regard to the correlation with the Newfoundland Basin
acoustic stratigraphic sequence, the above observations mean that a
strong similarity can be expected between the lithology of the pre—Rl
section and the pre-Horizon A sections in the Northwest Atlantic. The

younger, post-R; units may be chronologically equivalent to the post-
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Horizon A units at these DSDP sites, but they probably comprise dis-
tinctly different lithologies.

The correlation of R, with Horizon B presents a problem. Chapter 5
of this thesis presents evidence that the oldest seafloor spreading iso-
chron in the southern Newfoundland Basin is the J-anomaly, which cor-
relates with anomalies M2-M4 of the Keathley sequence. Reflector R, in
this area can be traced a considerable distance east of the J-anomaly,
onto crust that is about 102 Ma old. On the other hand, the Horizon B
reflector south of the SENR qenerally pinches out on crust that is
J-anomaly age or older, although this horizon may be as young as Late
Cretaceous in places (Mountain and Tucholke, 1977). This problem cannot
be resolved until additional data on the nature of R, are obtained.
Throughout the remainder oﬁ this thesis the correlation of Horison B with
Newfoundland Basin reflector Ry is accepted, and it is assumed that the
inferred Late Cretaceous age of Ry is further evidence for the diachron-

ous nature of Horison B.
4.4.3 Conclusion

The two preceeding sections have briefly illustrated that very use-
ful correlations between the acoustic stratigraphy in the Newfoundland
Basin and the better-known stratigraphic sequences in the Northwest
Atlantic and off western Iberia can be made with a fair amount of con-
fidence. These comparative sketches lead to the postulated ages and
lithologies for Units A, B and C shown in Figure 4.18. Two important
points concerning the relationship between acoustic units or events in

the Newfoundland Basin and stratigraphic elements on the Grand Banks can
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be addressed using this proposed stratigraphy.

First, this provides a minimum age for the sediment £ill in the
grabens observed beneath the Eastern Banks and Flemish Cap margins
(Profiles 36 and 43, Fig. 4.3b; 54-38; Fig. 4.3a). The sediments in
the continental margin grabens are overlain by Units A and B, and thus
are older than Early-Mid Cretaceous. The quiet magnetic character of
the region in which the grabens lie may indicate that they occur within
subsided continental crust (see Sections 5.2 and 8.1). The combination
of structural setting and age of deposits leads to the inference that
these grabens are rift-valley basins which, like the Grand Banks sub-
basins (Chapter 2) formed during tensional phases early in the history
of continental separation. By analogy with the Carson Sub-basin at the
eastern edge of the Grand Banks (Fig. 2.4) these continental margin
grabens may be expected to contain sediments as old as Upper Triassic.

The second point to consider is the seaward extent of the Avalon
Unconformity. Workers in this region generally accept one of two very
different interpretations on this topic. The problem is best considered
in the Tail of the Bank region, where the same set of multichannel
seismic records has been used as the basis for both interpretations
(Lines 111-116, Fig. 4.2).

A. C. Grant (1977) and Gradstein et al. (1977) both trace the
seismic event associated with the Avalon Unconformity on the Grand
Banks (Grant's "Reflector U") from the shelf to the SENR as a contin-
uous event. Reflectors below U on the SENR suggest to A. C. Grant

(1977) that a considerable thickness (6-~8 km) of Cretaceous and older
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sediments underlie this horizon. The assumption that seismic event U
on the SENR is strictly equivalent to U on the Grand Banks is a prime
factor that leads A. C. Grant (1977) and Gradstein et al. (1977) to
conclude that both areas are underlain by the same, continental basement.

The present author and King and Young (1977) have also examined
these multi-channel records and do not consider reflector U to be con-
tinuous across the continental slope. Xing and Young (1977), who in-
cluded similar records from the margins off Nova Scotia and Labrador
in their analysis, consider the present day continental slope to be
underlain by a succession of Mesozoic-Cenozoic paleo-slopes. In their
view the Avalon Unconformity does not continue across the slope, but
rather terminates near mid-slope in a zone of confused reflections and
side-echoes which marks the paleo-slope succession. This does not rule
out the possibility that the reflectors on the SENR and the Grand Banks
may be genetically related events (i.e. contemporaneous unconformites,
see Section 4.1.4). The main point is that the mid-slope region marks
the boundary between two gquite different regimes.

Further evidence that the U reflectors on the Grand Banks and on
the SENR are not equivalent comes from the single-channel seismic and
expendable soncbuoy data‘on Line 42M, which intersects multi-channel
line 116 (Fig. 4.2, 4.3e). Reflector PR on Line 42M is identical with
U and is believed to correlate with the other reflectors labelled PR
in Fig. 4.2e. The correspondence between the measured 4.8-5.6 km/sec
basement velocities and oceanic layer 2a velocities (Raitt, 1963) plus
the high-amplitude magnetic anomaly signatures of the SENR and Spur

Ridge are believed to be more consistent with the interpretation that
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oceanic crust underlies this area. The velocity-depth data for these
sections (Fig. 4.9) suggest that PR/U on the SENR and the Spur Ridge
is the top (either depositional or erosional) of a relatively high-
velocity sedimentary layer, 0.5-1.5 km thick. Velocities in the range
4.8-5.6 km/sec are measured beneath this interval. In some cases the
latter velocities are clearly associated with the basement reflector
beneath PR. In other cases no distinct reflector can be found below
PR; it is assumed in these cases that the sedimentary layer below PR
is masking the basement reflection. It is important to note that the
multi-channel records consistently show U or PR as only a singlé event,
whereas the single-channel profiles frequently indicate another re-

flector (basement) below this.
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CHAPTER 5: MAGNETICS

B. R. Hall (1977; hereafter BRH) presents a compilation of mag-
netic data collected in the Newfoundland Basin up until l§75 and at-
tempts‘to correlate the anomalies observed in this area with known
oceanic anomaly sequences. The oldest and youngest anomalies in the
southern Basin are identified as the J-anomaly (M2-M4) and Anomaly 31/32
(after Srivastava, 1978), respectively, giving age limits of 115 Ma
and 73 Ma for the oceanic crust south of the seamounts. Identification
of the anomalies observed between the J-anomaly and 31/32 and of the
anomaly pattern in the northern part of the Basin poses much greater
difficulties; BRH speculates as to the nature of these anomalies but
proffers no definite interpretation. This study is summarized by
C. E. Keen et al. (1977) and is discussed in greater detail in 5.4.

One task of the present study (Section 5.5) is to re-examine the
results of BRH using additional data obtained in 1976 and taking into
account recent studies of the initial fit and early spreading between
Iberia and the Grand Banks (LePichon et al., 1977; Haworth, in prep.).
Another important aim in this chapter (Section 5.3) is to examine mag-
netic evidence that bears on the relationship between the Newfoundland
Basin and the surrounding continental areas or on boundaries between

structural provinces within the Basin.
5.1 Data Collection and Reduction

The magnetic data which have been examined in this study were
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collected during ten cruises conducted between 1965 and 1976 (Figure 5.1,
Appendix IV). The detailed surveys over the Grand Banks and Flemish
Cap have been compiled by Haworth and MacIntyre (1975) and are presented
in simplified form in this report. All Bedford Institute profiles
examined by BRH are included in the data base for the present study.

This chapter relies most heavily on results from four Bedford
Institute cruises made since 1973. Ship's positions on these cruises
were determined by navigational satellite and Loran C in the range-
range mode; the estimated positioning accuracy for these tracks is
* 300 m at the 95% confidence limit (S. Grant, 1973).

The total magnetic field intensity was measured at 6-second inter-
vals with a towed proton-precession magnetometer, and the values were
recorded in both analog and digital form. The data have been corrected
by removal of the International Geomagnetic Reference Field (IAGA, 1969)
for the epoch appropriate to each cruise. This correction produces
anomaly profiles with mean values (baselevels) significantly less than
zero, and the discrepancy betwen the theoretical and actual regional
fields appears to increase from 1965 to the present. Srivastava (1977)
and Dawson and Newitt (1977) document large errors in the secular vari-
ation terms of the IGRF-65 and IGRF-75 fields which may well be re-
sponsible for the observed poor fit. Such errors presumably do not
affect the shapes or relative amplitudes of the anomalies, so valid
comparisons of these characteristics can be made without further cor-
rection. However, it is necessary to adjust the profiles to a zero-

baselevel for two-dimensional modelling. The magnitude of the base-

‘level shift required for each cruise has been determined visually, and
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the shift applied by hand. This adjustment effectively removes the
errors due to the IGRF and, for the data collected during cruise
MK76-031, the 20-50 nT errors caused by unusually close proximity of

the magnetometer sensor to the ship (Appendix I).
5.2 Regional Anomaly Character

Figure 5.2 shows simplified contoured magnetic anomaly trends
over the Grand Banks-Flemish Cap area (Haworth, 1975; Haworth and
McIntyre, 1975) and the Newfoundland Basin survey areas (BRH; C. E.
Keen et al., 1977), along with selected profiles which illustrate the
character of the anomalies over the rest of the area. Seismic and
gravity data accompanying the profiles shown are given in Figure 4.3.

On the Grand Banks and Flemish Cap Haworth (1975) and Haworth and
Lefort (in prep.) show that the sinuous-shaped, roughly north-south
trending positive anomalies reflect Hercynian structures developed in
volcanic rocks of the Avalon Zone. These anomalies all merge at their
southern ends with an ESE-trending magnetic high, referred to as the
Collector Anomaly (Section 2.1). Haworth and Lefort (in prep.) ten-
tatively indicate that the easternmost of the sinuous anomalies con-
tinues south onto the upper continental rise of the Newfoundland Basin
(Fig. 5.2).

Magnetic slope anomalies, such as are observed along much of the
eastern North American continental margin, are not observed on the
profiles across the Eastern Banks margin (Fig. 5.2). This section of
the Newfoundland Basin margin is characterized by a marginal smooth

zone that extends from the shelf to the transition between the upper
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and lower continental rise provinces. South of the seamounts the
smooth zone is terminated abruptly on the seaward side by a 500-700 nT
(peak-to-peak) anomaly which is on strike with the J-anomaly (BRH;

C. E. Keen et al., 1977). North of the seamounts it appears that the
seaward boundary of the smooth zone is somewhat less abrupt. The
boundary here is marked by a series of short-wavelength anomalies which
increase in amplitude eastward.

Anomalies in the magnetically disturbed region seaward of the
smooth zone exhibit amplitudes and wavelengths comparable to those
associated with oceanic crust generated by seafloor spreading. Anom-
aly 31/32 (Srivastava, 1978; BRH) of the Cretaceous reversal sequence
occurs at the eastern limit of the area of interest here (Fig. 5.2).
The roughly lineated anomalies between the J-anomaly/smooth zone boun-
dary and anomaly 31/32 are discussed in sections 5.2 and 5.3.

One final distinctive region to be noted in Figure 5.2 is the zoﬁe
of very high-amplitude anomalies over the SENR and Spur Ridge. The

J-anomaly identification of BRH is indicated in the figure.
5.3 Previous Studies

BRH presents data collected in the Newfoundland Basin through 1975
by several agencies (Bedford Institute of Oceanography; Lamont-Doherty
Geological Observatory; U. S. Naval Oceanographic Office; NAVADO Project)
and attempts to correlate the anomalies observed in this area with
established magnetic reversal sequences. His study focuses on two

particularly well-surveyed areas within the Basin (Section 5.3).
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The results in the northern survey area (Fig. 5.3) are subject to
rather large errors from several sources. These data were collected
during numerous cruises undertaken between 1965 and 1974, and naviga-
tional control was often poor. In particular, on some of the earlier
cruises positions were determined solely by dead-reckoning and
celestial fixes. Furthermore, study of land-station magnetometer re-
cords from St. John's, Newfoundland, and Halifax, Nova Scotia, reveals
that large temporal variations (65-210 nT) occurred during some periods
of data collection; BRH reports that it is impossible to correct for
these variations. The poor quality of the data set for this region
is indicated by the large (109 nT, rms) cross-over errors.

In spite of these difficulties, BRH presents a contoured magnetic
anomaly map for the northern area (Fig. 5.4a). He describes the ano-
maly pattern here as confused, noting that suggestions of both north-
south and roughly east-west trends are visible.

The detailed magnetic data in the southern area (Fig. 5.3) were
obtained during a multi-parameter survey carried out by the C.S.S.
Hudson in 1975. Diurnal variations in the area were measured and cor-
rected for during the study and navigational control was consistently
good (* 300 m). The cross-over error for this survey is 22 nT (rms).

Tie=-lines run to the east and west of the southern survey area
establish its location with respect to anomaly 31/32 and the contin-
ental margin (Fig. 5.3). On the western tie-line BRH identifies the
J-anomaly as the oldest seafloor spreading anomaly in the southern

Basin.



- 123 -

{a5°

{a0°

50° 400
z
—~7 < o
>
z
- g
(8]
THE GRAND BANKS
45°
40
/ 50° 45 “40°

Figure 5.3
Location map: Survey areas and composite model profile
("B" and "C") studied by B.R. Hall (1977).



44°30" 44° 43°30' ’ 42"'30‘

46° 46°

45°
45° 35 |

50

- Pt

CONTOUR INTERVAL 100 gommas
34530

Figure 5.4a

Magnetic anomaly contours, northern survey area.
: (after B.R. Hall, 1977).

[N



- 125 -

43

46° 45°30 43° 49°30 44 43°30°

CCHTCUR INTERVAL 100 gammos
OASHED COMNTOUR INCICATES UNCORRECTED VALUES

.
£ 45°30" 45° 44° 30

Figure 5.4b
Magnetic anomaly contours, southern survey area.
(after B.R. Hall, 1977).

a3










- 126 -

F,

S0YN 400 ITN
498 W 438w

4I3TN 4325w 41 37y
&

o

CBSERVED

{gum.ras)
EER

400 450
{kiicmetres)
Figure 5.5a

Composite reversal model
(B.R. Hall, 1977).

ALTERNATIVE SEQUENCE MODELS

332
observed
500 anomaly

175 } 12.5 } 25 spreading
500
L} calculated
anomaly
0 %m %0 M:B M:'I Mio ::4 3 3? 3:1 30 2:9 z:s

500r

NAAUVAAVY I\/VWNAq/\\j’,f‘“”'\ f——'\/——*y"‘\.\J’*’\f\/\J

0" %m 30 M!? mo M1$ MJ M' ; 312 3:1 3:0 1:9 2:8

Figure 5.5b
Alternative anomaly correlations.
(B.R. Hall, 1977).



- 127 -

BRH's contoured magnetic map of the southern survey area (Fig. 5.4b)
shows several prominent, roughly linear anomalies with a strike,at least
in the western part of the area, of 015°. BRH presents two-dimensional
block models, incorporating seismic reflection data on basement depth,
which demonstrate that the contoured anomalies are not due solely to
basement topography. These model results lead BRH to conclude that zones
of reverse-polarity crust are required to satisfy the observations.

In order to correlate the contoured lineations with known reversal
sequences, BRH gives a composite magnetic model profile which extends
from anomaly 31/32 to the J-anomaly (Fig. 5.5a). The modelled reversal
sequence for this line does not correlate well with published reversal
sequences (Heirtzler et al., 1968; Larson and Pitman, 1972; LePichon
et al., 1973; Larson and Hilde, 1975). More specifically, both of the
published J-anomaly correlations with age (Tucholke, Vogt et al., 1975;
Barrett and Keen, 1976; Rabinowitz et al., 1977) encounter serious
problems (Fig. 5.5b). |

If the J-anomaly correlation with M16-M17 is accepted, the model
results require frequent and large changes in seafloor-spreading rates
which are difficult to reconcile with other studies of North Atlantic
spreading rates for this time (Vogt and Johnson, 1971; Pitman and.
Talwani, 1972; Larson and Pitman, 1972). On the other hapd, accepting
the M2-M4 (115 Ma) correlation for the J-anomaly requires that the
modelled reverse-polarity zones in the southern survey area occur in
crust that formed during the Cretaceous Normal Interval (KN; Helsley

and Steiner, 1969; Irving and Pullaiah, 1976).
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BRH favors this latter model for the Newfoundland Basin reversals,
largely because it predicts more plausible spreading rates. The
problem of KN reversals remains unresolved. BRH suggests that the
modelled reversals might correlate with KN-age reversals reported from
studies of Cretaceous sediments drilled by the Deep-Sea Drilling Project

(Green and Brecher, 1974; Keating and Helsley, 1976, in press).
5.4 New Results and Observations

Additional data collected in the Newfoundland Basin in 1976 docu-
ment the exiétence~of a marginal magnetic smooth zone, the seaward
boundary of which apparently is coincident with the continuation of the
J-anomaly (BRH) north of the SENR (Section 5.1). Analysis of these
new data prompted re-examination of the data presented by BRH for the
northern and southern survey areas. This in turn has provided new in-
sight into the two major paleomagnetic issues raised by the earlier
work: The apparent occurrence of reverse polarity during KN (Section 5.5)
and the origin of the J-anomaly (Section 5.4.1 and Chapter 8). The
1976 data do not conflict with or provide a basis for revision of the
J-anomaly or anomaly 31/32 identifications of BRH; these anomaly iden-
tifications and the average spreading rates based on them are therefore

retained.

5.4.1 The J-anomaly and the smooth zone boundary

Figure 5.6 compares the magnetic anomalies observed on four of

the MK 76-031 profiles across the smooth zone boundary south of the
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seamounts with the J-anomaly as observed over the SENR (BRH; C. E. Keen
et al., 1977) and on the Spur Ridge (Renwick, 1973, Tucholke and Vogt
et al., 1975). The peak-to-peak amplitude of the smooth-zone boundary
anoamly in the southern Newfoundland Basin is comparable to that of the
J-anomaly, and quite similar basement structures are associated with
both anomalies (Tucholke and Vogt et al., 1975; Ballard et al., 1976;
C. E. Keen et al., 1977; BRH, Ch. 4). However, the very different
magnetic signaturé landward of the two anomalies casts doubt on their
correlation. Is it possible that spatial association between the
smooth zone boundary in the southern Newfoundland Basin and the J-
anomaly is coincidental, and that there is no temporél or genetic

1link?

Magnetic model studies have been undertaken in attempting to re-
solve this question. A few limitations of such studies should be noted.
First, all such models give inherently non-unique solutions. Secondly,
the J-anomaly, because of its unique character, cannot be fitted using
standard reversal-sequence block models and typical parametefs
(Rabinowitz et al., 1977; C. E. Keen et al., 1977); arbitrary variations
in magnetic source-layer thickness or/and increases in magnetization
contrasts must be invoked to match the unusually high amplitude of the
J-anomaly. Nevertheless, two-dimensional models coupled with seismic
reflection data may help to eliminate inappropriate combinations of
structure and magnetization for the anomaly sources.

Models were constructed along three seismic profiles crossing the

smooth-zone boundary, using the methods and source-layer parameters
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used by BRH for other southern Newfoundland Basin profiles. (Upper
surface of source-layer determined from seismic profiles, lower surface
planar at 8.5 km; intensity of magnetization .0025 emu/cc). These
models produce satisfactory fits to the anomalies seaward of the smooth
zone, but they do not reproduce the amplitude of the boundary anomaly
or the long-wavelength low observed landward of the boundary.

Numerous models, employing a variety of source-layer geometries
and parameters, were constructed in attempting to fit the latter fea-
tures of the magnetic field. Figure 5.7 shows simplified versions
(without topography on the upper surface) of several models for lines
43 and 44. No model was found which produced a truly satisfactory fit.
The closest approximations to the observed field are obtaiﬁéd by postu-
lating sharp changes in source-layer depth or thickness at the smooth
zone boundary and constant polarity landward of the boundary. Equiva-
lent fits result from using a very thick source layer of low remanent
magnetization intensity (which could also represent a low susceptibility)
or a thinner, deep layer of high intensity.

These results imply that the smooth zone boundary anomaly is due
to an edge-effect. The models do not indicate the actual geology pro-
ducing the edge-effect and they do not rule out the possibility that
the boundary is an isochron. Thus, it is still conceivable that the
J-anomaly in the Newfoundland Basin is coincident with the smooth zone

boundary.

5.4.2 Newfoundland Basin anomaly pattern

The anomaly patterns mapped by BRH in the northern and southern
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survey areas have been re-examined in this study with two questions in
mind. First, whether there is in fact a correlation between the two
sets of data; second, to clarify interpretation of the anomaly geometry.

Two profiles were run across the Basin during MK76-031 in
order to check the northward continuity of the anomalies mapped by BRH
in the southern survey area. Inspection of the anomalies and reversal
models along these tracks and the tracks modelled by BRH (Fig. 5.8)
has not revealed any correlation between the two sets of data. 1In
light of the latter result, the data from the southern survey area
were re-examined to determine whether the contoured anomaly pattern
might be re-interpreted.

An interesting feature of the anomaly pattern in the southern
Basin which was not mentioned by BRH is the branching of anomalies near
the center of the survey area (Fig. 5.4b). The 015° trend observed in
the western part of the area is replaced in the eastern half by short
anomaly segments with a 055-060° trend with offsets at 145° (Fig. 5.9%a).
The age of the crust at the change in anomaly strike on the southern
survey area is 102 Ma, calculated on the basis of a 1.75 cm/yr spreading
rate (BRH) and a measured distance from the J-anomaly of 222 km.

The anomalies in the eastern part of the northern survey area can
also be described in terms of this anomaly-fracture zone orientation
(Fig. 5.9b). The magnetically different region west of 44°45'W in
Fig. 5.9b is the marginal smooth zone.

LePichon et al. (1977) propose that the initial motion of Iberia
with respect to the Grand Banks and the opening of the Bay of Biscay

both occurred by rotation about a pole located northeast of Paris.
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The pattern of 055° anomalies and 145° offsets in the Newfoundland Basin
coincides almost exactly with the ridge and fracture zone trends re-
quired for this pole of rotation. The implications of this fact are
discussed further in Chapter 8.

This re-interpretation of the Newfoundland Basin anomaly pattern
offers at least one simple explanation for the confused reversal se-
guences and poor anomaly correlations described earlier: Most tracks
and all model profiles currently available cross the area at rather low
angles to the 055° lineations, intersecting both fracture zone and sea-
floor-spreading anomalies. Correlation of the anomaly seguence between
31/32 and the J-anomaly with known Cretaceous anomaly sequences is not

possible with the present coverage.
5.5 The problem of KN reversals

BRH points out that correlation of the J-anomaly with the younger
Keathley sequénce anomalies M2-M4 (Fig. 5.5b) requires that some of the
modelled reversals east of the J-anomaly occurred during the Cretaceous
Normal Interval (KN), which is supposedly a long, normal-polarity
interval of Upper Cretaceous age (Irving and Pullaiah, 1976). If cor-
rect, this postulate has profound paleomagnetic implications. A review
of the issue is presented below, followed by discussion of several pos-
sibly important processes affecting the oceanic magnetic layer.

The substantial terrestrial paleomagnetic evidence for constant
normal polarity during KN was summarized by Irving and Pullaiah (1976).
These authors also compare several Jurassic-Cretaceous time- and

polarity-scales with marine reversal sequences. Terrestrial and marine
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evidence for the limits of KN differ by several million years, but are
in agreement on the existence of a long interval of normal polarity.
Using the London time-scale (Harland et al., 1964) and the polarity
scale of Larson and Pitman (1972), Irving and Pullaiah (1976) contend
that 81 Ma and 110 Ma are the best estimates for the bounds of KN.

Recent detailed stratigraphic and paleomagnetic study of the lime-
stone intervals in the Cretaceous and Paleocene pelagic sediments ex~
posed at Gubbio, Italy (Alvarez and Lowrie, 1977), provide further evi-
dence for the existence and age limits of KN. A younger limit of
76-82 Ma is given in this study.

However, there is also evidence which suggests that a number of
field reversals occurred during KN. Green andBrecher (1974) randomly
sampled 13 different sedimentary intervals in a 204 m section of the
sequence cored at DSDP Site 263 (Leg 27) and found three of these to
be of reverse polarity. Although "some paleontological evidence" sug-
gested that these cores were of KN (Albian) age, Green and Becher
(1974) interpret the presence of the reversals as evidence that the
cores in fact pre-date KN.

According to Keating and Helsley (1976), "...at least four inter-
vals of reversed polarity of Albian age have been found which have not
been identified in the seafloor anomaly sequence." Additional work by
Keating and Helsley (in press) on 44 sediment sequences, both outcrop and
DSDP core samples, show that mixed polarity characterizes the entire
Lower Cretaceous and the final stage of the Upper Cretaceous. Between
100 Ma and 70 Ma Keating and Helsley (in press) find normal polarity

interrupted by three brief reversals.
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Further terrestrial evidence for reversals during KN may come
from Krumsiek's (1977) study of Cretaceous strata in the Haut-Atlas of
southwestern Morocco. Preliminary results from the first of four
sections to be studied show five reversals of Aptian to Cenomanian age.

In the North Atlantic south of the SENR several workers have re-
ported the presence of roughly lineated anomalies over crust presumed
to be of KN age (Vogt and Johnson, 1971; Hayes and Rabinowitz, 1975).
Vogt finds (pers. comm.), as did BRH, that these anomalies are best
modelled as zones of reverse-polarity crust. According to Hayes and
Rabinowitz (1975), KN crust in the Pacific does not display this type
of signature. ﬁowever, the Cretaceous crust in the Pacific has not
been studied in great detail, to this author's knowledge.

Obviously the magnetostratigraphy of the Cretaceous is yet rather
unclear. The contradictions in the evidence thus far assembled might
reflect conflicting biostratigraphic interpretations, errors in abso-
lute age assignments of sediments, saméiing or interpretational biases,
or any number of other factors. Two interpretations of the existing
data are possible, each of which raises interesting questions:

a. KN (81-110 Ma) was an interval of virtually constant normal
polarity. What then, causes the apparent reversals in Atlantic oceanic
crust and in some sediments of this age?

b. KN was an interval of mixed, perhaps predominantly normal
polarity. Why, then, are reversals of this age not observed more con-
sistently?

The former point raises issues most relevant to the present study,

specifically the question as to what processes might affect an igneous



- 140 -

source-layer of uniform normal polarity in such a way as to produce
apparent reversals. The remainder of this section considers, in a sim-
plistic fashion two processes which might be involved. The essence of
the discussion is that the KN oceanic crust may be a very obvious case
in which geological complexity renders our current concepts of crustal
magnetization, and hence our normal modelling and analytical methods,
invalid.

The seafloor spreading hypothesis depends critically on the as-
sumption that marine magnetic anomalies reflect the thermal remanent
magnetization (TRM) acquired by the basalts of the oceanic crust during
rapid post-eruptional cooling. It is now known that the processes in-
volved in oceanic crustal magnetization are much more complex, on all
scales from crustal to crystalline (see, for example, Harrison, 1976;
Scientific Party, 1976; Kidd, 1977; Ryall et al., 1977); J. M. Hall
(1977) questions whether any of the natural remanence in the oceanic
crust is TRM. Alteratién of the original TRM is thus the first mechan-
ism to consider as a possible cause of the KN "reversals".

Either viscous remanent or chemical remanent components could
overprint the original TRM. While it is unlikely that significant
changes in magnetization direction could be produced by either of
these effects (Merrill, 1975; J. M. Hall, 1977) there are certain con-
ditions which could lead to changes in magnetization intensity by a
factor of three or four (Johnson and Merrill, 1973; Merrill, 1975).

The consequent magnetization contrast between juxtaposed blocks of al-
tered and unaltered material would give rise to anomalies that could be

modelled as normal and reverse polarity bodies, respectively (Fig. 5.10).
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This model clearly implies that the alteration (presumably related to
hydrothermal processes) has selectively affected alternating elongated
strips of crust.

Recent results from DSDP drilling in the Atlantic (e.g. Luyendyk,
Cann et al., 1977; Donnelly, Francheteau et al., 1977) indicate that
tectonic rotations of 10-30° are common in oceanic crustal blocks.
Tectonic tilting of elongate crustal blocks could also produce effective
magnetization contrasts that might be erroneously modelled as reversals
(Fig. 5.10). The observed anomaly would probably be quite sensitive to
the size of the blocks (both length and width), the amount and uni-
formity of rotation and the sharpness of the "edges" between blocks.
Figure 5.10 illustrates this in a very schematic manner. In actuality,
the interplay of these and other conceivable factors is undoubtedly very
complex and development of a more explicit model must await detailed
analysis of data from several areas in which KN lineations are observed.

The very possibility that either of the above models might account
for the KN lineations has obvious and profound implications for paleo-
magnetism and ocean crust geology. The alternative point raised earlier,
that mixed polarity characterizes KN but has generally not been detected,
raises equally significant questions about paleontologic and radiometric
age control, sampling biases, the fidelity of the terrestrial and oceanic
crust as recorders of the earth's field, etc. There is clearly much
work to be done on both of these fronts.

Clearly, then, there are several ways to explain apparent rever-

sals in KN oceanic crust, and it is possible that one or more of these
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could produce the observed anomaly character. Both of tbe models dis-
cussed above require that the crust has a well-developed tectonic fabric.
Failure to develop such a fabric in the Pacific, perhaps because of

higher spreading rates, could explain why KN anomaly lineations appear.
5.6 Summary

Qualitative examination of magnetic anomalies over the Newfoundland
Basin shows that the distinctive signature of the surrounding contin-
ental areas (Haworth, 1975; Haworth and Lefort, in prep.) extends sea-
ward onto the upper continental rise along the full length of the margin.
The lack of a magnetic slope anomaly comparable to that observed along
Atlantic margins south of the SENR reflects the fact that the physio-
graphic continental margin in the Newfoundland Basin is not the locus of
the ocean-continent edge.

The rather flat, generally negative field in the marginal smooth
zone is abruptly terminated, near the transition from upper to lower
continental rise, by a 500-700 nT positive anomaly. South of the sea-
mounts this anomaly is coincident with the J-anomaly.

The disturbed area seaward of the magnetic smooth zone displays a
pattern of roughly lineated anomalies. South of the seamounts the
lineations display two azimuths (Fig. 5.9a): 015° (parallel to the
smooth zone boundary) from the western limit of the disturbed zone to
about 45°W; 055° east of 45°W. In the northern detailed survey area
(Fig. 5.9b) only the 055° lineations are observed. The pattern of 055°
anomaly lineations and 145° offsets is evidence supporting the hypo-

thesis that the opening of the Bay of Biscay and early Iberia-North
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America relative motions involved rotation about a pole located north-
east of Paris (LeBorgne et al., 1971; LePichon et al., 1971; LePichon
et al., 1977).

Two important points raised by these observations have been con-
sidered in some depth in this chapter. These are: a) The relation-
ship, other than geometrical, between the J-anomaly and the smooth zone
boundary; and b) The origin of apparent reversals within the crust east
of the J-anomaly, which presumably formed during KN, the Cretaceous
Quiet Interval (Irving and Pullaiah, 1976).

The data do not at present provide a definite solution to the
first of these questions. Similar amplitudes and wavelengths charact-
erize the J-anomaly and the smooth zone boundary anomaly (Fig. 5.6),
and comparable basement structures are associated with both anomalies.
In the southern Basin the boundary anomaly is on strike with the J-
ancmaly observed on the northern flank of the SENR (BRH); in the northern
Basin the 055° lineations occur immediately seaward of the boundary.
The weight of this circumstantial evidence supports the coincidence of
the J-anomaly and the smooth zone boundary south of the seamounts and
suggests that the boundary is younger north of the seamounts.

The question of apparent KN reversals is predicated upon cor-
relation of the J-anomaly with the younger Keathley sequence anomalies.
This correlation is favored for the Newfoundland Basin (BRH, C. E. Keen
et al., 1977) and by most other studies in the North Atlantic (Rabinowitz
et al., 1977). Most of the discussion in Section 5.5 further assumes

that the magnetic field was normal between about 81 Ma and 110 Ma. Two
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mechanisms are discussed which theoretically could modify oceanic crust
of uniformly normal polarity so as to produce large magnetization con-
trasts (up to 0.05 emu/cm3) which might be mis-interpreted as reversals.
Both rock-magnetic and tectonic processes can produce sufficiently

large magnetization contrasts, and in crust with a well-developed
tectonic fabric, such as forms at present at slowly-spreading ridges,
thesekprocesses might give rise to reasonably coherent anomaly lineations.
The goal in this discussion has not been to provide definitive answers

or detailed models, but rather to provoke fresh thinking and to urge

renewed research on this very complex and important topic.
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CHAPTER 6: GRAVITY

Bedford Institute has collected a considerable quantity of gravity
data in the Newfoundland Basin and surrounding areas since 1965
(Figure 5.1; Appendix IV). The value of these data in the present
study lies chiefly in their bearing on the following three points:
the structure of the continental margin; the location of the ocean-
continent transition; the delineation of major structural elements
within the Newfoundland Basin and of relationships between these fea-
tures and structures in the surrounding continental areas.

This chapter examines the gravity data and their correlation
with shallow crustal structures and magnetic data with these points
in mind. Sections 6.1 and 6.2 describe the salient features of the
contoured free-air field and of isostatic and free-air profiles, re-
spectively. The emphasis shifts, in the modelling studies described
in Section 6.3, to the continental margin regime. The chapter con-
cludes with a summary gf the main points emerging from analysis of
the gravity data (6.4) and a general discussion of some aspects of
isostatic and free-air gravity anomalies at rifted continental
margins (6.5).

All the data used in this study were measured with Graf Askania
GSS-2 gravimeters mounted on gyro-stablized platforms. Cross-coupling
errors were measured on some of the cruises, but no cross-coupling coxr-

rection has been applied to the data.
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6.1 Free-air Averages

Variations in navigational accuracy over twelve years of surveying
and errors induced by ship motion in heavy seas render simple contouring
of these data impossible. In order to smooth out these variations and
obtain meaningful contours, the free-air data were averaged over square
areas measuring'£@° of latitude (27.7-km) on a side, using the GRIDITMS
computer program described by Haworth and MacIntyre (1975). A second
program, GPCP (Haworth and MacIntyre, 1975), was used to plot and con-
tour the averaged values; the machine contouring was verified by hand.

Comparison of the ]74° -average bathymetry shown in Figure 6.1 with
the actual bathymetry (Fig. 3.1) gives a qualitative indication of the
amount of fine detail lost through the averaging. Woollard (1969) shows
that the.amount of supéression produced by averaging data in this manner
is a function of the anomaly wavelength and the size of the averaging

area:

@
]

120X - 20

where: © percent of suppression

i

X percent of the wavelength used in averaging.

For 5@° averaging areas, this gives zero suppression of wave-
lengths 167 km or greater, 50% suppression of 48 km wavelengths and,
obviously, 100% suppression of 27.7 and shorter wavelengths. For
present purposes, this suppression does not significantly reduce the

information content of the data.
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Figure 6.1 shows that the continental shelf to the north and west
of the Newfoundland Basin is characterized by positive free-air anoma-
lies which attain amplitudes of 70-100 mgal along the southeastern edge
of Flemish Cap, over Beothuk Knoll and in a band extending eastward
from the shelf into the Basin at the Tail of the Bank. The latter
trend is coincident with the prolongation of the Collector Anomaly, the
lineér positive magnetic and gravity anomaly which is believed to mark
the southern limit of the Precambrian Avalon Zone on the Grand Banks
(Chapter 2; Haworth, 1975; Haworth and Lefort, in prep.). Low-amplitude
positive anomalies (0-20 mgal) are observed over Flemish Pass and parts
of the Grand Banks. The prominent negative anomaly at the northwestern
limit of the map area has been shown to reflect the thick sedimentary
accumulation in the Jeanne d'Arc Sub-basin (Haworth and MacIntyre,
1975).

Significant changes in the amplitude and average value of the
shelf-edge anomalies occur along the strike of the continental margin.
This apparent segmentation of the margin parallels the physiographic
subdivision outlined in Chapter 3. The Flemish Cap and Eastern Banks
margin segments exhibit typical shelf-edge free-air anomalies of which
the negative regions labelled E and F in Fig. 6.1 mark the negative,
seaward portions. The Flemish Pass segment of the margin displays an
anomaly of similar shape, but with lower amplitude and a mean value
greater than zero (see also Fig. 6.2, profile 36).

Gravity over most of the lower continental rise ranges from 0-20
mgal. The Newfoundland Seamounts and the northwestern part of the

lower rise are characterized by somewhat higher gravity than the rest
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of the Newfoundland Basin (20-50 mgal).

Four regions of negative gravity are sufficiently well-controlled
by the track coverage to be significant (A-D, Fig. 6.1). Negative
region C, the east-west striking belt just south of the seamounts, is
colinear with the prolongation of the Collector Anomaly, noted above.
The western limits of negative anomalies B, C and D are colinear with
the western limit of the -20 mgal contour in anomaly A; the line A-D
(Fig. 6.1) is parallel to, and nearly coincident with, the boundary
between the smooth and disturbed magnetic regions described in Section

5.3.
6.2 Profiled data

Bathymetric, magnetic and gravimetric data along the five profiles
indicated in Figure 6.1 are presented in Figure 6.2. The isostatic
gravity anomaly is shown along with the free-air anomaly for each pro-
file, primarily to permit comparison with rifted margins elsewhere
(Section 6.5). In view of the great emphasis placed on the significance
of isostatic gravity anomalies at rifted margins in the recent litera-
ture (e.g. Talwani and Eldholm, 1972, 1973; Rabinowitz, 1973, 1974;
Rabinowitz arid LaBrecque, 1977) it is worthwhile to digress briefly in
order to critically examine the assumptions involved in calculation of
the isostatic corrections and the comparative significance of the iso-
static and free-air anomalies.

The isostatic anomaly is the difference between the observed

Bouguer anomaly (equivalent to the free-air anomaly at sea) and the
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anomaly predicted by an isostatic model. The principle underlying the
latter theoretical model is that hydrostatic equilibrium obtains at some
depth (T, the depth of compensation) within the earth's crust, i.e. all
crustal columns exert the same pressure at the depth of compensation.
The most widely used model is that of Airy, in which areas of high eleva-
tion are compensated by deep crustal "roots", and vice versa. Where the
gravity anomaly calculated for the isostatic model approximates the ob-
served Bouguer gravity, the isostatic anomaly will be near zero, indica-
ting that the area is essentially in isostatic equilibrium. Non-zero
isostatic anomaly values thus indicate that the actual crustal section
contains uncompensated mass excesses or deficiencies.

The great interest in isostatic gravity at rifted continental mar-
gins has arisen from the desire to obtain more information on structures
beneath the continental slope and upper rise and to locate the ocean-
continent boundary. As Worzel (1965) shows, free-air anomalies over the
slope and rise are dominated by the effects of seafloor topography and
compensating mantle topography (herein termed the "shelf-edge anomaly").
It is a simple procedure to calculate an isostatic correction which
largely removes the components of the free-air anomaly arising from these
layers (the effect of the sediment layer can be included in the correc-
tion, if desired) and so reveals more clearly the gravity signature of
intra-crustal density distributions. For this limited purpose, the
choice of a particular isostatic model is not cruciai (Talwani and
Eldholm, 1973; Konig and Talwani, 1977; Rabinowitz and LeBrecque, 1977).

Seaward of the physiographic margin the isostatic correction is

usually small, and the free-air and isostatic anomalies are essentially
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identical. It seems evident, then, that the isostatic anomaly should
not contain any more significant information than the free-air anomaly,
except perhaps in the slope region. More specifically, application of
an isostatic correction to the observed data does not reduce the
limitations imposed by the non-uniqueness of potential field data.

This means that the isostatic anomalies, like the free-air, are best
interpreted in conjunction with seismic and other potential field data
wherever possible. The subject of isostatic gravity at rifted margins
in general is taken up again in Section 6.5.

The isostatic anomalies along the Newfoundland Basin profiles
shown in Figure 6.2 were calculated using two-dimensional Airy iso-
static models and assuming point-wise isostatic equilibrium. The iso-
static models consisted of three uniform layers (water, 1.03 gm/cm3;
crust, 2.67 gm/cm3; mantle, 3.3 gm/cm3) and the depth of compensation
was assumed to be 30 km. Only the effect of t?e water layer and its
compensation were taken into account in calculating the isostatic cor-
rections for these profiles.

Profiles 54-38, 36, 43 and 32 cross the Flemish Cap and Eastern
Banks margins north of the Newfoundland Seamounts (Fig. 6.1). Recall
that the seismic data along these lines (Figs. 4.3a, b) show that there
are thick accumulations of sediment in deep troughs beneath the slope
and upper rise, and that these troughs are bounded to seaward by
seamounts or by buried basement highs {(the Flemish Cap Ridge); a
prominent basement high is observed beneath the base of the slope on
lines 36 and 43; and the continental rise sediment prism is particularly

thick north of the seamounts.
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Free-air shelf-edge anomalies are prominent in the gravity data
on all four of these profiles (Fig. 6.2). As noted in the %%ﬁ averages,
changes in the amplitude and mean value of the shelf-edge anomalies are
evident from south to north along the Eastern Banks margin (compare
profiles 32 and 43 with profile 36) and bétween this area and the
Flemish Cap margin (profile 54-38). On profiles 43 and 32 the free-air
anomély seaward of the low over the base of the slope remains at zero
for a distance of about 100 km and then increases to about 50 mgal. A
similar pattern is observed on profiles 54-38, and 36, but here small
positive anomalies (20 mgal) are observed between the base of the slope
and the region displaying the constant, near-zero free-air anomalies.

The isostatic anomalies on these four lines are very interesting,
contrasting strongly with‘the anomalies observed across the Tail of the
Bank margin (Line S) and on most other rifted continental margins
(Section 6.5). The shelf-edge topographic effect has been substantially
reduced by the isostatic correction, as expected, and Line 32 provides
a good example of a case in which the isostatic correction reveals a
significant gravity anomaly which was not visible in the free-air
field. The isostatic anomalies are generally positive, and the differ-
ence between the isostatic and free-air values is rather large over most
of the profile length. It has been verified that including the effect
of the sediment layer in the isostatic correction lessens this differ--
ence appreciably.

Line S, crossing the continental margin near the Tail of the Bank,
displays a rather different gravity signature. The shelf-edge free-air

anomaly is quite subdued here, and the free-air and isostatic anomalies
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are more nearly equal in value. Again, as on Line 32, the isostatic
anomaly reveals a gravity high near the middle of the continental slope,
coincident with a large positive magnetic anomaly, which was not visible
in the free-air anomaly. A prominent gravity high (free-air and iso-
static) is observed over the base of the slope, coincident with a broad
magnetic anomaly minimum. The gravity anomalies decrease rather
steadily seaward of this positive anomaly. A small gravity high is
observed at the change in magnetic field character that marks the boun-
dary of the marginal smooth zone (Chapter 5). Unfortunately, there are
no seismic data available along this profile to clarify the relationship

between these observations and shallow crustal structure.
6.3 Continental Margin Models

The gravity profiles described above and the physiography outlined
in Chapter 3 both indicate clearly that the continental margin is
structurally segmented. Two-dimensional models of the free-air gravity
across the margin have been constructed along four profiles 54-38, 43,
36, 32, Figs. 6.1 and 6.2) to see what kinds of differences in crustal
structure might exist between these segments.

The models were constructed in the following manner. The water,
sediment, crust and mantle layers were considered as uniform layers
and were assigned densities of 1.03, 2.20, 2.70 and 3.30 gm/cm3, re-
spectively. Initial model geometries incorporated thé observed water

depth and sediment thickness and the depth to Moho determined in cal-

‘culating the isostatic anomalies in Figure 6.2. In the latter calcula-

tion it was assumed that the crust is homogeneous from seafloor to man-
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tle, whereas the models include a layer of lower density (sediment) at
the top of the crust. As a result, these initial model geometries
produced gravity values that were consistently low. The depth to Moho
was therefore adjusted upward (by trial-and-error) to compensate for
the sediment layer. A check of the mass contained in oceanic and con-
tinental crustal columns shows that the adjusted mantle configurations
are consistent with the assumption of isostatic equilibrium. Line S,
for which no seismic reflection control exists, was modelled in essen-
tially the same way, except that hypothetical rather than observed base-
ment topography was put into the model and adjusted to account for as
much as possible of the short-wavelength anomaly field.

The final models are shown in Figure 6.3. In general there is
a strong similarity between all of the models. The results indicate
that the change from continental to oceanic crustal thickness occurs
over a relatively narrow region (70-100 km) and that uncompensated
basement topography can account for most of the short-wavelength com;
ponents of the free-air field. Several more specific points are worth
noting.

Line 36 (Fig. 6.3b), which extends to the western limit of the
Newfoundland Seamount province, incorporates a 2.5 km increase in
crustal thickness beneath Screech and Number 3 seamounts; an intra-
crustal density low could equally well be postulated, but is felt to be
less likely. The thick accumulation of sediments beneath the slope on
this line is consistent with the fact that basement is too deep to be

observed on the seismic record across the slope.
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Line S crosses the positive anomaly that marks the prolongation
of the Collector Anomaly (Chapter 2) into the southern Newfoundland
Basin. The model for this line differs significantly from the others
in Figure 6.3. First, the depth to mantle changes more smoothly from
the continental to the oceanic sections of the model. Secondly; the
amplitude of the gravity high over the base of the slope could not be
accoﬁnted for by simply assuming that a basement high (p = 2.67 gm/cm3)
underlies the observed seafloor high. Consequently, the final model
includes a high-density body (p = 2.9 gm/cm3) beneath this point. If
this is postulated to represent an igneous intrusive, then it must be
a mass of reversed magnetic polarity, since the gravity maximum coin-
cides with a broad magnetic anomaly minimum. For a density of 2.9 gm/cm3,
the velocity-density data given by Ludwig et al. (1970) predict a com~
pressional wave velocity between 6.2 km/sec and 7.2 km/sec. Velocities
in this range are appropriate for lithologies from both the continental
and oceanic domain, such as schists, gabbros and metabasites (Sheridan
and Drake, 1968; Mayhew, 1974; Christensen and Salisbury, 1975).

None of these models takes into account possible differences in
the density of sub-continental and sub-oceanic mantle. C. E. Keen
and Loncarevic (1966) obtain wvalues of 3.42 gm/cm3 and 3.32 gm/cm3 for
the density of the mantle beneath the shelf and lower rise, respective-
ly, on the Nova Scotia margin. Similar models (essentially Pratt iso-
static models) can be constructed for the Newfoundland Basin profiles,
but seismic refraction data across the margin are necessary to determine
whether this mechanism for isostatic compensation or the Airy type as-

sumed above is actually operative.
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6.4 Summary

The significant points of this section are:

1. Shelf-edge anomalies are well-developed along the Flemish Cap
and Eastern Banks margins, with a high over the shelf edge and a low
over the slope. Modelling suggests that both basement and mantle topo-
graphy contribute to the high, while thick sediment accumulations be-
neath the slope appear to account for the low.

2. The Flemish Pass and Tail of the Bank margins display modi-
fications of the typical shelf-edge anomaly. Simple differences in
basement and mantle topography can account for the observations on
Line 36. One Line S, a high-density body beneath the slope is required
to fit the proad positive anomaly which marks the prolongation of the
Collector Anomaly into the Newfoundland Basin.

3. If modelled crustal thickness were the sole criterion for
distinguishing between oceanic and continental crus#, the ocean-continent
boundary would be placed in a rather narrow (tens of kilometers) zone
near the base of the slope on profiles 43, 54~-38 and 36 (excluding sea-
mounts from consideration). The model for line S (Fig. 6-3b) indicates
that the change from continental to oceanic crustal thickness at the
Tail of the Bank occurs over a region about 100 km wide.

4. Tt is not possible at this time to determine with certainty
the nature of the structural differences between the various segments
of the continental margin. The schematic models presented here suggest
that the degree of relative subsidence between adjacent margin segments
and, possibly, volcanic or intrusive activity on some segments, are

significant factors. Grow and Bowin (1977) attribute the segmented
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nature of the eastern United States continental margin to similar factors.

5. Uncompensated basement topography, consistent with available
seismic reflection data, can account for most of the short-wavelength
features of the gravity anomaly.

6. The model of the westernmost Newfoundland Seamounts suggests
that either lower density material within the crust or thicker crust
underlie the seamounts; the latter is believed to be more plausible.
However, the amount of data currently available here is quite marginal,
so this result should be accepted with caution.

7. A linear gravity low strikes NNE across the Basin from the
vicinity of the Tail of the Bank to Flemish Cap. Modelling of Line S,
which crosses this low (350 km; Fig. 6.3b) suggests that the low re-
flects a narrow trough of sediment; the rough-smooth magnetic transition

occurs over the seaward side of this feature.
6.5 Discussion: Gravity anomalies at rifted continental margins

The observation that linear belts of spatially-related gravity
and magnetic anomalies characterize many rifted continental margins
led Talwani and Eldholm (1973) to propose that distinctive anomaly
associations and, in particular, isostatic gravity anomaly character-
istics could be used to identify the location of the ocean-continent
boundary. Examining data from the margins of Norway and Southwest
Africa, Talwani and Eldholm (1973) noted that a distinctive isostatic
gradient coincides with the seaward boundary of the marginal magnetic
smooth zone, and they interpreted this gradient as a "diagpostic" in-

dication of the change from continental to oceanic crust. This de-
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scriptive model has been applied, with varying degrees of success, to
many other rifted margins, although few studies have addressed the
problem of determining the origin of the "diagnostic" isostatic ano-
malies (see Rabinowitz and LaBrecque, 1977).

It seems worthwhile to examine the applicability of this model
in a variety of cases. This undertaking is prompted by the following
obsefvations and questions. First, it was stated earlier on in this
chapter that isostatic anomalies are in fact only a little more useful,
and no less non-unique, than free-air anomalies. This naturally leads
one to wonder whether particular characteristics of the isostatic
gravity anomaly can really provide a reliable indication of the ocean-
continent boundary when free-air anomalies cannot. Secondly, the ini-
tial studies of Talwani and Eldholm (1972, 1973) and most subsequent
studies in which the Talwani-Eldholm model has been shown to account
very successfully for the observations (e.g. Rabinowitz, 1976; Konig
and Talwani, 1977; Rabinowitz and LaBrecque, 1977) consider Cretaceous
margins; do older rifted margins display the "diagnostic" isostatic
anomalies? Finally, there is a significant difference between the
gravity signature of the margins in the northern and southern
Newfoundland Basin; how do these profiles compare with observations at
other rifted margins, and with the Talwani-Eldholm model? This dis-
cussion is intended to be provocative rather than expository, pointing
out areas for further study and offering some possiblé interpretations,

but few definitive answers.

The gravity profiles that have been selected for this comparison are



- 162 -

shown in Figure 6.4. Newfoundland Basin profiles 54-38 (Flemish Cap
margin) and S (Tail of the Bank margin) were chosen from among the
profiles in Figure 6.2 because these crossings of the margin include
continuous gravity measurements out to the magnetic smooth zone
boundary and are not complicated by the presence of seamounts. The
other profiles were included because they are representative of a) the
margins upon which Talwani and Eldholm (1973) based their model (pro-
files 8 and 9) and other margins to which the model appears to be ap-
plicable (profile 7; Konig and Talwani, 1977); b) an older Atlantic
margin (profiles 5 and 6; Rabinowitz, 1974); and ¢) a Cretaceous margin
adjacent to the Newfoundland Basin (profiles 1 and 2; Srivastava, 1978;
Folinsbee, in prep.). The location of prominent magnetic highs and of
the ocean-continent boundary according to the original authors are in-
dicated above each profile.

The characteristics of the isostatic grév;ty anomalies (hereafter
called the '"ocean-continent" anomaly' for simplicity) upon which
Talwani and Eldholm (1973) base their model are illustrated clearly
by profiles 7 through 9. These profiles also illustrate the high de-
gree of similarity in gravity signature which Cretaceous margins often
display. On each line the "ocean-continent" isostatic anomaly coincides
with a prominent magnetic anomaly (identified as anomaly 22 on profile 7;
Konig and Talwani, 1977) and a basement high; its position landward of
the shelf edge on profile 8 is attributed by Rabinowiﬁz (1976) to sea-
ward progradation of the shelf sediments onto oceanic crust. The
"ocean-continent”" anomaly is interpreted in each of these three studies

as the effect of uncompensated oceanic basement relief.
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Rabinowitz (1974) interprets the gravity data across the eastern
U.S. continental margin south of the New England Seamounts (profiles
5 and 6) in terms of the Talwani and Eldholm (1973) model and the hypo-
thesis that all magnetic smooth zones bordering rifted continental
margins reflect, at least in part, a zone of subsided continental crust.
He identifies a magnetic anomaly (Anomaly E) which divides the Jurassic
Quiet Zone into a smoother landward and rougher seaward section and
models this anomaly as the landward termination of the oceanic magnetic
anomaly source-layer. However, the isostatic gravity signature asso-
ciated with Anomaly E bears little resemblance to the supposedly diag-
nostic "ocean-continent" anomalies in profiles 7-9. Possibly this re-
flects decay of isostatic anomalies with time. Alternatively, this
margin may be fundamentally different from those described above, and
the Talwani and Eldholm model may simply not apply here. Until the
significance of the "ocean-continent" anomaly is understood more fully.,
it is not clear what the nature of these "fundamental" differences might
be.

It is important to note that strongly conflicting interpretations
have been proposed for the location of the ocean-continent boundary and
the origin of Anomaly E north of the New England Seamounts. C. E. Keen
et al. (1975) present seismic refraction data from the margin off Nova
Scotia which show that the transition from oceanic to continental
crustal thickness occurs near the base of the contineﬁtal slope; this
transition is about 100 km landward of Anomaly E. C. E. Keen et al.
(1975) interpret the magnetic slope anomaly (East Coast Magnetic Ano-

maly of Rabinowitz, 1974) as an edge-effect due to magnetization con-
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trasts at the boundary between oceanic and continental crust. Oceanic
layer 2 is traced on seismic reflection profiles to within 90 km of
the shelf edge. In a subsequent detailed magnetic and seismic study
of the Jurassic Quiet Zone north of the New England Seamounts Barrett
and Keen (1976) show that the location of Ancomaly E coincides with the
point where both sediment thickness and basement depth begin to in-
creaée rapidly landward. These authors also show that the correlation
between positive oceanic basement topography and magnetic anomalies is
very strong in this area. On the basis of these observations and the
earlier studies of C. E. Keen et al. (1975) Barrett and Keen (1976)
conclude that Anomaly E represents a basement topographic effect and
the more subdued character of the anomalies to landward is due to in-
creasing depth of burial of the oceanic crust.

Representative gravity profiles from the western Labrador Sea and
northeastern Newfoundland continental margins are shown in profiles 1
and 2 (Srivastava, 1978; Folinsbee, in prép.). The most important
point to note is the considerable variability in gravity signature at
the presumed ocean-continent boundaries on these profiles. Profile 1
extends across the northeastern Newfoundland margin to Orphan Knoll,

a sunken continental fragment (Ruffman and van Hinte, 1971). Contin-
ental structural trends from the shelf continue out into the region
between the shelf edge and Orphan Knoll, confirming that this area is
floored by subsided continental crust (A. C. Grant, 1972; Haworth, in
prep). The ocean-continent transition thus lies seaward of Orphan

Knoll; Folinsbee (in prep.) places it at the positive isostatic and free-
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air anomaly 40 km to seaward of the Knoll. In interpreting the unusually

high-amplitude isostatic and free-air anomalies observed over the shelf
edge along the Newfoundland and Labrador margins, Folinsbee (in prep.)
invokes lithospheric flexure induced by the accumulation of a large un-

compensated load of sediments.

The gravity signature at the point designated as the ocean-continent

bounaary on profile 2 (Srivastava, 1978) bears virtually no resemblance
to the supposedly typical signature, although Srivastava (1978) cites
Talwani and Eldholm (1973) as the source for the principle followed in
locating the boundary. Srivastava's interpretation is based on examin-
ation of a large amount of detailed geophysical data from the Labrador
Sea and its margins, and it is consistent with the results of other
studies to the north and south of the region included in his study, so
it cannot be lightly dismissed; the disagreement with the proposed
general model for gravity at continental ma;gins must be regarded as
significant.

Profiles 43 and S from the Newfoundland Basin were described in
general terms in an earlier section (6.2). Only a few points need to
be noted in the present context. The observations along Line S appear
to be in fair agreement with the Talwani-Eldholm model. The free-air
and isostatic high 250 km east of the shelf break is coincident with
the J-anomaly, which marks the seaward limit of the marginal magnetic
smooth zone in the southern Newfoundland Basin. The émooth zone boun-
dary occurs about 25 km east of the end of profile 43, which crosses

the Eastern Banks margin north of the Newfoundland Seamounts. Although
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this profile does not extend quite as far as one would hope, it does
serve to illustrate the unique character of gravity across the northern
Newfoundland Basin margins. The progressive increase in the free-air
gravity to seaward appears to be largely due to a decreasing sediment
thickness and depth to basement (Fig. 6.3;.

What do all of these observations mean in terms of. present know-
ledge of gravity at rifted margins and ocean-continent boundaries?

First, the data presented in Figure 6.4 confirm the point made
above concerning free-air versus isostatic anomalies: both anomalies
display very similar characteristics at the presumed ocean-continent boun-
dary, and both can be attributed to uncompensated basement highs. What
makes these gravity anomalies diagnostic of the ocean-continent boundary
is not a particular aspect of their shape but rather their association
with a pronounced change in magnetic field character and seismic struc-
ture.

The profiles in Figure 6.4 also illustrate that the gravity model
described by Talwani and Eldholm (1973) successfully accounts for the
observations on certain Cretaceous rifted margins but is apparently
not valid for a number of other Cretaceous margins and for the Jurassic
margin off the eastern United States. The possibility that the initial
gravity signature of the ocean-continent boundary varies from margin to
margin as a function of temporal changes in the rifting process or re-
gional changes in the geology (e.g. the complexity of pre-rift structures
and their orientation to the prevailing stresses; Arthaud and Matte,
1977) must be considered in attempting to account for these differences.

The history of the margin subsequent to rifting will also involve a
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variety of processes which may vary significantly from one margin to

another, and the possibility that their effects might mask or mimic

the gravity signature of the ocean-continent boundary cannot be ignored.
In summary, it seems evident that present knowledge of the factors

controlling gravity at rifted margins is insufficient to justify formula-

tion of generalized models, especially models which consider gravity

data separately from other geophysical data. The utility of the Talwani-

Eldholm model in many cases must not obscure the fact that there are many

fundamental questions yet to be answered.



- 169 -

CHAPTER 7: THE NEWFOUNDLAND SEAMOUNTS

The Newfoundland Seamounts were discussed briefly in Section 3.1.
The present chapter reviews the seamount morphology and structure (7.1)
and presents petrographic, geochemical and chronological data (7.2, 7.3).
This discussion is not oriented towards development of a detailed pet-
rogenetic model, but rather towards assembling all the evidence that
bears on the significance of the seamount volcanism in the evolution of
the Newfoundland Basin (7.4).

The morphological and geochemical data from Scruncheon and Dipper
Seamounts presented by Sullivan and Keen'(l977) are included in this
report, supplemented by results from subsequent studies of Screech and
Shredder Seamounts. Many of the data are presented within the text in
the form of summary diagrams. Appendix II gives additional details,
including cruise lists and dredge station locations, a discussion of
geochemical analytical methods and accuracy, a complete listing of geo-

chemical data and photomicrographs (reflected and transmitted light).
7.1 Morphology and Structure

The thirteen peaks which comprise the Newfoundland Seamounts lie
in a roughly triangular area near the center of the Newfoundland Basin
(Fig. 7.1). Most of the seamounts lie within a relatively narrow east-
west zone between 43°30°'N and 44°N. The tops of the seamounts lie at
depths of 2,500m=3,100 n (Table 3.1l), but the total relief of the sea-
mounts (including the buried bases of the structures) is fairly constant
between 3.1 km and 3.2 km, where known. There appears to be an increase

in seamount volume from west to east; the direction of elongation is



- 170 -

increase in seamount volume from west to east; the direction of elonga-
tion is variable throughout the group (Table 3.1).

As discussed in Chapter 4, the present seismic coverage in the
seamount area is sparse. No tracks have been run across the seamount
province in a north-south direction, and only one line is available
crossing the entire region from east to west. Basement along the latter
line is up to 1 second shallower, and generally smoother than that ob-
served elsewhere in the Basin. The four seismic profiles across sea-
mount peaks (Figs. 3.8 and 4.2) all terminate too near the junction
between the seamount flank and the adjacent acoustic basement to pro-
vide much information on fractures or other basement structures asso-
ciated with the seamounts. In spite of these limitations, several
significant observations can be made.

The flanks of the seamounts are acoustically continuous with ad-
jacent seismic basement, which is infer;gd, by correlation with a near-
by crustal refraction section (H. R. Jackson et al., 1975), to be the
top of oceanic layer 2. The sediment cover post-dates seamount forma-
tion, and deposition throughout most of the section appears to have
been influenced by proximity to the seamount structures.

Deep troughs (faults?) occur near the true, sub-seafloor base of
at least two seamounts. Each of these fractures is only observed on
a single track, so their strike and extént are unknown.

Up to 0.3 seconds of strongly reflective sediment forms the rather
flat top of Shredder Seamount; dredging has shown that this sedimentary
cap consists of shallow-water bioclastic limestone. Little or no sedi-

ment cover is evident on the other seamounts profiled.
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7.2 Petrography and Geochemistry

A comprehensive account of the first studies on samples dredged
from the Newfoundland Seamounts is given by Sullivan and Keen (1977).
Their study of Scruncheon and Dipper Seamounts has subsequently been
extended to include Screech and Shredder Seamounts.

.Highly-altered basalts were recovered from all of the seamounts
dredged. The Screech, Scruncheon and Dipper samples are most com-
monly vesiculated and porphyritic, with clinopyroxene, feldspar and
iron-titanium oxide phenocrysts. The groundmass consists of highly-
oxidized iron-titanium oxides and altered plagioclase microlites or
laths in a matrix of green, yellow and orange-brown clays and altera-
tion products; zeolites are absent, and calcite is very rare. The
basaltic material recovered from Shredder Seamount, in the form of
0.5-1.5 cm diameter pebbles in a limestone pavement (see below), is
petrographically identical. These petrographic and mineralogic char-
acteristics suggest that the seamounts consist of alkali basalts which
have undergone extensive low-temperature seafloor alteration (Hart
et al., 1974; Bass, 1976; Vallance, 1976).

The occurrence of sodic trachytes on at least two seamounts
(Scruncheon and Dipper) confirms the alkaline affinity of the basalts.
The trachytes are very fresh and contain phenocrysts and glomero-
phenocrysts of plagioclase, amphibole, biotite and iron-titanium
oxides set in a very fine-grained fluidal matrix of plagioclase and

potash feldspar.
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Thirty-eight samples were selected for major and trace element
geochemical analysis, and twenty-two for rare-earth element (REE)
analysis (Appendix II). The geochemical data must be interpreted
with some caution, in view of the highly altered state of the samples
(except the trachytes). Most major elements (and hence the normative
compositions) are particularly unreliable as petrogenetic indicators
in these circumstances and have not been used for this purpose in the
present study. Certain major and trace elements (e.g. Ti, P, Zr, Y,
Nb), the REE and the compositions of unaltered pyroxene phenocrysts,
on the other hand, are believed to be relatively unaffected by sea-
floor weathering (Hart et al., 1974; Frey et al., 1974; Vallance,
1974), and are commonly relied upon as sources of meaningful petro-
genetic information for altered basalts. A variety of models have
been advanced which attempt to define basalt type or the tectonic
setting of the eruption on the basis of these parameters (Pearce and
Cann, 1973; Rhodes, 1973; Ridley et al., 1974; Nisbet and Pearce,
1977). If valid, such geoéhemical discriminants would be very useful
in interpreting the significance of ancient basic volcanic rocks.

The data presented here have been used to test several of these models.

The REE abundances (Fig. 7.2) confirm the alkaline character of
the basalts. Such steeply-sloping, uninflected patterns are char-
acteristic of oceanic islands and seamounts (Flower, 1971; Hughes and
Brown, 1972; Kempe and Schilling, 1974; Zzielinski, 1975; Buckley,
1976; Bonatti et al., 1977; Batiza, 1977b; Houghton, in prep.). In

general terms, oceanic island and seamount volcanism is the main
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element in the "mid-plate" (as opposed to ocean ridge or island arc)
basic volcanic regime. A variety of more specific mechanisms have
been proposed to account for this activity, including thermal plumes
(Morgan, 1972; Schilling, 1971, 1973; Kempe and Schilling, 1974) vol-
canism along transform faults (Erickson et al., 1970; Handschumacher,
1973) or propagating fractures (Walcott, 1976) and shear melting
(Shaw and Jackson, 1973).

The geochemical discriminants examined here (Figs. 7.3, 7.4)
are not particularly successful in classifying the Newfoundland Sea-
mount basalts correctly. In one cése (Fig. 7.33) the analyses fall in
several composition fields, while in another (Fig. 7.3b) they plot
outside of all defined fields. This behavior may indicate that the
elements involved were in fact mobile to a significant degree under
the conditions of alteration. However, it seems that the failure of
the Ti-Zr discriminant (Pearce and Cann, 1973) is also related to a
deficiency in the original definition of the composition fields.
Published values of Ti and Zr for a number of seamounts and oceanic
islands are shown along with the Newfoundland Seamount data in
Figure 7. 3b to demonstrate that the "within-plate basalt" field as
originally defined fails to encompass a significant group of known
within-plate basalt compositions.

The discriminants which only attempt to distinguish between
alkaline and sub-alkaline (ocean-ridge) basalts are sémewhat more
successful (Fig. 7. 4), although there is considerable scattering of

the data on these plots, too. Again, the scattering across composi-
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Figures 7.3 and 7.4: Geochemical discriminants.

7.3a:
7.3b:

7.4a:
7.4b:
7.4c:

Ti-Zr~Y, Pearce and Cann (1973).

Ti-Zr, Pearce and Cann (1973). Numbers
indicate published analyses: 1-4 =
Reunion, Galapagos, Madeira, Azores,
from Pearce and Cann (1973); 5 =
Marquesas (Bishop and Woolley, 1973);

6 = Red Sea islands (Gass et al., 1971);
7 = Easter line seamounts (Bonatti

et al., 1977); 8 = Hawaii (Pearce and
Cann, 1973); 9 = Guadalupe Island
(Batiza, 1977b).

Pyroxene compositions, Nisbet and
Pearce (1977).

Pyroxene compositions, Nisbet and
Pearce (1977).

Zr-Nb, Rhodes (1973).
P,05-Ti05, Ridley et al. (1974)-

Pyroxene compositions, Nisbet and Pearce
(1977). s, a and p denote sub-alkaline,
and peralkaline composition fields,
respectively.
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Figure 7.3c
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tion field boundaries might reflect element mobility during altera-
tion, inaccuracies or omissions in the definitions of the fields or
real trends in the original chemistry.

It is often assumed that these geochemical discriminants can be
applied to ancient, metamorphosed basalts because the elements in-
volved are immobile during the tectonic and (supposedly isochemical)
metamorphic history of these rocks. However, this assumption is in-
validated if seafloor weathering or oceanic hydrothermal processes
produce non-isochemical changes in the original chemistry prior to
the metamorphism and tectonic activity. The results presented above
indicate that this blurring of the geochemical signature does occur,
and they also show that significant members of the oceanic basalt
association are not encompassed by some discriminants. Therefore,
the validity of these models for ancient rocks should still be con-

sidered an open guestion.

7.3 Seamount and Crustal Ages

The hot spot, propagating fracture and shear-melting models for
the formation of linear groups of islands or seamounts (see above)
predict that the locus of active volcanism migrates in a single di-
rection through time. Determination of the spatio-temporal pattern
of volcanism thus constitutes a critical test of these hypotheses.

Unfortunately, chronological data from the Newfoundland Seamounts
are quite limited at present. Sullivan and Keen (1977) report the

results of qur/39Ar stepwise-heating experiments on plagioclases from
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two Scruncheon Seamount trachytes (Fig. 7.5). These measurements
were made by V. Stukas at Dalhousie University (Stukas, 1977).

Sample 25/la (Fig. 7.5a) shows a nearly classical gas-release pattern
with a good apparent-age plateau at about 97 Ma. The age spectrum
for sample 25/4 (Fig. 7.5b) is disturbed, with several intermediate
heating steps ( <L000°C; 80% of the gas released) giving lower ap-
parent ages than the other heating steps. This type of behavior has
been widely observed (Turner and Cadogan, 1974; Seidemann, 1976;
cited in Stukas, 1977) but the origin of the phehomenon is not clear.
Stukas (1977) finds, as do numerous other investigators, that the iso-
topic ratios from the high-temperature (> 1000°) steps give a well-
defined correlation plot despite the disturbance in the release pat-
tern. The correlation plot in Figure 7.5c combines the data from
25/1a with the three high-temperature steps in 25/4 to obtain an age
of 97.7 + 1.5 Ma. This is accepted as a valid result, with the re-
servation that the origin of disturbed 4“0ar/39Ar release patterns
needs further clarification.

Only one other chronological datum has been obtained at the
time of this writing. A slab of shallow-water bioclastic limestone
measuring 70 cm x 50 cm x 10 cm was dredged from Shredder Seamount
during the 1975 Hudson Cruise (Station 110; Appendix II, Table 1).
The fossils in this sample have been examined by Dr. L. F. Jansa and
F. M. Gradstein of the Geological Survey of Canada. Although the
microfauna is rather sparse and very poorly preserved, it indicates

a probable Early Cretaceous age for this deposit (Jansa and Gradstein,
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Figure 7.5: "'OAr/sgAr age spectra and correla-
tion plot, Scruncheon Seamount trachytes
25/1 and 25/4. Shaded bars on release
patterns indicate 1o errors.
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pers. comm.; Gradstein et al., 1977). This gives a rough minimum age
for Shredder Seamount but provides no indication of the time when the
volcanic activity began.

The currently-available chronological data are clearly insuf-
ficient to define the spatio-temporal pattern of volcanism in‘the
Newfoundland Seamount province. However, the magnetic anomaly evi-
dencé that the age of the Newfoundland Basin crust is 73-115 Ma (ano-
maly 31/32 - J-anomaly, Chapter 5), in conjunction with the chrono-
logical evidence that late-stage trachytic volcanism and shallow-water
sedimentation were occurring about 100 Ma and the seismic evidence
that little sediment accumulated between the time of crustal formation
and seamount volcanism, indicates that the seamounts formed on very
young crust near the ridge crest.

It might be useful to know the age difference between the sea-
mounts and the surrounding crust more precisely and to have some in-
dication as to the amoun£ of time involved in construction of the
volcanos. However, the position of the spreading center at specific
times between 110 Ma (J-anomaly) and 73 Ma (anomaly 31/32) cannot be
determined because of the confused magnetic anomaly pattern in this
region (Sectidn 5.4, 5.5). Therefore, estimates of crustal ages
adjacent to the seamounts and of times of formation must be made in-
directly.

One way to estimate the crustal age near the seamounts is to
make a linear extrapolation of crustal ages between the two well-

known magnetic anomalies that bound the oceanic Newfoundland Basin
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to the east and west. Spreading rates north of the SENR during this
period are not accurately known but likely were not constant, so this
procedure at best gives a very general i;Aication of the crustal ages.
The results of this exercise indicate that Scruncheon Seamount is
built on crust that is about 112 Ma old. If the 97.7 Ma trachytes
represent a rather late volcanic event, and their composition suggests
this 1is so, then a maximum period of 14.3 Ma is obtained for the con-
struction of this seamount. Shredder Seamount presents some problems
in this analysis, since the crustal age obtained (about 100 Ma) is
equal to or younger than the age of the limestone cap. This apparent
discrepancy probably signifies the failure of the assumption that the
age of the crust varies in a simple linear fashion with distance be-
tween the J-anomaly and anomaly 31/32.

Vogt (1974) proposes a model relating volcano height to the
thickness of the lithospheric plate which offers a second approach to
the question of seamount and crustal ages. This model assumes that
magma generation occurs at the base of the lithosphere and that the
major factor controlling volcano height is the isostatic balance between
the lithospheric plate and the magma column. Given these assumptions
and the fact that the thickness of the lithosphere varies as a function
of crustal age (as T(t) = Ktlé; ParkerAand Oldenburg, 1973; Sclater
et al., 1975), volcano height can be used to determine crustal age.
Vogt (12974) defines an adjusted volcano height (H*) which takes into
account the density differences between magma and the lithosphere,
sediment, water and air and attempts to use the observed values of H*-

age for 24 oceanic islands to evaluate the constant 'K' in the plate

thickness law.



Figure 7.6: Isostatically-adjusted volcano height as a function of crustal age.
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TABLE 7.1
pRl- W pl-ps
Y +hg T + hy
g = adjusted volcano height
h, = water layer thickness (to top of seamount)
hg = sediment thickness
hp = volcano height about sealevel
o} = density: pf = magma 2.85 g/cc
ps = sediment 2.2 g/cc
pw = water 1.03 g/cc
SCREECH SCRUNCHEON SHREDDER
V2.0 km 1.8 km 1.7 km
0.7 km 2.0 km 1.3 km
0 0 0

0.9 km 1.69 km 1.38 km
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The main premise of Vogt's analysis - that volcano height is
limited isostatically - overlooks many local structural and physico-
chemical factors that affect volcanism and also assumes that there
is an unlimited magma supply. The isostatic limit does, however,
clearly provide the maximum height a volcano can attain (Yoder, 1976).
The rather uniform total relief (Table 3.1) of the Newfoundland
Seamounts may indicate that a general constraint of this type con-
trolled volcano height in this case. If so, adaptation of Vogt's
analysis to the Newfoundland Basin may provide useful data on the
age of the crust upon which the seamounts were constructed.

The constants and seamount data used in this calculation are
given in Table 7.1, along with the formula for H* according to Vogt
(1974). The hy term is zero in the present case, since.none of the
volcanoes rises above sealevel. The resulting values for H* are
plotted in Figure 7.6.

The straight line in Figure 7.6 shows plate thickness as a
function of the square-root of crustal age. Sclater et al. (1975)
show that this tl/2 law is valid for lithosphere less than 80 Ma old.
As stated earlier, the seismic and chronological data from the
Newfoundland Seamounts show that much less than 80 Ma elapsed between
crustal formation and seamount formation, so the tl/2 law can be as-
sumed to apply to the Newfoundland Basin at the time of seamount
volcanism. Different values for the constant K in thé plate thick-
ness law (e.g. K = 9.4, Parker and Gldenburg, 1973) produce convex-

upward curves in Figure 7.6 which to some extent fit the data points
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of Vogt (1974) more successfully, but these do not give significantly
different results for the range of adjusted heights under consideration
here.

Within the limits of these assumptions, the model suggests
(Fig. 7.6) that Screech Seamount, which is located at or just seaward
of the magnetic smooth zone boundary, formed on crust that was less
than‘5 Ma old. It was shown in Chapter 5 that the smooth zone boun-
dary between the SENR and the seamounts is probably coincident
with the J-anomaly and so is a 115 Ma isochron. Therefore, Screech
Seamount probably formed between 115 Ma and 110 Ma. Scruncheon Sea-
mount formed on 9 Ma crust and Shredder Seamount formed on 7 Ma crust,
according to this model.‘ Assuming that the Scruncheon trachytes,
dated at 97.7 £ 1.5 Ma, represent a late stage in the volcanism, then
the crust surrounding Scruncheon must be at least 105-107 Ma old.
Further, if the correct absolute age for the Shredder limestone is
100 Ma (end of the Early Cretaceous), then Shredder formed on 107-109 Ma
crust.

These results appear to indicate that the volcanic activity pro-
ducing Shredder and Scruncheon Seamounts occurred several million
yvears (2-5 Ma?) after the Screech Seamount volcanism. The significance
of such a small difference in age can certainly be questioned, so

this indication must be considered as tentative.
7.4 Discussion

The main points brought out in the preceeding sections are: a)

that the Newfoundland Seamount province comprises 13 peaks lying in a
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triangular area near the center of the Newfoundland Basin; b) that the
seamounts consist of alkali basalt and differentiates thereof that
might represent a variety of thermal and tectonic regimes; c) that the
seamounts post-date the surrounding crust by only a short period of
time and were probably fully formed by about 97 Ma; d) that the eastern
seamounts may have formed several million years after the western ones.
These data must now be incorporated into a model that explains
the significance of the seamount volcanism in the evolution of the New-
foundland Basin. The position of the seamounts in relation to the major
structural and geophysical elements in the Newfoundland Basin and sur-
rounding continental shelf areas is shown in Figure 7.7. The geometry
of the seamounts can be interpreted in terms of two linear trends:
The western seamounts (Screech to Scruncheon) define a trend of 105°;
the majority of the seamounts east and south of Scruncheon and two of
the large buried basement highs in the southern survey area define a
145° trend. As indicated in Figure 7.7, these azimuths are those re-
quired for fracture zones formed during the phases of seafloor spread-
ing marked by the J-anomaly (015°) and the younger 055° anomaly linea-
tions, respectively (see Chapter 5). At its landward end, the 105°
trend of the western seamounts correlates well with the southern limits
of the Carson and Jeanne d'Arc Sub-basins (Chapter 2) and with a number
of potential field anomaly offsets and gradients that reflect contin-
ental basement structurées (Lefort and Haworth, in prep.). Shredder
and Number 1 Seamounts lie northeast of the seamounts comprising the
145° group and are not obviously related to either trend.

It is proposed here that this spatial distribution of seamounts
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Figure 7.7

Newfoundland Seamounts in relation to structural
elements on the Grand Banks (Haworth, 1975; Jansa
and Wade, 1975) and in the Newfoundland Basin.
H=Horseshoe Sub-basin; J=Jeanne d'Arc Sub-basin;
C=Carson Sub-basin; C.A.=Collector Anomaly.
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reflects initial localization of volcanism along the seaward extension
of Grand Banks basement structures and subsequent control by transform
faults associated with early spreading between Iberia and North America.
The close correlation between the seamount trends and fracture zone
trends leads to the inference that the seamounts represent a "leaky"
transform fault (Menard and Atwater, 1968) or "transverse volcanic lin-
eament" (Barberi and Varet, 1977) regime. Activity on both trends was
probably episodic and is postulated to have been caused by changes in
intraplate stresses due to changes in spreading rate or/and direction
(Menard and Atwater, 1968; E. D. Jackson and Shaw, 1975). The tenta-
tive conclusion that the eastern seamounts post-date the western sea-
mounts (Section 7.3) may be further evidence in favor of episodic
activity.

The Red Sea-Afar Depression region of Africa is a good present-
day analogue for the tectonic regime postulated for the Newfoundland
Seamounts. Barberi et al. (1974) and Barberi and Varet (1977) have
studied the relationship between continental structures, transverse
volcanic lineaments and spreading directions in detail. The transverse
volcanic lineaments are closely analogous to transform faults and
"leaky" fracture zones in oceanic regimes; they are the loci of central
(as opposed to fissural) volcanic activity and are characterized by
alkalic basaltic compositions. These authors also note that the trané-
verse volcanic zones tend to be aligned with offsets in both the axial
volcanic ranges and the continental margins. The Hanish-Zukur group
of volcanic islands in the southern Red Sea (Gass et al., 1973), which

are geochemically similar to the Newfoundland Seamounts, lie along
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thses transverse lineaments and have formed very near the active

ridge crest.
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CHAPTER 8: EVOLUTION OF THE NEWFOUNDLAND BASIN

This chapter draws on the material presented in the preceeding
sections of the thesis to develop a plate tectonic model for the evo-
lution of the Newfoundland Basin prior to anomaly 31/32 (73 Ma). The
location of the ocean-continent boundary and the pre-drift positions
of the continents must be established before proceeding to discuss
plate motions. The evidence bearing on the nature and location of
the ocean-continent boundary in the Newfoundland Basin is reviewed in
Section 8.1, and a model for the present continental margin and ocean-
continent boundary structures is presented. Two recent paleogeographic
reconstructions of the North Atlantic region (LePichon et al., 1977;
Haworth, in prep.) are reviewed in Section 8.2. The plate model pre-
sented in Section 8.3 uses the Haworth (in prep.) reconstruction, with
the ocean-continent boundary as given in Section 8.1, as the initial

configuration.
8.1 The Ocean-Continent Boundary

The ocean-continent boundary is a complex geological structure
that forms during the final splitting of a continent. The preceeding
stage of continental rifting and the transition from rifting to active
seafloor spreading involve a variety of processes, many of which are
not well understood, operating over several tens of millions of years.
Locating the ocean-continent boundary on ancient continental margins,

which have also undergone millions of years of subsidence and sedi-
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mentation, is very difficult. Yet some knowledge of where the final
split of the continent occurred is essential for paleogeographic re-
constructions. An assumption commonly adopted in cases where the loca-
tion of the ocean-continent boundary is not accurately know is that a
partucular isobath marks the seaward limit of continental crust along
the entire margin. LePichon et al. (1977) emphasize the fallacy of
this assumption and also point out that locating the ocean-continent
boundary along the Iberian and Grand Banks margins is exceptionally
difficult because of the extremely complex pre-rift structures in these
regions (Arthaud and Matte, 1977).

Seismic, magnetic and gravity data presented in Chapters 4, 5 and
6 of this thesis indicate that the ocean-continent boundary in the New~
foundland Basin is associated with the seaward boundary of the contin-
ental margin magnetic smooth zone. The data supporting this conclusion
are summarized below (Fig. 8.1).

a) The marginal magnetic smooth zone in the Newfoundland Basin
extends from just north of the SENR to Flemish Cap. The seaward limit
of the smooth zone appears to be a diachronous boundary, coinciding
with the J-anomaly (115 Ma) south of the seamounts and truncating young-
‘er (post=102 Ma) anomalies south of Flemish Cap.

b) One seismic refraction line is available on the lower con-
tinental rise south of the seamounts, and this shows that the crust
seaward of thé smooth zone is oceanic (H. R. Jackson et al., 1975).
Magnetic anomalies seaward of the smooth zone display wavelengths and

amplitudes typical of seafloor spreading anomaly lineations.
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c) Seismic reflection data suggest that the smooth zone boundary
separates the oceanic Newfoundland Basin from a significantly differ-
ent structural and sedimentary regime, one perhaps closely allied with
the early Mesozoic of the Grand Banks. Both basement and the over-
lying sedimentary sequence change character markedly in the vicinity
of the smooth zone boundary. In particular, deep grabens immediately
land&ard of the boundary contain thick accumulations of sediment which
may be as old as Triassic (Section 4.4).

d) The seaward boundary of the smooth zone is not associated
with any particularly préminent isostatic or free-air gravity ano-
malies (Fig. 6.2); the maximum anomaly observed at the boundary is about
+20 mgal. Higher anomaly amplitudes and steeper gradients are observed
over the continental slope, 50-25 km landward of the smooth zone boun-
dary. This contrasts markedly with observations from many other
Cretaceous.rifted margins (Talwani and Eldholm, 1972, 1973; Konig

and Talwani, 1977; Rabinowitz and LaBrecque, 1977) where steep iso-

- static gravity gradients and anomalies with amplitudes or 50 mgal and

greater are consistently associated with the boundary of the marginal
magnetic smooth zone (see Section 6.5).

e) Gravity and magnetic models do not provide strong constraints
on interpretation of the actual geology at the ocean—conﬁinent boun—_
dary or the nature of the crust within the smooth zone. The gravity
observations can be satisfied by incorporating minor ﬁopographic re-
lief (observed or hypothetical) on the crust-sediment interface,
without changing the depth to the crust-mantle interface. The mag-

netic observations require substantial changes in magnetic source-layer
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depth or/and thickness and magnetization at the boundary but many
combinations of parameters can be found which fit the observations.
Figure 8.2 presents a model for the Newfoundland Basin contin-
ental margin and ocean-continent boundary that is consistent with the
above observations. The transition from continental to oceanic crust
is postulated to occur between two major boundaries: one beneath the
slope which, on the basis of seismic and gravity data, separates
shallow continental basement from oceanic or subsided "modified" con-
tinental crust, and one near the uppér—lower continental rise junction
which, on the basis of seismic and magnetic data, marks the landward
limit of a shallow, "typical" oceanic magnetic anomaly source-layer.
The crust in the transitional region between the continental slope
and the magnetic smooth zone boundary is presumed to consist of a mix-

ture of continental material, mafic intrusives rift-valley sediments.

. However, it is also possible that subsided oceanic crust representing

perhaps 10 Ma of seafloor spreading lies within this transition zone.
Schouten (pers. comm.) has identified changes in magnetic anomaly
strike and spacing south of the SENR which imply that major changes
occurred in the seafloor spreading regime at anomaly MION time (124 Ma),
and he suggests that this marks the initiation of spreading in the
Newfoundland Basin. However, B. R. Hall (1977) and C. E. Keen et al.
(1977) identify the J—-anomaly as the oldest seafloor spreading anomaly
in the Newfoundland Basin, suggesting 115 Ma for the initiation of
active spreading. The interpretations of Schouten and of C. E. Keen

et al. (1977) are not mutually exclusive. If oceanic crust older than
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the J-anomaly is present, it may underlie the deep sedimentary basins
observed just landward of the smooth zone boundary. This possibility
is indicated in Figure 8.2.

The structures and geophysics of the continental margin in the
vicinity of the Tail of the Bank are quite different from those
described above. Rifting here may have involved very different pro-
cesses than elsewhere in the Newfoundland Basin, owing to the proximity
of the area to the Newfoundland Fracture Zone. In addition, the ori-
ginal margin structures may have been modified during subsequent stages
of seafloor spreading, when this region was the focal point for the
interactions of the North American, African and European plates (see
Section 8.3). The location of the ocean-continent boundary in the
vicinity of the Tail of the Bank was discussed in some detail in
Chapter 4, where it was shown that the seismic and magnetic data pre-
sented in the present report are not consistent with recent hypotheses
that the Spur Ridge and SENR are underlain by continental crust
(A. C. Grant, 1977; Gradstein et al., 1977). Specifying a position
for the ocean-continent boundary off the Tail of the Bank is difficult
because there is a crucial gap in magnetic and gravity coverage here,
with virtually no overlap between primarily shelf-based and primarily
deep-water geophysical surveys. The center-line of the bathymetric
depression separating the ridge.structures from the Grand Banks shelf
is therefore taken as the best estimate of the seaward limit of con-
tinental crust.

Pigure 8.3 shows the postulated location of the ocean-continent

boundary in the Newfoundland Basin and Tail of the Bank area based on
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the foregoing discussions. The transitional zone is shown extending
from the base of the slope (2,000 m) to the ocean-continent boundary

(roughly coincident with the 4,000 m isobath).
8.2 Pre-drift Reconstructions

The pre-drift positions of the continents in this part of the
North Atlantic have proved very difficult to determine, primarily be-
cause of the complexity of the pre-rifting continental structures
(Chapter 1). Most reconstructions proposed to date assume that the Bay
of Biscay must be closed in order to fit Iberia into the space between
North Africa and the British continentai margin. LePichon et al. (1971,
1977), LePichon and Sibuet (1971), LeBorgne et al. (1972) and Choukroune
et al. (1973) argue that the Eulerian pole for the Iberian rotation
lies northeast of Paris rather than along the axis of the Pyrenees (e.g.
Bullard et al., 1965; Montadert and Winnock, 1971), and the magnetic
anomaly pattern in the Newfoundland Basin (Section 5.4) supports this
postulate.

To date, no model has been proposed which successfully closes the
gap between Iberia and the Grand Banks and determines the pre-drift
positions of continental fragments such as Flemish Cap and Galicia
Bank. Most reconstructions leave a gap of several hundred kilometers
between the presumed limits of continehtal crust in Iberia and on the
Grand Banks (especially between the SENR and the Newfoundland Seamounts)
and produce overlaps between other known continental regions (e.g.

Bullard et al., 1965; Laughton, 1972, 1975).
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Two reconstructions of the North Atlantic have recently been
published which improve significantly upon these earlier attempts
(Fig. 8.4). LePichon et al. (1977) base their re-assembly of the

North Atlantic (Fig. 8.4a) on the identification of the structural

.framework of the opening (i.e. marginal fracture zones generated by

offsets in the initial rift), the correlation of linear structures
which cross the present continental margins at high angles and the
fits of the oldest seafloor spreading isochrons. The final fit is
made at the 3,000 m isobath on the African and North American mar-
gins and at the 2,000 m isobath on the younger margins; this differ-
ence is attributed to subsidence and modification of the continental
margins with time. Except for a slight overlap between the northern-
most tip of Africa (the Rif) and the Tail of the Banks, the Iberia-
Africa overlap that has plagued so many reconstructions is resolved
by the LePichon fit. Howevef, several problems remain, particularly
in the area of the present study. The gap between Europe and North
America south of Rockall Bank and the overlap of Galicia Bank and
Flemish Cap are unacceptable. The former problem can be partly
solved by placing the ocean-continent boundary northeast of
Newfoundland seaward of Orphan Knoll (A. C. Grant, 1972). LePichon
et al. (1977) choose to resolve the latter problem by moving Galicia
Bank 110 km closer to the Portugese margin along flow-lines for the
Iberia-Europe rotation. The large gap between the Gfénd Banks and
southwestern Portugal cannot be closed, for reasons which will be

discussed below.



Figure 8.4a: LePichon et al. (1977) reconstruction.

Figure 8.4b:

Haworth (in prep.) reconstruction.
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Haworth (in prep.) bases his model (Fig. 8.4b) on a substantial
guantity of recent geophysical data on the Canadian shelf and contin-
ental margin, and on Srivastava's (1978) detailed study of seafloor
spreading in the Labrador Sea and North Atlantic north of 45°N.
Haworth modifies the reconstruction proposed by Srivastava (1978)
(which does not define the closure of the Bay of Biscay) in light of
detailed structural and stratigraphic correlations between North
America and Europe. Similar correlations (Lefort, 1975; Lefort and
Haworth, in press) between Iberia and the Grand Banks are then used to
determine the original positions of these continents.

The main difference between the Haworth and the LePichon recon-
structions lies in the pre-drift position of Greenland with respect
to North America. Haworth accepts Srivastava's (1978) position for
Greenland (Fig. 8.5a), which is several hundred kilometers closer to
North America than the position used in the LePichon model (Fig. 8.5b).
Srivastava's (1978) model for the separation of Greenland from North
America includes a stage in which 250 km of strike-slip motion occurs
along the Nares Strait (Wegener Fault, J. T. Wilson, 1963). LePichon
et al. (1977) reject the hypothesis of decoupling across Nares Strait
and so can not close Baffin Bay and the Labrador Sea entirely. The
end result is a difference of approximately 200 km in the position of
Europe-Iberia with respect to North America. The Haworth-Srivastava
model places Europe several hundred kilometers further south than the
LePichon fit, thereby removing the overlap between Flemish Cap and
Galicia Banks, closing the gap south of Rockall and permitting a

closer fit between Portugal and the Grand Banks.



o

Figure 8.5b

\
Figure 8.5a
Greenland-North America pre-drift fits
a) LePichon et al. (1977)
b) Srivastava (1978)
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The conflicting interpretations of the pre-drift positions of
Arctic continents is beyond the scope of the present study. The
Haworth-Srivastava model is preferred here on the grounds that a) it
takes into account significantly more detailed geological data from
the very complex Iberia-Grand Banks regions and b) it produces a
substantially closer fit between these continental areas than does
the LePichon model. It will be shown in the next section that incor-
poration of the ocean-continent boundary determined in the present
study (Section 8.1) into Haworth's model resolves the problem of the

gap between Iberia and the Grand Banks.
8.3 Seafloor Spreading Model

In order to be acceptable, any model proposed for the seafloor
spreading history of the Newfoundland Basin must a) be consistent
with data from the North Atlantic and Labrador Sea; b) account for
contemporaneous spreading in the Bay of Biscay (C. A. Williams, 1975);
c) account for the origins of the SENR and the Newfoundland Seamounts;
and d) be consistent with available data from the Portugese contin-
ental margin and adjacent oceanic areas (Groupe Galice, 1977).

Several observations made in the present study must also be
incorporated into the model: |

1) Deep grabens underlie the continental slope along the Flemish
Cap and Eastern Banks margins which, by analogy with ﬁhe Grand Banks
sub-basins and grabens on the Portugese margin (Jansa and Wade, 1975;
Groupe Galice, 1977) may contain sediments as old as Upper Triassic

(Section 4.4).
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STAGE I
J ANOMALY (115 Ma)

Figure 8.6b
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STAGE IiL
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2) Magnetic anomaly trends in the Newfoundland Basin indicate
that the spreading center underwent a major change in trend from 015°
(J-anomaly) to 055° approximately 12 Ma after spreading began.

3) The Newfoundland Seamounts appear to represent two episodes
of volcanic activity along fracture zones formed during the J-anomaly
and the 055° phases of spreading. The earlier fracture zone trend,
and hence the initial locus of seamount volcanism, is related to the
seaward prolongation of basement structures on the Grand Banks. Sev-
eral lines of evidence (Chapter 7):indicate that the seamounts post-
date the surrounding crust by only a short period of time, probably
10 Ma of less.

The model presented in Figure 8.6 succeeds reasonably well on
most of these points. North Africa has been omitted from the diagrams

for clarity, but this does not affect the present discussion.

Stage I: Pre-drift

Figure 8.6a shows the pre-drift positions of North America,
Europe and Iberia according to the Haworth-Srivastava model described
above. The seaward limit of continental crust (stippling) in the
Newfoundland Basin is based on results presented in this study. West
of Portugal, the limit indicated is the position of the J-anomaly as
mapped by Groupe Galice (1977). With the addition of the Newfoundland
Basin data and the inference that the J-anomaly west of Portugal also
marks the ocean-continent boundary, the gap between southwestern
Portugal and the southern Grand Banks is essentially closed. The Col-

lector Anomaly (Haworth, 1975; Chapter 2) is shown extending east-
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ward into the Newfoundland Basin. Haworth (in prep.) points out that
a plausible further continuation of the Collector eastward into
southern Portugal and Spain is not evident. However, the Collector
Anomaly trend indicated in Figure 8.6a correlates well with a pro-
nounced bathymetric offset of the Portugese margin near Lisbon, and
with a sharp magnetic gradient and J-anomaly offset (Groupe Galice,
1977).

Active seafloor spregding was occurring south of the Newfoundland
Fracture Zone (predecessor of the SENR) at this time. Pitman and
Talwani (1972) suggest that rifting between North America and Africa
began about 200 Ma and was followed at about 190 Ma by active drift,
and most subsequent studies are in basic agreement with this timing.
The formation of the Grand Banks sub-basins and of the grabens along
the Newfoundland Basin and Portugese margins occurred during this

phase (schematically indicated in Fig. 8.6a as short double lines).
Stage II: J-anomaly time (115 Ma)

The second stage of the model (Fig. 8.6b) shows the geometry at
J-anomaly time (115 Ma). The Africa-North America spreading center
is coincident with the present position of the Spur Ridge now, and
active spreading has begun in the area between the Newfoundland
Fracture Zone and the southern edge of Galicia Bank. The nature of
the northern termination of this spreading center is hot known. It is
possible that there was a transform fault along the projected eastward
extension of the Collector Anomaly, but there are at present no data

to support this idea. It seems more likély that spreading simply died
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out northward along the ridge, such that the active spreading regime
gave way to incipient spreading between Galicia Bank and the northern
Grand Banks. The result of this would be anticlockwise rotation of
Iberia with respect to North America and of Galicia Bank with respect
to Iberia, thus perhaps explaining how Galicia Bank came to its

present position on the Iberian margin.

Stage III: 102 Ma to 73 Ma (anomaly 31/32)

Approximately 12 Ma after the formation of the J-anomaly, the
spreading geometry underwent a major change north of the Newfoundland
Fracture Zone. Figure 8.6c depicts the spreading geometry for the
time interval between the shift in the North America-Iberia pole of
rotation (102 Ma) and anomaly 31/32 (73 Ma). Spreading occurs simul-
taneously and about the same pole in the Bay of Biscay and the
Newfoundland Basin throughout most of this stage. The relative motion
between Iberia and Europe is taken up on the North Pyrenean Fault
(LePichon et al., 1970; Choukroune et al., 1972). Spreading between
Rockall and Europe, schematically indicated in Figure 8.6c, began
about 90 Ma (Roberts, 1974; Srivastava, 1978).

The vector triangle shown in Figure 8.6c indicates that the
ridge geometry proposed for this stage requires that a component of
extension act across the Newfoundland Fracture zone. Consequently,
the transform fault joining the ridge segments at the Tail of the
Bank will be "leaky" (Menard and Atwater, 1968). The migration of
this leaky transform to the southeast during this period of time is

believed to be an important factor in the formation of the SENR.
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The formation of the Newfoundland Seamounts was completed by
about 100 Ma. Screech, Number 3, Number 2 and Scruncheon Seamounts
formed along a fracture zone trend related to the first phase of Iberia-
North America spreading. Volcanic activity on this trend is believed
to be related to the shift in the pole of spreading at 102 Ma. Mafic
extrusives of approximately Cenomanian age encountered in an explora-
tory well drilled just south of the Collector Anomaly on the Grand
Banks (Gradstein et al., 1977) may indicate that this structure was
also reactivated by the event. The seamounts east and south of Scrunch-
eon and several of the large buried basement highs in the southern New-
foundland Basin are also believed to have formed by volcanism along
"leaky" transform faults during the second phase of spreading (055°

lineations).

Stage IV: 73 Ma (anomaly 31/32)

The final frame in the spreading model (Fig. 8.6d) shows the
positions of the continents and the spreading geometry at anomaly 31/32
time. The cessation of spreading in the Bay of Biscay and the change
in spreading direction in the Atlantic to that of the Cenozoic anom-
alies occurred prior to anomaly 31/32. Srivastava (1978) identifies
anomaly 34 (80 Ma) as the oldest isochron adjacent to the Newfoundland
continental margin between Flemish Cap and the Charlie Fracture Zone,
and the topographic expression of the SENR terminates at about the po-
sition of the 80 Ma isochron according to Pitman and Talwani (1972).

On the other hand, C. A. Williams (1975) and Pitman and Talwani (1972)

identify anomaly 31/32 as the oldest anomaly west of Rockall and
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Porcupine Bank, and C. A. Williams (1975) believes that anomalies
32-34 are present in the Bay of Biscay. If these identifications are
correct, then the model in Figure 8.6 should include an additional
stage between Stages III and IV during which an RRR triple junction

existed off the northwestern corner of Iberia.
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CHAPTER 9: SUMMARY AND SUGGESTIONS FOR FURTHER RESEARCH

The objectives of this study, stated in Chapter 1, were a) to
investigate the structure of the Newfoundland Basin and adjacent con-
tinental margins and b) to use the knowledge gained through these in-
vestigations to clarify the pre-73 Ma plate tectonic history of the
North Atlantic north of the Grand Banks and Azores-Gibraltar line.

As with most such undertakings, this study has fulfilled some of its
objectives and also brought to light problems requiring further re-

search.
9.1 Summary

This study has shown that the ocean-continent boundary in the
Newfoundland Basin north of the SENR is defined by a) a prominent
magnetic anomaly at the seaward boundary of a continental margin mag-
netic smooth zone; b) basement highs separating the landward region
of deep basement from the shallower basement to seaward; and c) low-
amplitude (20-30 mgal) isostatic and free-air gravity highs. The
4,000 m isobath is approximately coincident with the ocean-continent
boundary. Between the seamounts and the SENR the boundary appears to
be coincident with the J-anomaly and is thus dated as 115 Ma. North
of the seamounts the boundary truncates magnetic anomalies that formed
between about 102 Ma and 80 Ma; it is not precisely dated here.

Complex basement structures along the seaward extension of the
Grand Banks marginal fracture zone make definition of the ocean-

continent boundary off the Tail of the Bank more difficult. Several
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authors (Gradstein et al., 1977; A. C. Grant, 1977) have postulated
that continental crust extends quite far to seaward beneath the Spur
Ridge and SENR, but the geophysical data presented in this thesis
clearly indicate that both of these structures are oceanic. The ocean-
continent boundary is therefore placed at the morphological boundary
between the Grand Banks and the SENR-Spur Ridge structures in this
study.

It has been shown that the structural characteristics and strati-
graphy of the marginal area between the ocean-continent boundary and
the edge of the continental shelf correlate well with the Triassic-
Jurassic of the Grand Banks and western Iberia. This supports and
extends the results of the many land-based and shelf-based comparative
studies that have been undertaken in these regions (R.C.L. Wilson,
1975; Lefort, 1975; Haworth and Lefort, in prep.).

The Newfoundland Basin seaward of the ocean-continent boundary
is underlain by oceanic crust ranging in age from 115 Ma (J-anomaly)
to 73 Ma (anomaly 31/32). The magnetic anomaly pattern in this region
indicates that at least two major changes in plate motions occurred
during the evolution of the seafloor here. At about 102 Ma the strike
of the spreading axis changed from 015° (J-anomaly trend) to 055°;
this is believed to be concomitant with the initiation of active
spreading about the same pole (northeast of Paris) between Iberia and
Europe. At about 80 Ma (anomaly 33) the locus of spreading shifted
to the Cenozoic trend evident in the pattern of magnetic anomalies 33
through 1. The SENR is postulated to have formed by the southeastward

migration of a 'leaky' ridge-ridge transform fault during the inter-
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val of time between these two pole changes and by subsequent diffef-
ential subsidence of the Newfoundland Basin and Sohm Abyssal Plain.

The Newfoundland Seamounts appear to have formed in two stages during
the time interval 115-97 Ma. The first stage of activity, which pro-
duced the smaller, westernmost seamounts, occurred along fracture zones
formed along the seaward prolongation of continental structures. The
seamounts east and south of Scruncheon Seamount follow the trends of
fracture zones formed during the 102-80 Ma spreading phase. Both of
these trends are believed to represent “leaky"~transform fault volcan-
ism (Menard and Atwater, 1968).

This study has also established that the sedimentary sequence in
the oceanic Newfoundland Basin correlates well with that of the North-
west Atlantic south of the SENR and of the continental margins of Iberia
and the Bay of Biscay. This correlation with areas in which Deep Sea
Drilling results are available provides a basis for assigning some pre-
liminary ages and lithologies to the units in the Newfoundland Basin
stratigraphic sequence, which is at present known only from seismic
reflection studies.

In the preceeding chapter the above findings were integrated with
othef data from the Grand Banks, western Iberia and the Bay of Biscay
and used to evaluate two recently-proposed models for Iberia-North
America pre-drift paleogeography. The reconstruction of Haworth (in
prep.), supplemented by these marine data, is quite successful in resolv-
ing most of the gaps and overlaps that have plagued so many previous
models. This paleogeography is therefore taken as the initial config-

uration for the plate model derived from the data collected during
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this study. The consistency of this model with data from Iberia and
the Bay of Biscay is quite good, so it can be accepted with confidence
as a meaningful working model for early Iberia-North America spreading.

Two sections of this thesis addressed topics of very much broader
interest. In Chapter 5 the significance of roughly lineated magnetic
anomalies in oceanic areas that presumably formed during the Cretaceous
Normal Polarity Interval (81-110 Ma) was discussed. At present, evi-
dence for reversals during this period comes only from paleomagnetic
studies on DSDP sediment cores (Keating and Helsley, 1976, 1977, in
press) and from modelling of roughly-lineated anomalies over crust of
this age in the Atlantic (Vogt and Johnson, 1971; Hayes and Rabinowitz,
1975; B. R. Hall, 1977; C. E. Keen et al., 1977). The present study
considered the latter observations. It was shown that at least two
reasonably plausible mechanisms exist which could modify a simple
normal-polarity magnetic source-layer in such a way that roughly
lineated anomalies would be produced. Both of the models discussed
require that the oceanic crust have a strong tectonic fabric, such as
forms at present at slowly-spreading ridges. This is not compatible
with Larson and Pitman's (1972) conclusion that a worldwide pulse of
rapid spreading occurred from 110-81 Ma.

Some aspects of recent studies of gravity anomalies at rifted
margins were discussed in Chapter 6, with particular reference to the
signature of the ocean-continent boundary. On the basis of the com-
parison of gravity profiles from a number of Jurassic and Cretaceous

rifted margins that was made in Section 6.5 the hypothesis that iso-
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static gravity anomalies can be "diagnostic" of the ocean-continent
boundary was discounted. Isostatic and free-air anomalies provide
essentially the same information (except in the immediate vicinity
of the shelf-break and slope), and combined use of seismic, magnetic
and gravity data is still essential to determination of the ocean-

continent boundary.
9.2 Suggestions for further research

This thesis has intentionally focused on the Cretaceous struc-
tural and plate tectonic history of the Newfoundland Basin. Aas a
result of this choice, several very intriguing aspects of the data
have gone unexplored. 1In addition to investigating topics of this
nature, future research can be directed towards testing the evolution-
ary model presented in Chapter 8. A number of interesting avenues
for further study are outlined below; this is by no means an exhaus-
tive list, and the selection of topics mentioned is strongly biased
by the author's personal interests.

In terms of testing the interpretations presented in Chapter 8,
there are several points which come readily to mind:

a) If the SENR formed by the southeastward migration of a
"leaky" fracture zone, as postulated, it should be composed in part
of alkali basalts and these should become younger to the southeast.
This might be verified by dredging or shallow drilliné,.if appropriate
sites can be found.

b) The postulated genetic link between the seamounts and Grand Banks

basement structures and the proposed two-stage evolution of the seamounts
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could be checked by collection of additional seismic data and dredge
samples. The seamount model in Chapter 7 neither explains the observed
variation in seamount size and shape nor predicts a different pattern;
might the significance of these variations be clarified if more de-
tailed data were available on the basement structures associated with
the seamounts?

c) The J-anomaly/smooth zone boundary is not as well documented
as it should be. What kind of transition occurs between Line 42 on the
northern flank of the SENR (where high-amplitude anomalies are observed
west of the J-anomaly) and Line S (where the J-anomaly marks the sea-
ward boundary of the marginal smooth zone)? What happens where the
trend of the smooth zone boundary in the southern Newfoundland Basin
intersects the Flemish Cap smooth zone boundary?

d) Seismic refraction data within the smooth zone would provide
useful information on the nature of the crust in this area. Is the
smooth zone underlain by foundered or "oceanized" (Beloussov, 1968) con-~
tinental crust, by oceanic crust, or by a combination of the two?

Investigations along these lines would require additional ship
time dedicated to the Newfoundland Basin, and the present outlock
for meeting this requirement is very bleak. Given this situation, what
further projects should be pursued with the data in hand?

The deep-penetration seismics available in the Newfoundland Basin
provide an excellent data base for study of post-Cretaceous sedimenta-
tion in this area. This topic has great potential and should be given

a very high priority.
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Continuing investigation of the apparent magnetic reversals
in oceanic crust formed during the Cretaceous Normal Polarity Interval
is another high-priority item. Roughly lineated anomalies have been
observed in crust of this age in several parts of the North Atlantic
(Vogt and Johnson, 1971; Hayes and Rabinowitz, 1975; B. R. Hall, 1977);
KN~-age crust in the Pacific is apparently not lineated (Larson and
Pitmén, 1972; Rabinowitz and Hayes, 1975). The magnetic data base in
the Newfoundland Basin (compiled by B. R. Hall, 1977) is perhaps the
best that is currently available for study of this problem, and it
should be put to full use. Two obvious ways to proceed are a) applica-
tion of time-series analyses to the data and b) detailed comparative
studies with related regions in both the Atlantic and the Pacific.

The Newfoundland Seamount study can also be extended. This
thesis considered the seamounts in the context of the evolution of
the Newfoundland Basin; one might consider their significance in
several broader contexts, such as North Atlantic seamount volcanism;
Cretaceous seamounts worldwide; primary and secondary mineralogical
and chemical features of oceanic central (as opposed to fissural) vol-
canoes.

Finally, a topic requiring further study that was pointed out
in Chapter 6: the factors cgntributing to the gravity signatures of
rifted margins and the variations of these factors in space and time.
There are a number of questions here which need to be‘resolved before
reliable general models can be formulated; these are discussed in

Section 6.5.
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9.3 Conclusion

The eye is the first circle; the horizon which it forms is the
second; and throughout nature this primary fiqure is repeated without
end. It is the highest emblem in the cipher of the world... We are
all out lifetime reading the copious sense of this first of forms...
Our‘life is an apprenticeship to the truth that around every circle
another can be drawn; that there is no end in nature, but every end
is a beginning; that there is always another dawn risen on mid-noon

and under every deep a lower deep opens.

Emerson
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APPENDIX I: MAGNETIC HEADING CORRECTIONS, MK76-031

The magnetometer sensors carried on this cruise were found to
have serious leakage problems and seemed to operate only when towed
about 70 m astern of the ship. This proximity of the ship and the
sensor introduces a variation in the measured total field values
that.is dependent upon the ship's heading. It is not necessary to
correct for this error if one is interested in relative anomaly am-
plitudes along tracks of constant azimuth (as in Section 5.2), or if
one wishes to model long, constant-azimuth profiles (in which case
the anomalies are visually adjusted to a zero-mean).

This appendix describes the procedure followed in measuring the
azimuthal variation on board ship and in subsequent calculation of
the heading correction (following Bullard and Mason, 1961).

The following procedure was followed in measuring the heading

effect at sea: An unanchored marker buoy was laid in calm water
(less than 5 kts of wind) Jjust south of Sable Island on Day 288.
The ship steamed past this marker on nine different courses, first
with the magnetometer cable at its short (70 m) length and then at
its full (150 m) length. Course changes, log mileage and magnetic
field values were recorded at both ends of each track and at each
passage of the buoy.

The measured total field with long and short cabies are plotted
as a function of azimuth in Figure I.l. The short cable gives an

approximately cosine-form variation with 50 nT peak-to-peak amplitude.
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The method used to calculate the correction for this error follows

Bullard & Mason (1961). The azimuthal variation can be expressed as:

F(B) = ag + a] cos § + ap cos 26 + a3 sin 6 + ay sin 20

where F(8) is the magnetic field as a function of azimuth (8),

ap is the mean value of F(8) and a;, as, a3, ay are constants.

Fourier analysis of the coefficients gave:

a; = -19.42
ap = 10.92
ag = 5.10 .
a, = -1.72

The value of aO was determined by taking the difference between an
arbitrarily-defined zero value and the mean value of F(8). Several
trials showed that setting 54170 nT = O gave the best fit to the ob-
servations (Fig. I.2).

The heading correction A is given as the difference between the
true total field at the buoy (FT) and the calculated cosine curve

(F(e)c)° Representative values are given in Table I.1.
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TABLE I.1l

HEADING CORRECTIONS

HEADING CORRECTION
(deg) (nT)
030 58.3
060 60.2
090 53.8
120 37.8
| 150 21.7
180 17.7
210 29.8
240 49.7
270 64.0
300 66.1
330 60.4

360 56.5
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APPENDIX II:

Petrographic and Geochemical Data:
Newfoundland Seamounts

To date four of the Newfoundland Seamounts have been sampled
(Table II.l). Scruncheon and Dipper Seamounts were dredged in 1974
(cruise 74-021) and Screech and Shredder Seamounts were dredged in
1975 (cruise 75-009). All in situ material, including manganese slabs
and nodules and sedimentary rocks, have been catalogued; samples and
complete descriptions are available from Bedford Institute of Oceanog-
raphy, Dartmouth, Nova Scotia.

Thirty-eight samples (basalts and trachytes) were selected from
the dredge collection for geochemical analysis. Major and trace ele-
ment data are given in Table II.2, rare-earth data in Table II.3 and
Figure II.l, and mineral phase chemistry in Table II.4 and Figure II.2;
analytical methods and errors are given in Tables II.5 and II.6. A gen-
eralized petrographic description was given in Chapter 7; the photo-
micrographs in Figure II.3 illustrate the state of alteration of rep-
resentative analyzed samples.

A reconaissance study of rock magnetic and magnetic mineral prop-
erties was also undertaken. The data in Table II.7 and the photomicro-
graphs in Figure II.4 show that the seamount basalts contain highly
cation-deficient titanomagnetites which display mineralogic and magnetic
properties typical of advanced submarine alteration at low temperatures

(probably 100°C).
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TABLE II.l: DREDGE STATION DATA

II.la DREDGE STATIONS, HU 74-021

STN. NO. SEAMOUNT N. LAT. W. LONG. RECOVERY

25 Scruncheon 43°42" 45°26" 80% granitic and gneissic
erratics; 20% weathered
plag. basalts and tra-
chytes. Max. MnOj ca.

2 mm. Fe-Mn blocks to
20 cm; Fe rich sed.-volc.
breccia.

26 Scruncheon 43°42"' 45°26° 98% erratics; five small
(11-15 cm) pieces basalt
with MnO, 1 mm.

30 Dipper 43°26" 45°15" 35% erratics; up to l7cm
pillow fragments with
MnOy, to 4 mm; Fe-Mn
blocks to 50 cm max. di-
mension.

| 31 Dipper 43°27" 45°15' 60% erratics; 2 large

| slabs Fe-Mn pavemt.,

30 cm thick, ca. 80 cm
long; ca. 50 chunks
basalt (to 20 cm) with
MnOy £ 1 mm; 2 trachytes.

II.1lb DREDGE STATIONS, HU 75-009

103 Screech 44°06"' 46°48" glacial erratics (95%);
MnO2 nodules and crusts;
volcanogenic sediments;
cobbles of altered basalt.

i 104 Screech 44°07"' 46°47" glacial erratics

105 Screech 44°07' 46°47" glacial erratics (98%);
volcanogenic sediments;
cobbles of altered basalts
with white veins (calcite
according to XRD).

106 Shredder 43°44" 43°47" glacial erratics (95%);
‘ Mn0O; crusts and nodules

110 Shredder 43°51" 43°43"! glacial erratics (80%);
Mn0 crusts; volcanogenic
sediments; large slab
70cm x 50cm x 15cm coarse
calcareous-volcanic con-
glomerate with graded bed
imbricate bedding.



SCRUNCHECH SEAMOUNT

25/1

510, Cl.98

Tid%z .54
Alz0, 19.28
Fel0 2.94
Fel 0.00
ah .00
Mol 1.17
Caf .93
Na;0 6.70
v,0 2,59
Po0s - .08
co, .02
n, 0T 4.6n

TOTAL 100.92

DIZZEFR SEAMOUNT

30/1

sio, 48.60
Ti0, 2.43
£1,0, 17.21
Fe,0 9.43
Fel 0.19
%40 0.49
g0 1.50
Ca% 4.71
Na,;90 3.02
X,0 3.85
P,0, 1.33
CG; 0.12
#,0T 7.62

TOTAL 100.50

25/2

€1.16
.54
19.28
2.43
.46
.08
1.21
1.06
6.78
2.37
.08
.08
4.59
106.09

4.94
99.53

25/3

61,23
.55
18.46
2.88
0.00
.14
i.12
1.01
6.52
2.41
.09
0.00
4.96
99.37

30/5

47.78
2.78
16.90
9.90
0.54
0.36
1.€6
3.75
2.99
3.69
1.08
0.06
8.18
99.71

25/4

6o.18
0.54
18.32
3.87
0.20
0.12
1.08
1.10
6.80
2.61
0.09
0.00
5.73
100.84

30/11

52.21
3.32
19.29
6.94
.69
.09
1.09
4.00
3.95
3.90
0.00
.02
5.01
100.51

TABLE II.2
25/15 25,9
56.02 49,53

0.49 3.11
16.14 16.55
1.98 9 81
0.31 0.58
0.08 0.29
0.32 1.62
7.83 3.84
6.37 3.34
4.13 3.55
4.53 1.09
0.51 0.04
1.72 6.31
100.43 100.606
31/2 3174
50.39 5..11
2.90 1.87
19.97 18.25
6.48 7.82
1.08 1.11
0.11 0.11
1.11 i1.16
4.16 5.15
3.97 4.65
3.04 2.51
0.59 1.44
0.00 0.05
6.60 4.22
100.40 99.95

MAJOR ELEMENTS

25/11

44.89
3.27
14.69
15.30
0.94
0.09
2.39
3.86
2.37
3.67
1.24
0.09
8.92
99.72

31/5

50.34
2.87
18.86
6.01
0.99
0.06
1.05
3.81
3.41
3.68
0.76
0.00
6.27
98.11

25/19

a7.45%
3.82
15.45
13.89
.79
.16
1.74
3.10
2.90
3.42
.32
.12
7.50
100.56

31/6

49.55
2.93
20.09
6.99
0.69
0.27
1.09
4.05
3.85
3.16
0.67
0.00
6.14
99.48

25/20

46.65
3.28
14.79
9.85
.21
.16
1.73
4.95
2.39
4.87
2.63
.30
7.71

99,52

31/14

52.26
2.08
20.38
8.16
0.00
.24
1.11
4.17
4.01
3.04

0.00
4.53
100.66

25/26

46,139
2.608
12.36
13.97
0.00
0.18
3.40
0.69
1.45
4.31
0.36
0.04
15.45
10l1.28

31/17

52.49
3.46
19.84
7.13

.08
1.18
3.91
3.50
3.43

.70

.07
4.41

100.88

25/29

45,66
3.31
15.50
12.67
0.98
0.12
1.95
3.€5
2.36
3.54
0.80
0.0%8
9.04

L,

31/21

50.84

2.91°

18.52
7.25
G.62
0.12
1.02
4.04
3.73
3.80
0.77
0.00
5.46

100.28

26/1

43,82
3.48
14.28
17.34
.20
.42
l.uvo
4.350
2.65
3.76
1.4d¢
.56
5.36
a9 47

8%




SCRUNCHEON SEAMOUNT

25/1 25/2

Fb 20 19
Sr 170 209
Ba 1253 1178
i 16 36
b 5 5
ar 522 586
¥ 39 50
th 119 121
Cu 34 15
Zn 225 229

DIPPER SEAMOUNT

/i 3n/?
Pz 40 56
Sr 311 330
ba 437 410
Ni 23 A
Cr o1 29
zc 108 230
Y 51 49
b 43 50
Cu 111 97

zn 176 152

25/3

20
185
1130

503
nd
122

228

30/11

40

185

31/2

31
331
430

67

e2
188

49

47

98
130

TABLE IT.2

TRACE ELEMENTS

SCRUNCHEON 7ND DIPPER SEAMOUNTS

25/11

31/4

19
463
445

32

324
49
7

16

159

25/15

45
329
1073
30

5
492
187
119
14
105

31/5

35
273
381

45

44
203

61

55

140

25/20

31/14

25/26

100

31/17

a7
387
370
58
38

25/29

40
309
239

59

27
139

43

9

50
165

31/21

34
484
308

69

34
211

75

48

78
154

25/32

31/25

23
578
474

55

9
366

59

81

52
174

28/1

48
269
312
53

237

148

35
80
151

5349



£10,
Tily
Al1,04
Fep03
Fel)
Mn0
1450
can
NaZOA
7,0
P,0g
Cly
i, 00
TULAL

TABLE 11.2

SCREECH SEAMOUNT

MAJCR AND TRACE ELEMENTS

SHREDDER SEAMOUNT

1C3/1T T 103/1+ 103/2 10374 103/5 105727 105/3 105/4 106/1 10G/2% 10673 J00 /4% 1067=
[uuru ouker cur ey
50.03 47.45 46.56 46.76 48.56 54.16 45.35 48.35 43.04 42.74 43.37 44.29 42.33
2.77 2.63 2.54 2.68 3.08 1.69 3.28 3.36 2.66 2.54 2.60 2.37 0.63
16.72 14.47 13.74 13.77 15.25 18.99 18.33 16.71 18.17 17.84 18.11 16.20 8.92
9.73 13.40 12,31 12,57 Y. a0 [WRN] 11.70 10.20 13.41 13.94 13,14 12,40 V.0l
0.31 0.24 0.31 0.18 0.20 0.40 0.34 0.88 0.40 0.59 0.34 2.06 5.54
0.03 0.03 0.02 0.05 0.03 0.08 0.03 0.02 0.15 0.17 0.19 0.21 0.56
1.3% 1.59 1.9% 1.1 1.60 0.63 1.16 1.92 2.47 2.53 2.47 3.73 5.46
1.55 1.77 1.98 1.14 1.42 1.37 1.25 0.41 1.57 2.27 1.40 4.90 12,01
z.51 2.1 1.73 1.75 2.29 3.08 2.07 2,36 2.32 2.17 2.8 2.53 1.51
5.41 5. 64 5.77 5.66 5.24 7.10 4.83 5.02 3.94 3.70 3.98 2.81 1.15
0.63 0.62 0.49 0.56 0.62 V.61 U.BU 0.10 u.47 U.-u Q.04 (SRS [ANS D
0.02 0.32 6.4a2 0.06 G.0n 0.02 0.06 0.02 0.05 0.13 0.09 0.08 14.81
8.32 8.16 10.66 12.84 11.99 4.¢0 10.24 11.06 10.03 9.29 10.55 0.79 5.31
99.92 98.47 98. 8y 99.90 99,84 HY. 36 9%.50 100.40 28.60 4. 54 089,43 99,02 101,18
* = yverage of 2 analysces
71 76 73 65 raS 50 62 78 64 58 ol nd 31
253 188 147 168 199 €26 327 163 231 201 324 nd a2
629 528 537 1154 512 €97 550 553 271 249 307 nd 228
712 622 542 470 280 nd 28 47 32 nd 45 nd 95
216 191 188 191 175 322 370 382 164 162 167 nd 57
76 71 71 68 59 170 87 112 24 nd 28 nd nd
103 121 95 104 96 129 173 51 175 172 180 nd 54

0sc
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TABLE IT.3: RARE EARTH ELEMENT ABUNDANCES

SCRUNCHEON SEAMOUNT

La Ce Sm Eu Tb Yb Lu
25/1a 121 - 9 3 2 3 )
25/4 106 — 10 4 2 3 .4
25/5 113 - 11 3 2 10 2
25/9 43 - 11 4 2 4 .6
25/11 51 —— 11 3 1 5 .7
25/23 76 84 16 4 2 5 1
25/26 9 11 3 1 4 1 .2
25/32 41 - 8 2 1 3 .3
DIPPER SEAMOUNT
30/1 52 90 11 3 2 4 1
30/11 29 61 7 2 1 2 .3
31/6 28 43 8 2 1 2 .4
31/25 84 163 17 5 2 5 .9
SCREECH SEAMOUNT
103/1 54 88 10 3 1 2 .4
103/1 44 77 . 8 2 1 1 .3
103/2 41 20 12 3 2 3 .3
103/4 44 90 11 3 2 2 .4
105/2 76 134 10 3 1 2 .3
105/4 15 37 3 1 .1 1 .1
SHREDDER SEAMOUNT
106/1 30 34 8 2 2 4 .6
106/2 25 33 8 2 2 3 .6
106/5 12 33 7 3 1 3 .4
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Figure II.1lb
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A. DIPPER SEAMOUNT PYROXENES

TABLE II.4 MICROPROBE DATA

31/2 31/13A 31/11A 31/13B 30/1 31/6 31/25A 31/25B
SiO2 47.68 48.82 49.42 50.05 50.63 49.52 51.27 51.29
TiO, 2.16 1.37 1.36 .81 1.05 1.24 1.11 1.13
Al,0, 5.48 6.31 5.89 5.78 3.84 6.26 2.6l 2.30
Cr203 .04 .47 .31 2.04 .04 nd .02 .04
Fe0" 8.21 5.48 5.41 4.35 7.89 5.19 7.74 7.65
MnO .20 11 .15 .13 .22 .12 nd nd
MgO 13.45 14.72 14.93 15.76 16.13 14.98 15.36 15.38
cao 21.81 22.44 22.38 21.40 19.25 22.42 21.34 21.40
Na,0 .48 .34 .34 .39 .46 .34 .42 .37
K,0 .02 .03 .04 .03 .04 .04 .03 .04
TOTAL 99.53 100.09 100.23 100.74 99.55 100.11 99.90 99.60
WO 46.47 47.55 47.24 45.80 40.23 47.39 43.77 43.88
EN 39.87 43.39 43.84 46.93 46.90 44.05 43.83 43.87
FS 13.66 9.06 8.91 7.27 12.87 8.56 12.39 12.24
* Total Iron as FeO

- 9g¢ -



TABLE II.4 (continued)

B. SHREDDER SEAMOUNT PYROXENES

PYX PYX . PYX PYX PYX PYX
2 3 4 5 6 7

5i0, 51.87 48.19 48.54 50.18 49.84 52.28
TiO0, 0.32 1.60 1.67 1.22 1.21 0.57
Al,04 1.86 4.78 5.40 3.89 4.03 1.94
Fe0” 7.05 9.52 9.89 8.81 8.75 9.25
MnO 0.00 0.00 0.00 0.00 0.00 0.00
MgO 16.61 13.84 14.02 15.01 15.00 17.07
Ca0 21;34 21.27 21.06 20.93 21.64 19.60
Nao 0 0.00 0.00 0.00 0.00 0.00 0.00
K>0 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 99.05 99.20 100.58 100.04 100.47 100.71
WO 47.72 44.35 43.62 42.99 43.98 38.76
EN 46.26 40.15 40.40 42.89 42.29 46.96
FS 11.02 15.50 15.99 14.12 13.84 14.28

* Total Iron as FeO
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TABLE II.4 (continued)

C. FELDSPAR COMPOSITIONS

SCRUNCHEON SEAMOUNT DIPPER SEAMOUNT
TRACHYTE 25/1 BASALTS
2 )

RiM CO;E GROGND- GRO%ND— 31£6 31g6 3lgllA 3l£llA 3lgllB
Si02 64.48 6l1.21 69.53 62.70 51.38 57.44 48.79 50.31 52.53
TiO» .09 .12 .16 .09 .18 .19 .13 .17 .12
Al203 21.90 24.49 19.68 73.10 29.53 28.65 31.82 30.43 29.50
FeO .31 .36 .67 .33 .72 .70 .70 .67 .44
MgO .04 .04 .07 .04 .15 .13 .11 .13 .15
Ca0 3.63 6.68 1.19 4.98 13.98 14.27 15.94 14.47 13.14
Na20 6.11 6.99 2.04 8.22 3.58 4.03 2.66 3.37 4.26
K20 .93 .50 2.67 .67 .19 .25 .13 .17 .09
TOTAL 97.52% 100.39 96.02% 100.13 99.69 99.64 100.28 97.72% 100.23
OR 7.22 ‘ 2.99 39.43 3.86 '1.09 1.36 .74 .97 -
AB 67.85 63.48 45.80 72.02 31.32 33.36 23.02 29.36 -
AN 22.93 33.53 19.76 24.11 67.59 65.28 76.24 69.67 -

* Sample penetrated by electron beam

- 89C -



C. FELDSPAR COMPOSITIONS

sio,
Ti0,
Al,05

FeO*

Mg0O
Cal
Na,0
K»0

TOTAL

OR

SCREECH SEAMOUNT

BASALT 105/2

Table II.4, continued

SHREDDER SEAMOUNT

BASALT 106/4

1 2 3
64.08 64.90 64.33
0.00 0.00 0.00
18.22 17.73 18.18
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
17.05 16.55 0.00
99.35 99.18 99.41
100.00 100.00 100.00
0.00 0.00 0.00
0.00 0.00 0.00

1 2 3
62.59 54.78 65.79
0.00 ° 0.00 0.00
20.73 27.67 19.46
0.00 0.88 1.55
0.00 0.00 0.00
0.00 0.00 0.00
4.11 11.69 1.52
7.47 4.54 9.05
1.64 0.09 1.78
99.93 99.65 99.15
9.97 0.54 10.59
69.04 41.05 81.82
20.99 58.41 7.59

- 69C -



Table ITI.4, continued

D. OPAQUE MINERAL AND CLAY COMPOSITIONS

Sioz
TiOZ
A120 3
TFeC*

MgO
ca0

TOTAL

Sifop
TiOo
Al,703
FeO*

MgO
ca0
Na. O
K O

TOTAL

OPAQUE MINERALS
SCREECH SEAMOUNT

1 2 3 4 5
0.00 0.00 0.95 0.42 0.00
22.43 23.57 17.72 23.40 17.55
1.59 1.73 2.57 1.96 6.04
62.03 63.93 65.00 62.34 70.30
0.29 0.38 0.23 0.35 0.04
2.61 3.02 2.19 2.81 6.46
0.00 0.00 0.74 0.00 0.00
89.72 92.63 89.39 91.28 100.40
CLAYS
SHREDDER SEAMOUNT SCREECH SEAMOUNT
1 2 3 1 2 3
42.80 48.10 50.93 46.70 49.90 48.35
0.42 0.00 0.00 0.23 0.00 0.00
10.77 7.21 25.59 14.25 18.43 7.01
28.52 27.42 7.26 20.31 10.75 28.35
0.00 0.00 0.00 0.00 0.00 0.00
3.15 2.27 1.92 1.02 2.20 2.79
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
1.65 6.05 4.04 2.88 1.83 6.67
87.37 91.05 89.75 85.39 83.10 93.17

- 09C -
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TABLE II.5: Analytical Methods

Element (s) 1974-1975 1975-1976

Si INAA, Dal. INAA, Dal.
Al, Mg, Mn,
Fe, Ca, Na, Atomic absorption, Dal. Atomic absorption, Dal.
K .

Ti, P Colorimetry, Dal. Colorimetry, Dal; XRF, M.U.N
CO2 Titration, Dal. Titration, Dal.
HZOT Loss on ignition, Dal. lLoss on ignition, Dal.
Y XRF, S.M.U. n.d.

Rb, Sr, Zr XRF, S.M.U. and M.U.N. XRF, M.U.N.

Ba, Cr, Ni,
Cu, Nb, 2Zn

XRF, M.U.N.

XRF, M.U.N.

Dal
.M
.U

= Dalhousie University, Halifax, Nova Scotia.
.U. = Saint Mary's University, Halifax, Nova Scotia.
.N. = Memorial University of Newfoundland, St. John's, Nfld.



TABLE II.5 (continued)

Rare-earth element analysis

Parameter 1974-1975 1975-1976

a. Irradiation time 4 hrs 4 hrs

b. Integrated flux 6.0 MWH 6.0 MWH

c. Cooling time to:
First counts 5 days 6 days
Second counts 12 days 17 days
Third counts 18 days 38 days

d. Detector-sample distance;
counting time:
First count 3 cm; 5,000 sec 3 cm; 1,800 sec
Second count 0 cm; 10,000 sec 0 cm; 10,000 sec
Third count 0 cm; 12,000 sec 0 cm; 10 hrs

Corrections applied

C.

Pa (300keV) interference with Tb (299%eV):
Pa(300keV) = [5.8/34]1x[area Pa(31llkeV)].

Ta (179keV) interference with Yb (177keV):
l. Use Yb (282keV) peak.
2. Calculate sum of Ta (1221keV) + Ta (1l231lkeV):
Detector 1: Ta (179)=0.5839[Ta(1221)+Ta(1231)].
Detector 2: Ta (179)=0.64[Ta(1221)+Ta(1231)].
Fe and Ce: [Fe(l42keV)+Ce (145keV)]-Fe(1l42keV) =

Fe (142keV) /fe (190keV)

0.434.

Ce (145keV).

- €92 -
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TABLE II.6: ANALYTICAL ERRORS

A. Major Elements: Standard rock JB-1

Fl(ig;‘g;’m Dal, 1974 Dal, 1976 Dal, 1976
SiG, 52.09 52.61 nd nd
’I‘iO2 1.34 ~ 1.34 1.28 1.25
Al, 04 14.53 14.54 14.53 14.70
Fe, 04 2.30% 9.14 2.22 2.34
FeO 6.06 nd 6.09 6.09
MnO 0.16 0.14 0.15 0.16
MgOo 7.70 7.70 7.70 7.70
Cao 9.21 9.15 9.17 9.29
Na, O 2.79 2.71 2.62 2.71
K,0 1.42 1.48 1.48 1.49
P, 05 0.26 0.26 0.26 0.27
Co, 0.19 0.19 . 0.13 nd
* Total iron as Fe,O,
B. Trace elements: Relative error as 20/X
M.U.N. S.M.U.

std. G-2 XC-1 XC-3 BCR-1 G-2

N 10 46* 16 27 27
Zxr .04 .34 .24 .09 .25
Sr .02 .16 .55 .04 .04
Rb .02 .27 .14 .19 .09
Zn .02 .30 .33 nd nd
Cu .22 .27 .43 nd nd
Ba .04 .15 .12 nd nd
Nb .40 .27 .32 nd nd
Ni .10 .50 .17 nd nd
Cr .29 .67 nd nd nd
Y nd nd nd .29 .45

* 46 separate pellets
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TABLE 1I.6 (continued)

C. Rare-earth elements

Elements Precision*
La, Eu, Ta + 5%
Ce, Sm, Tb, Lu + 10%
Yb + 15%

* 10 relative precision for 10,000 counts per peak; standard
rock AGV-1,

Statistics from Dr. P. Jagam, Dalhousie University, Halifax,
Nova Scotia; April, 1978.
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TABLE II.7: PALEOMAGNETIC DATA
Oxidation NRM MDF Curie temp.
Sample 52268536_ emu/cc oersteds °C
25/9 1.0 .0053 150 330°; 540°
- 25/19 .95 - - 485° (2nd temp)

25/29A .95 .0027 130 412°; 418°; 220°;
398°; 543°

30/1 .97 .0092 - 358°; 543°

30/2 .87 .0085 - 380°; 543°

30/12 .90 .0093 - 425°; 550°

31/2 .90 .0058 - 335°; 540°

31/4 .96 .0048 170 420°; 520°

31/5 .91 .0107 175 347°; 526°

31/6 .93 .0110 198 361°; 550°

31/11 .98 - - 320°; 540°

31/17 .91 .0100 - 365°; 540°
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Figure II.3: Photomicrographs of selected samples,

transmitted and reflected light.
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Trachyte 25/la 31X crossed Nicols
Normally-zoned plag. (andes.-oligocl.) phenocryst
in matrix of plag and K-feldspar microlites, bio-
tite, amphibole and opaques. 25/la is the freshest
trachyte; others have varying amounts of intersti-
tial palagonitization in the groundmass.

Trachyte 25/la 31X plane-pol. light
Glomerophenocryst of plag., amphibole, biotite
opaques and zircon, typical of this sample and
several of the other trachytes.



Basalt 30/5 125X plane-pol. light
Iron-titanium oxide (titanomaghemite?) phenocryst
with skeletal-growth rim in typical altered matrix.
Note the abundant skeletal oxides (seriate texture)
in the groundmass. The bright red-orange material
near the center of the photo appears to be pseudo-
morphous after olivine.

Basalt 25/9 31X plane-pol. light
Ovoid patch of iron oxide (and hydroxide?) concen-
tration in fine-grained fluidal matrix of altered
feldspar microlites, clays and opaques. The vesi-
cles are all empty except for thin linings of orange-
brown clays.
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Basalt 31/6 31X plane-pol. light
and crossed Nicols

Altered plagioclase phenocrysts in matrix of feld-

spar microlites, orange and brown clays (smectites)

and seriate opaques. Note thin clay vesicle linings

and opaque zone around vesicle just above and to

the right of center.



Basalt 31/5 31X plane-pol. light
Typical altered seamount basalt. Note the thin
rim of still-fresh feldspar surrounding the brown-

clay alteration product in the triangular pheno-
cryst .

Basalt 105/24 100X plane-pol. light
Altered glassy basalt. Outlines of several plag.
laths and (possibly) altered olivines (upper left
corner) are visible; abundant seriate opaques with
equant habit.
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Basalt 106/1la 100X plane-pol. light
Relatively coarse-grained basalt dredged from
Shredder Seamount. 106/la contains abundant fresh
phenocryst and groundmass clinopyroxenes.



Basalt 25/10 530X; oil immers.

Highly-altered subhedral and euhedral
titanomagnetites. Cores of crystals at

right contain spongy-looking golden yellow
material (possibly sphene?). Such highly-
altered grains are not common in the sea-
mount samplesbut occur in patches within 25/10.

R
Basalt 25/10 660X; oil
~ Subhedral altered titanomagnetites.
~ Cracking and granulation (in patches] are
evident. '

!
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Basalt 105/1 825X; oil
Small euhedral and subhedral grains in
altered glassy gasalt. -

Basalt 105/1 825X; oil
Large subhedral titanomagnetite, showing
cracking and pitted appearance typical
of this sample.
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Basalt 106/4 825X; oil
Anhedral altered titanomagnetites. Note
cracking of grains and the development

of granulated zones (gray) along cracks
in the grain at left.

Basalt 106/4 ‘ 825X; oil
Anhedral-subhedral highly-altered
titanomagnetites.
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APPENDIX III: EXPENDABLE SONOBUOY ANALYSIS

This appendix describes the shipboard and on-land procedures
foliowed in analyzing wide-angle reflection and refraction data re-
corded at the expendable Sonobuoy stations shown in Fig. III.1l. This
analysis is based on the principles described by LePichon et al.
(1965), but rather different procedures for data recording and computa-
tion are applied. The description given here is drawn from the very

detailed documentation given in M. J. Keen (1976).

Shipboard procedures

All of the expendable sonocbuoys used in this study were launched
fr§m the CSS Hudson on cruises HU73-011 and HU75-009. Aquatrénics
79.2 and 168 MH, sonobuoys are used, with a Bolt 1000 in3 airgun with
pulse-shaper as sound source. The telemetered sonobuoy signals are
received with an Aquatronics receiver and recorded simultaneously on
one track of a Hewlett-Packard instrumentation recorder and on a
Raytheon facsimile recorder; the air-gun trigger pulse is recorded on
a separate channel of the tape recordér. A second Raytheon simultan-
eously records the vertical-incidence record. Loran-C fixes are taken
at 2-minute intervals during sonobuoy operations.

The tape-recorded sonobuoy data are subsequently played back
through various filter band-widths to produce records that clearly
show: water-wave (100-250 H,); bottom reflection (100-250 and 40-80 Hp);

sub-bottom reflections (30-60 H,); and refractions (7.5-15 H,). The
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vertical-incidence data recorded during the sonobuoy operation are
also filtered (30-60 Hy) to produce a record strictly comparable to

the sonobuoy record.

Analysis of records

The waterwave, bottom reflection and all possible sub-bottom
refléctions and refractors are identified and picked visually from
the appropriate playbacks. The method used here involves tabulating,
for each event, the two-way travel-time and the sweep number counted
off along the horizontal axis of the records. The time (T) and sweep
(SW) values are run through program BEDIT, written by M. J. Keen
(see M. J. Keen, 1976) to get the waterwave distances (X) corresponding
to each sweep number.

The T-X output of BEDIT then serves as input to programs TIMEX
and THIN3 (Keen, 1976), which calculate interval velocities and thick=-
nesses by the direct and ray parameter methods, respectively. Dips
on reflectors are taken into account in TIMEX, but not in THIN3.
Ideally, the results of both calculations are comparable (if not
identical) and the results compare favorably with the vertical-incidence
profile. When this is not so, there are several ways to proceed: go
back to the sonobuoy records and attempt to pick reflectors again,
more accurately; average the two sets of results; use the result that
most closely agrees with the vertical-incidence records.

Both TIMEX and THIN3 outputs include the standard deviation and

degrees of freedom of the interval solution. These values can be used
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with statistical tables for Student's t-test to find the error associated
with the solution at any desired confidence limit. On average, the
error limits for velocity and thickness determinations proved to be
* 0.2'km/sec or less and * 0.1 km or less, respectively, at the 95%
confidence level.

Refractors are also picked visually, from the very low frequency
playbacks. BThe two-way travel times (t,) and sweep numbers give an ap-

1.5 x WATERWAVE TIME

parent velocity (V5 = r— ). The value of the intercept
2—to

time, to, is found by extrapolating the refrgctor back to the zeroth
sweep.

Apparent velocity, observed intercept time and a simple layered model
of the section above the refracting half-space (including the length, R,
of the sonocbuoy profile) are the inputs for programs FINT and FIND.
Layer interfaces may have different dips at each end of the section in
FIND; FINT requires a constant dip across the length of the section.
Both programs give true velocity, actual intercept time and critical dis-
tances as output. éomparison of the true and observed intercept times
and of the critical distances and observed vertical-incidence section

constitute two good checks on the quality of the results.
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APPENDIX IV

Bedford Institute Cruises to the Newfoundland Basin,
1965-1977

This appendix lists the B.I.O. cruises that have been undertaken
in the Newfoundland Basin and adjacent areas between 1965 and 1977, and
indicates the types of data collected on each one (Table IV.1l). Figure
IV.1l shows track plots for all cruises at a scale of 1:6.5 million
(Mercator projection). The coastline of southeastern Newfoundland and
the approximate location of the 200 m isobath are shown as solid and

dashed lines, respectively.
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APPENDIX V

Original Seismic Reflection Records.

Hard-bound copies of this thesis will contain copies of all
original B.I.O. single~channel seismic profiles in the Newfoundland
Basin (see Figure 4.la), made at 50% reduction (in pocket inside back
cover). Requests for additional copies of these data should be addres-
sed to Dr. Charlotte E. Keen, Bedford Institute of Oceanography,
Dartmouth, Nova Scotia; the request should include cruise and line num-

bers as given in Table 4.1.





