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ABSTRACT

. A therimomagnetic stﬁdy of odlitic hematite sandstone from the
gently dipping Lower Ovdovician Bell Island and Wabana groups near
St. John's revealed three to four superposed magnetic components. The
rocks were collected from a 150-meter section at 24 sites up to 6 km
apart, plus one site 180 m below that section.

The natural remanence (NRM) directions occur in two nearly
antiparallel groupings (A, B) close to published late Paleozoic
directions. Two or more specimens each from 116 samples were stepwise
thermally demagnetized in air, with field-nulling carefully controlied
to < 25 y. Two new vector groupings (C, D), diverging sharply from the
NRH, appeared after the 600°C and 685°C steps.

Up to 600°C the intensity (J) increased, sometimes by factors

5 3), before

of 2 or more, compared with the NRM (107° - 10"4 emu/cm
diopping sharply to a minimun at 685°C. Powder measuremenits in a
magnetic balance to 750°C showed this to be mainly due to formation of
a new, strongly magnetic.component with Curie point 610 - 620°C, which
x~-ray diffraction tests suqgest is y~F6203. This process had no
observable effect on the high-temperature groupings (C, D), probably
associated with a-Fe 0.

Mean directions of the tihermally discrete group D (685°C)
component were significantly better aligned (k = 160) tiian expecled
from the prescnt secular variation. Assuming reversed polarity, a

possibly Ordovician pole calculated from this dircction is in the
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central Pacific (27.8%H, 168.2%, dp = 1.8% dm = 3.6%, N = 11 vertical
zones).and constitutes the first paleomagnetic result from laboratory-
treated Ordovician rocks in North America. The published evidence is
still inadequate to interpret this result in terms of Lower Paleozoic

paleogeography around the North Atlantic.




CHAPTER 1
PALEQIMAGNETISM IN THE APPALACHIAN REGION

1.1. Introduction

Paleomagnetism is the study of the record of remanent
magnetization of rocks. Its usefulness rests upon two fundamental
assumptions, (i) (the “"stability assumption"): that the direction of
the geomagnetic field in which the rock became magnetized has been
preserved, assuming further that the time of magnetization is known;
(ii) (the "axial dipole assumption"): that during the geological past
the field, when averaged over a suitable time épan, was that of a
dipole aligned with the Earth's spin axis. The minimum time span for
averaging is of the order of the secular variation (v 103 yearsj ot

5 6

may be as much as 107 - 10~ vears (Hide, 1967).

1.1.1. Applications of paleomagnetism

Palecmagnetism is relevant to three broad fields of
geophysical and physical research.

(1) It provides evidence relating to planetary evolution, being
applicable to geophysical hypotheses such as continentai urift, sea~
floor spreading, polar wander and expansion of the Earth {Section 1.1.2).
More generally, this includes applications of rock magnetism to problems

of geological structure (Hospers and Van Andel, 1969) or their extension




to extraterrestrial material such as meteorites and rocks brought from
nearby planets (Irving, 1964; Stacey, 1967).

(2) Secondly, paleomagnetisim is a study of the Earth's magnetic field
itself, extending its history to the time preceding direct observations.
This concerns the nature of the main field and its secular variation,
and the changes of field intensity and reversals of polarity during
geological history (Smith, 1967).

(3) Thirdly, paleomagnetism involves a solid state study of magnetic
minerals responsible for the record preserved in the rocks (Héel, 1955;
Nicholls, 1955; Stacey, 1963; Nagata, 1964). Particularly important for
geological interpretations are studies concerning the mode of acquisition
of remanence components in rocks, their relative stability and certain
mechanisms for seif-reversal of polarity (Néel, 1955; Uyeda, 1958).
Recent interest has centered on mineralogical studies of oxidation and
exsolution phenomena in iron-titanium oxides and their effect on
magnetic parameters and stability in volcanic rocks (Milson and Watkins,
1967; Wilson et al., 1968; Larson et al., 1969). Ferromagnetic
properties of sedimentary rocks, particularly red sandstones, have also

becn investigated in detail ond will be discussed in Section 1.3.

1.1.2. Paleomagnetism and global tectonics

(1) Theory, procedures and results of paleomagnetic studies have
been discussed by several authors, notably Cox and Doell (1960), Nagata
(1961) and Irving (1964). Instrumentation and methods of palecomagnetism

are summarized in Collinson, Creer and Runcorn (1967). Possibilities of




using rock magnetism as a tool for studying continental drift and polar
wandering has a long history (Mercanton, 1926; Graham, 1954). The

first application of this method which yielded significant results seems
to have been the work of Clegg, Almond and Stubbs (1954) on the British
Triassic red sandstones,

(i1) The practice of expressing rock magnetic results in terms of
ancient pole positions was introduced by Creer, Irving and Runcorn
(1954), who published the earliest polar wandering paths for Europe,
and by Runcorn (1956) for North America. These earlier studies,
followed by further investigations led to fairly consistent "polar
wandering" curves which, relative tc a particular land mass, tend to
move away from the present pole progressively with increasing age;
moreover the curves for different land masses tend to be separated,
often by significant distances.

(iii) Various interpretations of (ii) are possible and thcse have
been extensively discussed in various symposium volumes, in the context
of polar wandering and ;ontinenta] drift, edited by Carey (1956),
Runcorn (1962), Blackett et al., (1965), Garland (1966), and Markowitz
and Guinot (1968).

(iv) The divergence of the paleomagnetic polar wandering paths for
different continents can be interpreted in terms of an expanding Earth
(Hospers and Van Andel, 1967). The possibility of an expanding Earth
was first studied on various geophysical grounds by Egyed (1956), who
estimated a mean increase in the circumference hy 0.2 - 0.5 cm/year.

Possible expansion can be tested paleomagnetically by comparing




contemporaneous rocks at widely separated sites in a single land mass.
Cox and Doell {1961) and Yard (1963) concluded from such tests that
expansion at Egyed's moderate rates could not be ruled out, but that
larger rates (Carey, 19563 Heezen, 1960) arc incompatible with the
evidence.

(v) Paleomagnetic results also scem to be often compatible with
specific drift reconstructions, as long proposed for (a) Gondwanaland
(Du Toit, 1937) and (b) the opening of the iorth Atlantic (Wegener,
1929). Paleomagnetic data from the Gondwanic continents has been
discussed by Creer (1965) and McElhinny (1967). The case of the ilorth
Atlantic is especially pertinent in the present study, in view of the
critical position of WNewfoundland in the paleogeography of land masses
around the Atlantic (Section 1.2.1).

(vi) For Cretaccous and later times, independent evidence may be
increasingly obtained from the geonetry of sea-floor spreading (Hess,
1962; Dietz, 1966) and the associated magnetic anomaly patterns (Vine
and Matthews, 1963; Morley and Larochelle, 1964), along with the
paleomagnetic study of 6cean cores (Opdyke et al., 1956, and many later
authors).

(vii) The evidence that the geomagnetic field reverses, which
relates to the second aspect of palecomagnetism (Section 1.1.1) has been
firmly established for the past 4 to 5 million vears, for which time
span a comparison of paleomagnetic and radiogenic measurements made on
younyg lava flows from many parts of the world has 1od to a geomagnetic

polarity time scale (Cox et al., 1967). This has received striking

—



confirmation from the paleomagnetic study of deep-sea sediment cores

and by the regular patterns of magnetic field anomalies "taped" onto

the mobile ocean floor (Heirtzler et al., 1968; Isacks et al., 1968).
(viii) The paleomagnetic data is also often in accordance with the

findings of paleoclimatology, reviewed in Nairn (1961, 1964).

1.2. Paleozoic paleomagnetic studies in eastern Canada

1.2.1. The Hortheastern Apnalachians and continental drift

The Appalachian region of Canada comprises parts of the four
Atlantic provinces and that part of Quebec lying southeast of the Logan
fault (Fig. 1.1). This is underlain chiefly by Paleozoic rocks, though
both older and younger formations are present., The region underwent
extensive deformation during the Paleozoic, first during the Taconic
orogeny at the close of the Ordovician and again during the Acadian
orogeny in Devonian time; boih of these disturbances deveioped structures
vith a dominant northezsterly trend. The Appalachian revolution at the
close of tha Paleozoic, ﬁhich folded and faulted the strata to the south,
thereby producing the Appalachian mountains, had only locai effects in
the northern region, and these effects are most strongly shown in
Mewfoundland and eastern Nova Scotia.

Increasing attenticn is being given to comparative featuves
between the Appalachians of Canada and the British Caledonides (Wilson,
1962; Kay, 1967) bearing on the structural-stratigrepnic fit of e two

orogenic belts (Phinney, 19685). The interpretation of drifi in the
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North Atlantic based on bathymetric reconstructions (Bullard et al.,
1965) is compatible with those based on tectonic belts (Kay, 1967),
and both approaches give a fit reseabling that made Tong ago by Taylor
(1916). Paleomagnetic results also are consistent with the fit by
Bullard et al., as discussed by Wells and Verhoogen (1967) and Hospers
and Van Andel (1968).

The most significant result to emerge from the studies of
Late Paleozoic and Mesozoic Paleomagnetism of the Tand masses bordering
the Horth Atlantic is the systematic displacement between the Upper
Paleozoic to Triassic poles for Horth America compared to Europe, which
clearly favours the concept of continental drift in terms of the opening
of the North Atlantic. Two prominent features observed by Runcorn (1956),
Irving (1957), Collinson and Runcorn (1960) and others, have been
discussed by Deutsch (1962): (1) for the Carboniferous~Triassic interval
a vestward displacement of the North American polar path from ihe
European path and (2) a northward component of the polar shift in both
these curves, Because of the statistical uncertainties in some of the
inferred pole positions and the lack of adequate Triassic data from both
continents, and of Cretaccous data from Europe, a precise paleomagnetic
estimate of the beginning of the opening of the North Atlantic ocean
cannot yet be made, other ihan the statement that it occurred in Late
Permian or Mesozoic times.

Several continental drift reconstructions (e.y. Du Toit, 1937)
place Paleozoic Hewfoundland in the vicinity of Western Ireland. Some

papers in the rccent Gander Symposium volume (Kay, 1969) give strong




support to the occurrence of continental drift across the Morth Atlantic
since the Late Paleozoic.

Wilson (1966) proposed the existence of a "Proto-Atlantic"
during the early Paleozoic which gradually closed during the Paleozoic
and then reopened. In the process, certain crustal portions that had
been on opposite sides of the Atlantic during the Lower Paleozoic
(among them western and eastern Newfoundland) were welded together.
While the paleomagnetism of Late Paleozoic and younger rocks is
relevant to the problem of the opening of the present Atlantic, a test
of Wilson's hypothesis would requive voluminous paleomagnetic data from
Middle Paleozoic and older rocks.

Thus the problems concerned in Newfoundland are largely
tectonic or structural. Deutsch (1966) mentions a number of inter-
related problems amenable to paleonagnetic study in the Atlantic
reygion, where the existing data are still sparse compared with those
from other land masses. These problems include (i) correlation of
structures across the North Atlantic, (i) the rotation of Hewfoundland
(Wegener, Transl. 1966).and (ii1) the unbending of oroclines (Carey,

1955).

1.2.2. Previous paleomagnetic work

Paleozoic paleomagnetic work in eastern Canada started with a
study by Hairn et al. (1959) of the Carboniferous Codroy group sedinaits
in western Newfoundland (Table 1.1, no. 8). The same authors studied

the Precambrian Signal Hill and Dlackhead red sediments of castern

~



TABLE 1.1

Paleomagnetic directions obtained from studies of Precambrian

and Paleozoic rocks in eastern Canada

No.
and, Rock Forwation? Age3 ot P a056 Treatrent’ Reference
Areal ”
1*(a) Signal Hill and Nairn et al.
Blackhead Seds  Pree 262 +39 14 nt (1959)
2(a) Bradove Seds L.e 151 +45 9 af Black (1964)
3(b) Ratcliff Brook
Seds L.e 168 +53 15 af Black (1964)
4(a)  Clam Bank group
Seds L.D 338 -20 11 - af Black (1964)
5(b) Perry Volcs U.D0 184 +34 15. af Black (1964)
6(b) Perry Seds U.D 174 +20 9 af Black (1964)
7(b) Perry Volcs and Robertson et
Seds u.b 175 +23 15 th al (1968)
8(a)  Codroy Seds M 166 +8 8 nt Nairn et al.
(1959)
9(a)  Codroy Seds M 175 +23 10 a¥ Black (1964)
10(b) Kennebecassis
Seds M 161 +33 10 th Du Bois (1959)
11(b) Maringouin Roy and
formation Robertson
redbeds U.M 179 +21 8 th (1968)
12(b) Hopewell Group  u.M Roy and Park
redbeds to L.P 38 -20 7 th (1969)
13(b)  Prepictou Seds HMorP 162 +31 15 af Black (1964)

14(e) Bonaventure
Seds Mor P 1166 +13 7 nt Du Bois (1959)
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TABLE 1.1, continued

No.
and Rock Formation2 Age3 D4 15 o 6 Treatment7 Reference
Areal 95
rea
15(b) Pictou and
Bonaventure
formation Seds MorP 167 +3 4 th Roy (1966)
16(b) Bathrust beds p 162 +16 9 nt Du Bois (1959)
17(d) Cumberland
group red Seds P 172 +16 5 th Roy (1969)
18(b) Hurlevcreek
formation Roy et al.
redbeds U.p 171 +9 10 th (1968)
19%%(¢c) CLCastern, |
central and Wl
P.E.I. redbeds PC 173 + 6 6 af Black (1964)
20(c) - P.E.I. redveds PC 68 0 6 th Roy (1966)

1Area of site: (a) Newfoundland; (b) New Brunswick; (c) Prince Edward Island
(P.E.1.); (d) Nova Scotia; (e) Gaspé.

“Rock type: (e.g. "sediments", “redbeds", “volcaiics") are as denoted in
original papers.

3Geo]ogical age: L = Lowér; U = Upper; Pree = Precanbrian; e = Carbrian;
D = Devonian; C = Carboniferous; M = Mississippian; P = Pennsylvanian;
PC = Permo-Carboniferous.

4Mean declination (deg) of remanent magnetization.
5I\”ean inclination (deg), north pole positivc, downward.
6Radjus (deg) of 95% confidence circie (Fisher, 1953).

ILaboratory treatment: af, alternating field demagnetization; th, thermal
demagnetization; nt, no treatment,

*Mean taken from Irving (1964).

**ligan was obtained giving equal weight to the three arca neans.
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Newfoundland (Ho. 1), The only other pre-Carboniferous paleomagnetic
results for the Atlantic provinces are frcm the Lower Cambrian Bradore
sediments in western ilewfoundland (Mo. 2) and Ratcliffe Brook sediments
in New Brunswick (ilo. 3), both by Black (1964), and the Lower Devonian
Clam Dank group sediments in western Mewfoundlend (Mo. 4; Black, 1864)
and Upper Devonian Perry volcanics and sediments in hew Brunswick
(ilos. 5, 6: Black, 1964; Ko. 7: Robertson et al., 1968). A1l other
results in Table 1.1 (i.e. nos. 8 - 20) are from paleomagnetic studies
of Late Paleozoic rocks.

From the paleomagnetic results relative to eastern Canada,
Roy (1969) infers a systematic trend with time, not only between pole
positions derived from Lower and Upper Paleczoic data, but also within
the Upper Paleozoic. Although the ellipses of confidence of some of
the Upper Palcozoic pole positions overlap, the poles derived from the
younger formations tend to be more easterly. The overalldisplacenent
of Upper Paleozoic poles, 27°, s in good agreement with contemporaneous
Paleozoic European data_cbtainéd by Storetvedt (1963), and Roy (1969)
considers a 25% - 30° polar change relative to both continents during
Upper Paleozoic times to be possible. An apparent polar change at
approximately the same time, though of greater magnitude, was also
observed in Australia (Ivving, 1966) and Africa (McElhinny and Opdyke,
1968). The paleomagnetic data for the Atlantic provinces are consistent

with a Tow-latitude position of that region duriug the Upper Paleozoic.
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1.2.3. Rotation of Hewfoundland

Though some positive evidence is claimed by Briden (1967) for
possible continental drift before the Late Paleozoic, paleomagnetism has
yet to establish this possibility in the case of the Horth Atlantic. 1In
this connection, the Bell Island study may be capable of contributing
important evidence, since the rocks concerned are of Lower Ordovician
age, and such evidence must come from Middle Paleozoic and older rocks
on both sides of the Atlantic.

Paleomagnetic data from eastern lorth America, including
Newfoundland, are capable of providing evidence on the proposed (Wegener,
1966 Trans1.) 30° anticlockwise rotation of Hewfoundland. A positive
test would yield a significant difference in magnetic declination
between contemporanecous rock formations in Newfoundland and in some
nearby region such as the Maritime provinces, the Newfoundland
declinations being smaller; one assumes herc that the samnling sites
in the Maritines belonged to a tectonically stable part of North America
during the Lover Paleozoic. Mairn et al. (1959) inferred a 20° anti~
clockwise rotation of dewfoundland since the Carboniferous from a
comparison between their Mississippian results for Newfoundland (Table 1.1,
no. 8) and data from the United States. However, the significance of
this was disputed by DuBois (1959). whose Carbonifercus data from New
Brunswick and Gaspé (Nos. 10, 14, 16), along with data by later authors
for the Atlantic provinces (Mos. 9, 11 - 13, 15, 17 - 20), indicate that
there is no significant difference in Upper Paleozoic paleomagnetic

directions between Mewfoundland and the adjoining Atlantic provinces.
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Nor should the directions differ since the rotation of Newfoundland, even
if it did occur, would have been associated with the Widdle to Late
Devonian Acadian orogeny (Poole, 1967) and would have been completed by
the Carboniferous. Therefore, as in the case of Wilson's hypothesis
(1966), the evidence concerning the rotation of Newfoundland must come
from Middle Paleozoic or older rocks.

Black (1964) deduced a 30° anticlockwise rotation of Western
Newfoundland from a paleomagnetic comparison between (i) Cambrian
(Table 1.1, nos. 2, 3) and (ii) Devonian (Nos. 4, 6) sedimentary
formations in Newfoundland and New Brunswick. However, Roberison et al.
(1968) argue that Black's results are inconclusive for two reasons:
(1) The Cambrian mainland and Rewfoundland directions are not
significantly different at the 95% confidence level (compare %95 Values
in Table 1.1); (2) the corresponding "Devonian" directions may not be
contemporaneous, as the magnetization of the Upper Devonian Pervy
formation in New Brunswick, which Black had compared wiih ihe Lower
Devonian Clam Bank group sediments in Newfoundland, may he of
Mississippian age (Robertson et ai., 1968). (3) A third objection
(Deutsch, 1969) is that, even assuming conclusive paleuvnagnetic results,
these would not have constituted unambiguous evidence Tor the rotation
of Newfoundland since they could equally well be interpreted as
supporting Wilson's (1966) model. Unambiguous evidence would have had
to include data from mainland sites in tne stable interior of North
America.

The above paleomagnetic observations which suggest that, from

Lower Cambrian to Lewer Devonian time, Newfoundland remained fixed with
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respect to mainland Canada, are supported by the findings of Sheridan
and Drake (1968), from seismic evidence in the Gulf of St. Lawrence,

suggesting that the Gulf was open during the relevant times.

1.2.4. The "orocline" concept applied to the Appalachians

According to Carey (1955) an orocline is the impressed strain
in an originé]]y linear orogenic system "flexed in plan to a horse-shoe
or elbow shape" by stresses postdating its main period of genesis; this
process he considers to be an essential aspect of continental drift.

Orocline tectonics can be tested paleomagnetically by comparison
of declinations in different parts of the presumed orocline, similar to
the rotation test in Section 1.2.3. As an example of an orocline test,
Irving and Opdyke (1965) studied paleomagnetically the Upper Silurian
Bloomsburg redbeds of Pennsylvania at various sites along a 40%-bend in
the central Appalachian geosyncline, comparing them with the nearby
Middle Si]urian Rosehill and Clinton beds. They were able to explain
the results on the supposition that the geosyncline was straight in
Silurian time. Subsequeintly, Roy et al. (1967) confirmed the earlier
findings by a further investigation, but further paleomagnetic work is
needed to confirm the proposed oroclinal nature of the Appalachian

Mountains (Knowles and Opdyke, 1968).

1.3. Magnetism of red sediments

The terms "red sandstone", "red sedinent", “recbed", etc., are
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used by authors in the widest sense to include sandstones, siltstones,
mudstones and limestones ranging in colour from purple through red to
brown (Collinson, 1965), Red sediments have been widely used in
paleomagnetism because a stable component of measurable intensity is
often present in their natural remanent magnetization (iRM) or may be
isolated by suitable demagnetization techniques; moreover, these rocks
often occur in well-bedded and relatively undisturbed strata. Much of
the present data on which continental reconstructions and polar
wandering curves are based derives from measurements of red sediments,
particularly those of Europe and North America. Neither the mode of
acquisition of primary magnetization nor the ferromagnetic mineralogy
of red sediments is yet fully understood, and it is now believed that
such rocks are not formed by a unique process {Van Houten, 1968).
However, the extensive use of red sandstones in paleomagnetism has
resulted in an interest in their magnetic pronerties leading to
invaestigations into processes by which they acquire their natural
remanent magnetization (N&M) (Collinson, 1969).

1.3.1. Magnetic constituents of red sediments

Red sediments are now thought to originate under a variety of
geological and climatic conditions affecting both the source rock and
thg site of deposition. Van hHouten (1961) states that the red pigment,
believed to be finely dividea anhydvous or hydrous ferric oxide, is
generally developed in soils under humid conditions, these soils being "

later deposited as a sediment in an oxidizing environment. The magnetic
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constituents of the red pigment include goethite (a-FeOOH), lepidocrocite
(y-FeO0H) and maghemite (y-Fe203), as well as hematite (a-F0203) and
magnetite (F9304); the hematite probably originated through dehydration
of goethite (Creer, 1961; Strangway et al., 1968).

Besides red pigment, hematite also occurs in red sediments in
the form of black multi-crystalline grains of “specularite". X-ray and
chemical analyses have shown that the hematite occurring as specularite
may be associated with ilmenite (TiFeOB) and ilmenite-hematite solid
solutions or intergrowths, though there is little evidence that these
ilmenite forms are important in the magnetism of redbeds (Van Houten,
1968).

In view of the differences in history and petrology between
different redbed formatfons, as well as the difficulty of separating
the pigment from the specularite, it is not easy to determine whether
the origin of the NRM lies predominantly in the ved piament which gives
the rock its distinctive colour, or in the black iron-oxide particles
(mainly specularite). Hewever, there is evidence (Collinson, 1966)
that hematite in both forms can carry remanence; the pigment appears
to have a high coercivity of remanence relative to specularite, whereas
the saturated isothermal remanence (IRM) of each is about the sane.

It is probable that the properties depend extensively on grain size,
and if this is sufficiently small, superparamagnetic particles may be
present, particularly in the pigment (Creer, 1961; Coilinson, 1959);

such particles would not contribute significantly to the WRH.




-17 -

The available evidence strongly suggests that the stable
primary remanence of red sediments is carried by hematite (a-Fe203);
this is shown by chemical and x-ray analyses, and by the results of
thermal demagnetization of the NRM; which vanished at about 680°C
(Collinson, 1969) close to the Curie point of natural and synthetic
hematites. In the majority of the formations studied so far, neither
magnetite nor maghemite appears to be an important magnetic constituent.
Collinson (1968) found evidence that ferrous gnd fevric iron in minerals
such as clays, siderite and biotite contribute to some magnetic
properties of sedimentary rocks, but these minerals being paramagnetic

in pure form, cannot contribute to the remanence.

1.3.2. Acquisition of remanence by red sediments

Sedimentary rocks can acquire their magnetism by one of two
precesses: (i) Depositional (or "detrital") remanent magnetization
(DRM) by which ferromagnetic grains derived from a source rock are being
aligned in the Earth's field while settling, generally in water; (ii)
Chemical remanent magnetization (CRM) by which the rock acauires a
ferromagnetic component either through precipitation from a circulating
iron-bearing solution or through chemical change of an existing component,
e.g. oxidation of magnetite to maghemite. In redbeds, it is most likely
(Collinson, 1966) that DRM is asscciated with specularite. whereas CRH
might be associated with either specularite or the pigment, in the former
case through diagenetic alteration of magnetite to hematite, in the

latter case if the pigment had been precipitated from solution.
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Certain magnetic and geological criteria can be helpful in
Judging the likelihood of alternative DRM and CRM mechanisms being
operative in particular redbeds (Collinson, 1965). These include
(1) the occurrence of an "inclination error" (Griffiths et al., 19562;
Van Andel and Hospers, 19663 Irving, 1967), applying to DRM but not
CRM; (2) differences in the intensity of magnetization (generally 10'7

to 10'4

gauss); and (3) the scatter of directions of magnetizations,

(i) within samples and (ii) between samples from a given site; usually
(i) is less than (ii). According to Irving (1957), intensity and
directional scatter are linked critically by the dependence of both
properties on grain size, the coarser samples reflecting deposition in
turbulent conditions, leading to a reduced intensity of the DRM compared
with the ideal case of a perfect particle alignment. Collinson (1369)
did not observe such a correlation and considers it unlikely to exist if
the NRM is carried only by a small proportion of the hematite present,
the grain size of which mighi be unrepresentative of the rock. However,
assuming the CRM process to be less turbulent than the DRM, one would

- expect the NRM intensity of the latter to be less than in a CRM involving
the same amount of hematite.

Although within-sample and between-sample scatter in redbeds
is often random, systematic disturbing factors can ocewr, such as the
vell-known "streaking" of directions of magnetization towards the
present field direction due to the presence of secordary components of
magnetization (Irving et al., 1961). Existence of inkiomogeneity in
redbeds is postulated by Irving (1964), though the extent of the

phenonenon has not been definitely established.
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1.4. Objective

The objective of the investigation described here was the
study and interpretation of som2 magnetic properties and the paleo-
magnetism of Lower Paleozoic red sandstones in the easternmost part of
the Canadian maritime Appalachians. A 500-meter vertical section of
the gently dipping (v 10°) Lower Ordovician Bell Island and Wabana
groups from Bell Island near St. John's was sampled, but the present
study is confined mainly to measurements of 116 hand samples of odlitic
hematite sandstone from the upper third of this section, including the
Airfield and Wabana formaticns; these were subjected to systematic
thermal demagnetization studies. The rocks were collected from these
formations over a 150 m vertical section at 24 sites situated up to
6 km apart. A possibly primary (Ordovician) geomagnetic pole relative
to eastern Newfoundland, obtained in the present study, will be compared
with other Lower Paleozoic naleomagnetic data from North America and
Eurcpe; this result witl be discussed in terms of Lower Paleozoic

paleogeography.
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CHAPTER 2

GEOLOGY AND SAMPLING

2.1. Geologic setting, age and stratigraphy

Conception Bay of the Avalon peninsula is surrounded by
tightly folded and faulted Precambrian volcanic and sedimentary rocks,
except for a narrow strip around its south shore between Topsail and
Brigus (Fig. 2.1). This strip has exposures of sediments ranging in
age from Lower to Upper Cambrian overlying unconformably the
Precambrian rocks; the dip changes progressively from 8% near Topsail
to 50°€ in the Brigus area on the west side of the Bay where open folds
are developed.

Lower Ordovician sediments are exposed in eastern Cenception

Bay, on Little bell, Kelly and Great Bell Islands?

y striking north~
easterly and dipping in general 10%W; they appear to be conformable
with the Upper Cambrian.beds to the south, though the contact is not
exposed. The present collection was confined to the Clinton~type iron
ore-bearing section (Gross, 1965) in Conception Bay, which out-crops
only/ggll Island. The geology is described mainly by Hayes (1915),
Rose (1952), Lyons (1957). Nautiyal (1967) and Gross (1967).

The Lower Ordovician age of the Bell Island rocks has been

established from fossils (Van Ingen, 1914). The stratigrapnhy of the

1Confornring to common usage, "Bell Island" will henceforth be used to
denote Great Bell Island.
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rocks has been worked out according to the occurrence of ferruginous
rocks (Hayes, 1915) on petrological (Rose, 1952) and paleontological
(Nautiyal, 1967) grounds. The stratigraphy due to different workers
and the stratigraphic coverage of paleomagnetic sampling is summarized
in Fig. 2.2.

Bell Island covers an area of 41 km2 and in general consists
of varying grey sandstones and shales, either separately or inter-
calated with beds of red-brown hematitic oolite, greenish-black
sandstone and moderately te highly ferruginous sandstone and shale.

The strata are present in the form of interbeds, intercalations and
broad lenticulations of varying thickness.

According to the stratigraphy of Van Ingan (1914) and Rose
(1952), these Lower Ordovician sediments are divisible into two major
rock units, the Bell Island and Wabana Groups. The former comprises
thick formations of grey, grey-brown, greenish and whitish sandstones
and black shales, along with beds of red odlitic hematite and ferru-
ginous sandstone and shale. The Wabana Group overiiec the Bell Island
Group and, except for more abundant black shale, is lithologically
similar to the latter.

Hayes (1915) divided the stratigraphic succession into six
zones based on the occuirenne of oblitic iron ore and ferruginous rocks
on Bell Island, three of the zones being mineable. According to Rose
(1952) and Lyons (1957), the Clinton-type iron formations occur in three
beds, the (i) Dominion or Lower, (ii) Scotia or Middle, and (iii) Upper

beds, separated respectively by about 70 m and 18 m of shale and sandstone.
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Nautiyal (1967) found it useful to revise the rock stratigraphy
units proposed by Van Ingen (1914) and Rose (1952). In his classifica-
tion (Fig. 2.2), the Wabana Group (93 m) of Rose has been lowered to
formational rank, with a Lower (3 m), Middle (60 m) and Upper (30 m)
memoer. The Bell Island Group is subdivided into three mappable
stratigraphic formations from the oldest to the youngest, namely the
Polls Head (120 m), Townsquare (180 m) and Airfield (60 m) formations,
going upward. The Lower member of Nautiyal's Wabana formation is a
conglonerate bed containing odlitic pyrite, making discomformable
contact with the underlying Airfield formation at the Dominion bed of
Rose. The disconformity therefore separates the Bell Island Group

from the Wabana formation. Neither the base of the former nor the top

of the latter is exposed.

2.2, Structural geology of Conception Bay

One of the main structural features of Conception Bay is the
contrast between the gently deformed Lower Paleozoic sedimentary basin
and the underlying, tightly folded and eroded Precanbrian rocks.
Atthough the same general fold and fault pattern seems to apply through-
out the Precambrian to Ordovician section, the uniform low dip of the
Cambrian and Lower Ordovician strata is evidence that they have been
only moderately deformed since their deposition and censolidation
(Rose, 1952).

Among several periods of earth movements, some took place

before and otiiers after the deposition of the Cambro-Ordovician iron
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Fig. 2.2 Generalized stratigraphy of Bell Island
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ore-bearing series. It is probably (Hayes, 1915) that these Precambrian
movements, which had prepared the sea-fioor for the accummulation of
the Lower Paleozoic deposits, resulted in lines of weakness, along which
or parallel to which Post-Canbrian dislocations or faults originated.
The Precambrian rocks are cut by thrust faults predominantly
trending northeast. One of the most conspicuous features is the Topsail
fault zone (Fig. 2.1), exposed between Topsail and Cape St. Francis,
which terminates the Canbrian beds lying southeast. The attitudes of
these beds suggest that Conception Day is underlain by an asymmetric
synclinal trough plunging nortii-northeast at low angle; this trough may
be due to broad folding of the strata in Post-Canbrian time. As the
Lover Ordovician beds form the youngest known consolidated rocks of the
area, it is not possible to assess accurately the effect of later
tectonic events upon them, nor is there direct evidence to indicate

that rocks younger than Ordovician were ever deposited.

2.3. Composition and mode of formation of beds

Iron ore has been mined from the Lower (or Dominicn), Middle
(or Scotia) and Upper beds (Fig. 2.2) of Rose (1952) which are comparable
in their general characteristics but differ from one another in both
thickness and mincral distvibution.

The Lower bed is 4 - 12 m thick and is the major source of
thé Kabana ore, which occurs here in several large lenses uf hematite.

The 70 m of shale and sandstone lying between the Lower and Middle beds contains

an average of 6.9% Fe and 50.4 % Si0 The Middle bed is 1.5 - 4.5 m

2
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thick and represents a much more sharply defined zone of deposition than
either the Lower o Upper bed. The latter is located 12 - 27 m above
the Middle bed and is characterized by erratic distribution of thin ore
zones and lenses and by relatively much siderite (FeCO3). In the three
beds, the composition of the "clean ore", which is relatively free of
clastic material, ranges from 59.6 to 45.0% Fe and 6.4 to 20.0% SiOz.

These three beds of the Airfield and Wabana formations are
typically deep red to purple, and massive, and are composed of 00611 tes,
i.e. spherules consisting of hematite (Fe203), chamosite (a green,
hydrous silicate) and siderite (Fig. 2.3). A typical analysis is
given in Table 2.1. The cbmposition of the ore mostly varies within
the following Yimits (Hayes, 1915): Hematite, 50 - 70%; chamosite,

15 - 25%; siderite, O -'50%; calcium phosphate, 4 - 5%; calcite, 0 - 1%;
quartz, 0 - 10%.

The Bell Island rocks commonly contain ripple marks, cross-
bedding and othcr evidence of shallow-water depcsition characteristic
of Clinton-type iron formations, and tend to occur in lenticular beds
~ of varying thickness, uéually 3 to 5 m, but not exceeding 12 m. Other
prominent occurrences of early Paleozoic o6litic iron ores arc
(Petranek, 1966) in Thuringia, Morocco (Ait Amar), northern Portugal,
France (Hormandy), Bohemia, north Wales and the U.S.A. {Silurian
Clinton Group). Hematitic odlite beds occur in all formal vock units
found on Bell Island, except for the Lower member of the Wabana forma-
tion, The following are some main conclusions from a comprehensive

study of the Wabana deposits (Hayes, 1915):

q"llllilill-_
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TABLE 2.1

Mineral composition of the Bell Island ore beds

(from ore mined in 1927, Lyons, 1957)

Bed average

Mineral Chemical composition
"Lower" “Middle-Upper"
bed (%) bed (%)
Chamosite 25.64% S'iOz_
19.75% AlO3
39.74% Fe0 23.2 22.7
2.98% lfigO2
11.89% 1,0
Hematite Fe203 61.5 54.8
Siderite FeCO3 2.8 13.3
Quartz
(sand grains) SiO2 6.1 3.6
Calcium phosphate
(shell fragments) Ca3(PO4)2 4.7 4.4
Calcite (in
joints, faults) CaC0, 0.8 1.2
Manganese oxide tin0, 0.3 0.3
Titanic acid TiO2 0.3 0.4
~ Pyrite FeS2 0.1 0.1
Total: 99.8 100.8
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(1) Deposition of the ore beds under shallow marine conditions is
probable, as they contain marine fossils (brachiopods, triolobites,
worm tubes, algae, etc.) that are known to have lived in the littoral
zone.

(2) The reddish-brown colour of the ore is typical of amorphous
hematite. The weathered surfaces exhibit a fine, granular appearance
due to oblitic structure.

(3) Microscopic studies reveal that the oGlites are formed around
nuclei of fossil fragments, sand grains or granules that are now
siderite and siderite-chamosite mixtures. The o6lites vary typically
between 0.1 and 0.5 mm in diameter and tend to be disc-shaped (Fig. 2.4),
as though flattened by pressure normal to the bedding plane of the ore.

(4) Alternate concentric rings of hematite and chamosite surround
the nuclei, and oolites are held in a matrix of hematite or siderite,
with one or the other predominant in a given zone or bed. The outer
rings are nearly always hematite. The odlites have been little altered
since deposition, as in@icated by delicate, well-preserved algae
borings that cut across some of the o0litic rings.

(5) While direct evidence for the source of the iron is lacking,
Hayes, in common with other authors studying iron fornations, inferred
that the hematite ore was produced by oxidation (possibly through algae
action at the sea bottom) of the precipitated hydrates of iron (e.g.
goethite), which in turn were derived from the weathering products of
earlier rocks. Since o6litic ores are found associated with

argillaceous rocks, the chamosite and other iron silicates probably




Fig. 2.4 Micro-photograph of polished sections from Bell Island rock, showing oblitic
structure (enlarged 125x)

Fresh specimen After heating in air to 685°C
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originated through a combination of iron and hydrated aluminous
silicates at the tipe when the hematite was also formed.

(6) A considerable deepening of the sea at the close of deposition
of Hayes (1915) Zone 2 (Fig. 2.2) is suggested by the presence of
graptolites in Zone 3: shallow-water conditions again prevailed at
the close of deposition of Zone 4, probably accompanied by vertical
oscillations as inferred from the existence of concentric layers of
chamosite and hematite on the odlites.

Gross (1967) concludes that the source of iron in the Wabana
beds is still uncertain because of the complexity of the conditions
under which they were formed, involving a delicate adjustment of depth

and Eh and pH conditions of the sea water and distribution of clastic

material.

2.4, The paleaomagnetic collection

A 16-km driva connects St. John's to the harbour of Portugal
Cove on the eastern shore of Conception Bay, from which Bell Island is
served by a regular car and passenger ferry. The island has a maximum
width (SW - NE) of 10 km and has a well-developed road system from
which every point apart from coastal cliffs can be reached on foot with

comparative ease (Fig. 2.5).

2.4.1. Distribution of sampling sites

In the summer of 1968, 181 oriented hand samples of red and




Fig. 2.5 Geological formations and palecmacnetic sampling sites at Beil Island
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grey sandstone and shale were collected by the author and an assistant
at 40 sites on Bell Island

To optimize stratigraphic coverage and statistical control,
the collection sites were chosen to cover as large a vertical section
and area as possible, with an average distance of 6 - 8 m between
samples at a site. Stratigraphically, the collection ranged from the
Towest exposures of the Polls Head formation on the Beach (SE coast;
Fig. 2.5, Site Ph 5) to the Upper bed out-crop of the ilabana tormation
near Grebes Nest Point (MW coast; Site Wa 1), making a total section of
about 450 m (Figs. 2.2, 2.5)

Sites have been humbered according to the following convention:
Doubie letters designating the formation (Wa, Af, Ts, Ph) are followed
by numbers which. in ascending order, denote progressively older (i.e.
stratigraphically lower) beds; in the case of adjacent sites having
stratigraphic overiap, nuibers increase from west to east. The
stratigraphic and other geviugic details of the sites occupied were

inferred mainly from Nautiyal (1967).

2.4.2. Sampling procedures

Oriented hand samples were collected from almost all the
accessible exposures on Bell lsland, though the Laboretory studies to
pe reported in Chapters 3, 4 and 5 were confined mainly to the labana
ana Airfield samples (Table 2.2). Generally, move than two (but fewer than

ten) samples were collected per site to permit adequate within-site “

comparisons of magnetic properties and detection of any gross orienta-

tion errors.
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TABLE 2.2

Stratigranhic coverage of paleomagnetic collection

(see Figs. 2.2, 2.3)

Formation Site 1 9 3
(thickness) No. S s- Stratigraphic location” Site location, near:

Wabana 15 11 Above Zone 5 Grebes Hest Point
(93 m) 2 6 12 Above Zone 5 Grebes liest Point
3 5 10 Above Zone 5 Grebes Hest Point
4 5 10 Above Zone 5 Grebes Nest Point
5 5 8 Zone 5 (Upper bed) Gravel head
6 3 4 Below Upper bed Gravel Head
/ 3 | 8 Below Upper bed Gravel Head
8 10 33 Zone 4 (Scotia bed) Grebes Hest Point
9 8 17  Below Scotia bed Gravel Head
10 6 10 Below Scotia bed Gravel Head
11 7 '10 Lowest Wabana Mine House (Surgery)

s o P g B aa s P e D o P D S e G e e O B Y T e Py S0 e 60 A6 g A e 0 G Bt S G S O e =0 G P a8 4 B S R e NP M b G e U G 0 O b e e b O

Total: 63 133

— § e e e b it e e i

I, oriented samples collected.

2. Specimens used in laboratory studies (3-step procedure).*

3Distances in meters denote elevations above base of vormation.

*Specimens used in l-step and 10-step procedures are not included (see
Table 4.10.1). °




TABLE 2.2, continued

Formation

Site

(thickness) No. S1 52 Stratigraphic 1ocat1'on3 Site location, near:
Airfield 1 5 25  Above Dominion bed Gull Islands (off
(Zone 2) North Head)
(60 m)
2 6 19 Dominion bed Gull Islands (off
North Head)
3 3 9 Dominion bed 6ull Islands (off
North Head)
4 3 9 Dominion bed Gull Islands (off
orth Head)
5 3 5 Below Dominion bed Youngster's Gulch
(Zone 2)
6 4 8  Below Dominion bed Youngster's Gulch
(Zone 2) -
7 5 22  Below Dominion bed Youngster's Guich
(Zone 2)
8 5 10 Below Dominion bed Youngster's Gulch
(Zone 2)
9 4 8  Below Dominion bed Youngster's Guich
(Zone 2)
10 2 14 Bottom part (Zone 2) South Head
11 4 8 Bottom part (Zonec 2) South Head
12 6 12 Bottom part (Zone 2) South Head
13 2 9 Bottom part (Zone 2) South Head
Total: 53 158
1

2

S: Oriented samples collected.

s: Specimens used in laboratory studies (3-step procedure).*

3., . . o
Distances in meters denote elevations above base of formation.

*Specimens used in l-step and 10-step procedures are not included (see
Table 4.10.1).

R .
|
.
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TABLE 2.2, continued

Formation Site

(thickness) o, st ¢? Stratigraphic ]ocation3 Site location, near:
Townsquare 1 3 - 160 - 180 m Scott Gulch
(180 m) 2 3 - 160 - 180 m Scott Gulch
3 4 - 160 ~ 180 m Scott Guich
4 6 -~ 140 - 160 m Grutton's Cove
5 9 - 140 - 160 m Grutton's Cove
6 3 - 90 m The Dam
7 3 - 90 m ‘ V. T. School
8 4 - 90 m _ Mine Road
9 6 - 60 m Redman's Head
10 4 - Above Zone 1 Lighthouse
11 6 4 Zone 1 Eastein Head
"""""""" Total: 51 & 7
Polls Head 1 3 - Beneath Zone 1 Freshwater Cove
(120 m) 2 2 | - Baneath Zone 1 Freshwater Cove
3 2 - Beneath Zone 1 Little Cove
4 5 - Beneath Zone 1 Pulpithead
5 ? - Bottom part, Polls Head The beach

e e T G s 0 P 0 e B O P D G G e O D e e G B B Bl et o B P B A b e e G 4 B A e B (0 e o D O B B G N G G e et o B8 S OE GR OU OU 0D B0 e W W

Total: 14 0

IS:? Oriented samples coliected.

2s: Specimens used in laboratory studies (3-step procedure).*

3Distances in meters denote elevations above base of formation.

*Specimens used in l-step and 10-step procedures are not included (see
Table 4.10.1).
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The samples were oriented with respect to their in situ
attitudes by the standard technique using a Brunton compass and a level.
One of the two or more horizontals marked on the sample is a bearing
line representing the measured in situ direction relative to true north,
allowing for the declination (28%). Since the presence of excessively
magnetic rock, at least within the Airfield and Wabana formations,
could not be ruled out, it was possible that the use of the Brunton
compass in orienting these rocks might lead to significant bezring
errors.

Hence, in the case of 14 out of the 24 Airfield and Wabana
sites, a total of 80 samples were also oriernted non-magnetically by means'
of a solar compass. This was a war surplus bomb-sight adapted for
orienting, using a design by Larochelle (1964). The comparisons, being
based on a representative sampling of the two formations, indicated no
signiticant difference between readings obtained by the two compasses,
the maximum difference in any pair of readings being 40; the arithmetic
mean dffference for the 80 comparisons was 0.2% with a standard deviation

of + 2.5°,

2.4.,3. Orientation errors

In the Laboratory, each sample was set 7u piaster of Paris in
a preferred position related to its field origntation. Cores were
drilled with a drill press using a water-cooled, stainless steel diamond
drill bit of 2.2 cm inner diameter, One or more cylinders of average

height 2.2 cm were cut from each core and will be denoted "specimens”.
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The estimated orientation error due to setting in plaster and transfer
of the orientation marks from sampie to core and core to specimen
surfaces is + 1%, each relative to the horizontal plane and relative to
north. When conmparable field orientation errors are added to this
(i.e. + 1° due to levelling and # 1° compass reading), one obtains a
maximum estimated specimen orientation error of + 2 - 3%, The non-
systematic part of this error tended to be reduced when two or more
specimens from the same core, or cores from the same sample, were
separately oriented. Similarly, the orientation error affecting a
site nean direction of magnetization tended to be reduced when two

or more samples weve averaged at a site, which was always the case

(Table 2.2).
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CHAPTER 3

REMANENT MAGNETISM OF THE BELL ISLAND FORMATIONS

.3.1. Measurement of the natural remanent magnetization (HRM)

The natural remanent magnetization (HRM) of rocks is measured,
in general, with either an astatic magnetometer (Blackett, 1952) or a
spinner-type magnetometer {Gough, 1967). The spinner, being less
sensitive to stray magnetic fields and tending to be faster to operate
than an astatic magnetometer, is better suited to the present purpose,
which required a large nunber of measurements, tn be carried out in the
magnetically noisy environment of the Chemistry-Physics building.
Except for some supplementary experiments in which the astatic
magnetometer described by Murthy (1966) was used, the magnetization of
the specimens was merasured with a PAR Model SM-1 spinner magnetometer
made by Princeton Applied Rasearch Corporation.

This instrument provides direct and simultaneous measurement
of any two orthogonal components of the specimen's remanent magnetic
moment in a plane perpendicular to the spin axis. A plastic cup
containing the specimen in A preferred orientation is spun at 105 Hz,
with the spin axis perpendicular to the common axis of two pick-up
coils connected‘in series. The signal from these coils is awplified
and synchronously detected with respect to the signals generated by

two photo-choppers mounted orthogonally relative to the specimen cup.
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The demodulated detector output represents the magnitude and direction
of the magnetic mowment vector in the plane perpendicular to the spin
axis. In the six-spin procedure adopted here, the measurement is
repeated five times, with the cup containing the specimen re-positioned
in a different preferred orientation before each spin. In this way any
error due to asymnetric centering of the specimen in the cup can be
virtually eliminated. An orthogonally mounted set of l-meter diameter
helmholtz coils have been added to the PAR spinner at Memorial University
to reduce possible systematic measurement errors arising from the
presence of direct laboratory fields.

The manufacturers of the PAR spinner Tist the minimum detec-
table magnetization of a specimen as 7 x 10"9 emu/cm3, for which value
they claim accuracies to 1% and % 0.5° in magnitude and phase calibration,
respectively. In practice many factors contribute to the noise level of
the magnetoneter, making it difficult even to approach these quoted
specifications. However, the great majority of the magnetizations
encountered in the prcsent study were in the range J = 2 x 10"5 to

2 emu/cm3, so that highly reproducible results could be routinely

1x10°
obtained.

An estimate of the measurement error was made from a
reproducibility test in which the intensity and direction of magnetiza-
tion of one specimen each from the Airfield and Wabana formations were
obtained from ten consecutive sets of spinner observations. Before each

new six-spin set of measurenents, the specimen was reoriented in its holder.

From the results (Table 3.1), the maximum errors in any quoted value of
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TABLE 3.1

Results of 10 consecutive measurements of two specimens

with the PAR spinner

Specimen Af 12-2 Specimen Ha 8-6

No. D | Jx 1070 emu/cm3 D | Jx 107 emu/cm3
1. 24,6 +14.8 4,80 189.8 -10.4 6.64
2. 23.9 +13.8 4.76 189.6 -10.8 6.64
3. 24.4 +14.4 4.77 189.5 ~-10.9 6.60
4, 24,8 +14.9 4,82 189.9 -11.0 6.58
5. 24,7 +14.7 4,81 191.0 ~-11.1 6.62
6. 245 +14.5 4.79 190.1 -10.8 6.63
7. 24.8 +14.3 4.77 189.8 -10.6 6.63
8. 23.9 +13.9 4,80 190.4 -11.0 6.65
9. 24.4 +14.4 4,76 188.9 -10.6 6.60
10 24.5 +14.2 4.81 189.4 ~10.6 6.65
Mean 24.5 +14.4 4.79 189.8 -10.8 6.62
0.3 +0.4 +0.02 0.6 0,2 +0.03

+ Values auoted are standard deviations,
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intensity or direction of magnetization were estimated to be + %% and
less than 1°, respectively, for specimens whose intensity falls into
the general range of values encountered in this study.

Directions and intensities of magnetization and Fisher (1953)
statistics were obtained from the spinner data with the aid of an

IBM 360-40 Computer and a Hewlett-Packard Model 9100-A Desk Calculator.

3,2. Results of the NRM measurements

In this investigation, only the red sandstones were studied,
as the grey ones (Fig. 2.2) did not appear to possess a significant
remanence. The NRM of two specimens from each sample was measured
relative to the in situ position of the rock, and a sample mean
direction was obtained as the resultant of the two specimen directions,
giving each unit weight (Table Al.1). The site mean direction is
similarly the resultant of the sample mean directions, giving each unit
weight; The sample and site mean intensities of magnetization (J) were
taken as the arithmetic mean values of the specimen and sample intensities
vespectively. Values of J (in emu/cm3) were in the ranges 3.5 to

5 5

10 x 10°° for the Wabana formation, 3.7 to 7.3 x 10~

5

for the Airfield
formation and 2.4 to 3.2 x 1077 for the single site of the Townsquare
formation.

The sample mean directions of magnetization are plotted in
Figs. 3.1 - 3.4. The NRM magnetization directions in specimens from

the same sample and in different samples at a site generally agree well,

as shown also by the fact that the values of Fisher's (1953) precision
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Fig. 3.1 Equal-area plot of sample mean directions of magnetization at different
sites, for NRM and after 600 and 6859C stepwise demagnetization
{(Wabana, sites 1-6)
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Two specimens averaged per sample based on 3-step procedure, with 350°C not shown;
steps are not always denoted (NRM, 600, 685).

North pole: @ down, O up, --axial dipoie tield, X 1968 field.




Fig. 3.2 Sample mean directions of magnetization, for Wabana sites 7-11
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Fig. 3.3 Sample mean directions of magnetization, for Airfield sites 1-6
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North pole: 4 down, A up. Remaining symbols as in Fig. 3.1
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Fig. 3.4 Sample mean directions of magnetization, for Airfield
sites /-13 and Townsquare site 11
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parameter, k, associated with the NRM site mean statistics tend to be
large (Tables 3.2 and 3.3); in fifteen cases where a large number of
specimens from the same sample were measured, the sample mean
directions also had fairly large k values, reflecting good specimeh
vector grouping; four examples are given in Table 3.4.

The NRM directions for both the Airfield and Wabana formations
fall into a "northerly” and a “southerly" group; the two groups will be
called "A" and "B", respectively (Tables 3.2 and 3.3). The group A
inclinations range from I = - 129 to + 30° for the Airfield formation
and I = - 80° to + 40° for the Wabana formation, where the steep

negative inclinations ( - 80°) in the latter case are due to the samples

1L B AR Y

from a single site (Wa 10) only; these directions are intermediate

between groups A and B, but they were included in group A, as demagnetiza-

™

tion to 300°C (Section 3.4.1.4) moved the remanence vectors close to

L W

directions for other group A sites. The group A site mean directions
show a fairly wide range from NE to NV, the Wabana declinations tending E
to be more easterly than the Airfield declinations. for both formations

the "within-site" scatter (i.e. the directional scatter between samples

for the same site) in general is significantly less than the “between-

site" scatter (comparing sites of the same formation) (Chapter 4). The

group B NRM directions are close to southward (D = 180° to 192°), with

Tow upward inclinations (I = - 15° to - 20°) and are found in the

samples from three of the 13 Airfield sites, from one of the 11 Wabana

sites and from the single Townsquare site, with excellent grouping of

the five site mean directions (Tables 3.5 and Al.1).
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TABLE 3.2

Site mean directions of natural remanent magnetization (NRM)

Wabana formation

Group Site No. N D I Jx107° R k ag
A 1 5 37.1 +21.5 5.0 4,963 110 7.4
2 6 42.6 +21.8 4.4 5.949 98 6.8
3 5 3.5 +21.7 4.6 4.866 30 14.2
4 5 41,1 +23.5 4.4 4,921 51 10.8
5 5 39.9 +22.9 3.9 4.964 110 7.3
6 3 71.2 +33.4 4.4 2.963 54 16.9
7 3  84.1 +25.4 4.2 2.926 27  24.2
9 8 4.1 -21.9 7.0 7.849 47 8.2
10 6 1.9 -78.6 7.6 5.958 120 6.2
11 7 339.6 +40.1 5.2 6.720 22 13.3
B 8 10 1919 -19.5 8.0 9.933 130 4.2
N = Number of samples per each site.
D = Mean declination (deg) of remanent magnetization.
I = Mean inclination (deg), north pole positive, downward.
J = Mean intensity of magnetization (emu/cm3).
R = Resultant of N unit vectors.
k = Estimate of Fisher's precision parameter (Fisher, 1953). 3-digit

values are rounded off in the second digit.

Radius (deg) of 95% confidence circle.

.0 TR I o = T

3

"
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TABLE 3.3

Site mean directions of natural remanent magnetization (NRM)

Airfield formation

Group Site No. N D I Jx10° R K -

A 1 5 10.5 -12.4 6.4 4.959 97 7.8

5 3 344.1 +21.7 4.5 2,913 23  26.3
b 4 3B4.6 +21.9 4.8 3.833 18 22.3

7 5 356.9 +19.0 4.5 4,736 15 20.3 % i
8 5 33.3 +420.5 4.9 4,895 38 12.6 ¢
9 4 18.4 +188 5.2  3.968 94 9.5 f
10 2 16.5 +428.0 4.7 - ~ - 7
11 4 22.6 +19.0 4.8 3.959 74 10.8 )
2 6 255 +215 49 593 8 1.5 ”
13 3 212 +21.0 47 2.996 460 5.7 !

B 2 6 183.0 ~-15.3 6.5 5.952 650 2.6
3 3 180.0 -15.4 5.9 2.987 150 10.0
4 3 1817 -14.9 6.7 2.917 24 25,7

Symbols as in Table 3.2.




- 50 -

TABLE 3.4

Within-sample directions of NRM

(Four representative examp1es)1

Sample Af 10-1 Sample Af 12-7
Specimen No. D I Jx 1070 D I J x 107

1 4.2 +27.6 4.6 25.3  +23.2 4.1

2 14,8 +28.9 4.6 26,2  +21.4 4.4 X

3 14.8 +29.8 4.7 21.4  +20.3 4.2 % .
4 14,3 +28.1 4.7 25.8  +20.3 4.1 g
5 15.6 +29.2 4.6 20,3 +21.4 4.1 ?
6 6.1 +28.1 4.6 23.6  +20.1 4.2 :

7 12.3 +24.3 4.7 22.4  +19.6 4.0 ]
8 15.6 +21.2 4.8 21.3  +21.8 4.2 .
Mean 14.7  +27.2 4.7 23.8  +21.0 4.1 5 |
R 7.9897 7.9951

k 680 1400

ags 2.1 1.5

1Symbo]s are as in Table 3.2.
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TABLE 3.4, continued

Sample Wa 8-6 Sample Wa 9-1
specimen No. D 1 Jx10° I Jx107

1 191.8 -10.2 6.6 48.0  -18.2 10.4

2 192.6 -21.8 6.8 9.0 -13.3 9.6

3 190.2  -18.6 7.1 4.2  -21.8 8.8

4 183.2 -21.4 6.6 8.8 -21.2 9.2

5 200.1 -18.3 6.4 50.2  -18.3 9.1 E 1
6 192.3 -19.4 6.8 52.6  -16.8 9.2 § |
7 183.8 -21.8 6.5 51.4  -17.1 8.2 %
8 191.4 -22.6 6.6 49.7  -19.6 9.0 ]
Mean 190.7 -19.3 6.7 49.5 -18.3 9.2 L
R 7.9560 7.9885 .
k 160 600 §

4.4 2.3
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TABLE 3.5

Group and formation mean directions of natural remanent magnetization (NRM)

Airfield and Yabana formations

Group  Formation N oD I Jx107° R K ag
A Airfield 10 12.5 +18.6 4.9  9.544 20 1.1
Wabana 10 42.1 +16.2 5.1  7.761 4 27.6

Lirfield and

Wabana 20 25.8 +18.1 5.0

B Airfield 3 181.6  -15.2 6.4  2.9993 3000 2.2
Wabana 1 191.9 -19.5 8.0 - - -

Airfield and
Wabana 4 1841 -16.3 7.0  3.98 220 6.3

N = Number of sites in each formation.
Other symbols as in Table 3.4,

3-digit and 4-digit values of k are rounded off in the second digit.

1 o .
. “The group A mean direction is based on a smeared distribution of site
mean vectors, and Fisher statistics are not quoted.

y
L
(
v
u
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At 24 of the 25 sites, the NRM directions are notably mis-
aligned with both the present axial dipole field direction and with the
1968 field direction at Bell Island (Fig. 3.5). At the remaining site
(Wa 10), while the directions are nearly aligned with the dipole and
1968