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AGSTRACT 

A tllermomagneti c study of oolitic hematite sandstone from the 

gently dipping Lo1·1er Ordovician Bell Island and Wabana groups near 

St. John•s revealed three to four superposed magnetic componen ts. The 

rocks 1<1ere collected f1·om a 150-meter section at 24 sites up to 6 km 

apart, plus one site 180 m below that section. 

The natural remanence (NRH) directions occur in t1-1o nearly 

antiparallel groupings (A, B) close to published late Paleozoic 

directions. TI'/O or more specimens each from 116 samples were step~li se 

thermally demagnetized in air, 1-1ith field-nulling carefully controlled 

to2_25 y. Tl'lo ne\'1 vector gl·oupings (C, D), diverging sharply from the 

NRr~, appeared after the 600°C and 685°C steps. 

Up to 600°C the intensity (J) increased, ~omet·imes by factors 

. ( -5 0-4 3) of 2 o1· more, compared I'll th the NRt:l 10 - 1 en1u/cm , before 

di·oppin~ sharply t(J a minimUi•i at 685°C. Pov1der measurements ir. a 

magnetic ba 1 ance to 750°C sh01·1ed this to be mainly due to format'i on of 

a nel'l, strongly magnetic. component ltith Curie point 610 - 620°C, which 

x-ray diffraction tests suggest is y-Fe2o3. This process had no 

observable effect on the high-temperature groupings (C, D), probably 

associated 1<1ith a-Fe2o3. 

~lean directions of the thermally discrete group 0 (685°C) 

component 1·1ere significantly better aligned (k = 160) ti1.:111 expected 

from the present secular v~riation. Assuming reversed polarity, a 

possibly Ordovician pole calculated from this direction is in the 

\ :,: .. · 

.·• 
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central Pacific (27.8°1-J, 168.2°1-1, dp = 1.8~ dm = 3.6°, N = 11 vertical 

zones} and constitutes the fi 14 st pa 1 eomagneti c result from 1 aboratory-

treated Ordovician rocks in North America. The published evidence is 

still inadequate to interpret this result in terms of L01·1er Paleozoic 

paleogeography around the North Atlantic. 

··.>·'' 

.·• 
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CHAPTER 1 

PALEOf.iAGNETIStlt IN THE APPALACHUJ~ REGION 

1.1. Introduction 

Paleomagnetism is the study of the record of remanent 

magnetization of rocks. Its usefulness rests upon t1vo fundamental 

assumptions, (i) (the 11 Stability assumption 11
): that the direction of 

the geomagnetic field in l'lhich the rock became magnetized has been 

preserved, assuming further that the time of magnetization is kno'lm; 

(ii) (the 11 axial dipole assumption 11
): that during the geological past 

the field, 1-1hen averaged over a suitable tirr.e span, l·tas that of a 

dipole aligned with the Earth•s spin axis. The nrinimum tine span for 

averaging is of the order of the secular variation (~ 103 years) or 

may be as much as 105 - 106 years (Hide, 1967). 

1.1.1. Applications of·paleomagnetisn~ 

Paleomagnetism is relevilllt to three broad field: of 

geophysi ca 1 and physi ca 1 research. 

(1) It provides evidenLe relating to planeta1·y evolution, being 

ilpplicable to geophysical hypotheses such as continentai <.ir-ift, sea­

floor spreading, polar .-1~i1der and expansion of the Earth {Section 1.1.2). 

!~ore generally, tlris includes applications of rock ma~Jnetism to problems 

of geological structure (Hospers and Van Andel, 1969) o1· their extension 
·. 

'~ ,.,. 
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to exttaterrestrial material such as meteorites and rocks brought from 

nearby planets {It'ving, 1964; Stacey, 1967). 

(2) Secondly, paleomagnetism is a study of the Earth's magnetic field 

itse 1f, extending its hi story to the time preceding direct observations. 

This concerns the nature of the main field and its secular variation, 

and tile 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 (Neel, 1955; 

Nicholls, 1955; Stacey, 1963; Nagata, 1964). Particularly important for 

geological interpretations are studies concerning the mode of acquisition 

of remanence co1rponents in rocks, their relative stability and cel'tain 

rrechanisms for self-rever·sal of polarity (Neel, 1955; Uyeda, 1958). 

Recent interest has centered on mineralogical studies of oxidation and 

ex!>olution phcnon-ena in iron-titanium oxides and their effect on 

magnetic pararreters and stability in volcanic rocks (Hilson and Hatkins, 

1967; Hilson et al., 1968; Larson et al., 1969). Ferromagnetic 

properties of sedin~ntary rocks, particularly red sandstones~ have also 

been investigated in detail ~:ld \•lill be discussed in s~ctiiJn 1.3. 

1.1.2. Paleomagnetism and_qlobal tectonic~ 

(i) Theory, procedures and results of paleomagnetic studies have 

been discussed by severi.ll authors, notably Cox and Doell (1960), Nagata 

(1961) and Irving (1964). Instrun-entation and methods of paleomagnetism 

are summarized in Collinson , CrP.e r and Runcorn (1967). Possi bilities of 

. .. ....... 

·, 

-~ 
~ 
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using rock magnetism as a tool for studying continental drift and polar 

\·/andering has a long history (l-1etcanton, 1926; Graham, 1954). The 

first application of this method which yielded significant results seems 

to have been the vwrk of Clegg, Almond and Stubbs (1954) on the uritish 

Triassic red sandstones. 

(ii) The practice of expressing rock magnetic results in terms of 

ancient pole positions \·Jas introduced by Creer, Irving and Runcorn 

(1954), who published the earliest polar wanrlering paths for Europe, 

and by Runcorn (1956) for North An-erica. These earlier studies, 

followed by further investigati ons led to fairly consistent 11 polar 

\~andering 11 curves 1·1hich, relative to a particular land mass, tend to 

move a\'Jay from the present pole progressively Nith increasing age; 

moreover the curves for different land masses tend to be separated, 

often by si gni fi cant distances. 

(iii) Various interpretations of (ii) are possible and these have 

been extensively discussed in various symposium volurres, in the context 

of polar wandering and cr~tinental drift, edited by Carey (1956), 

Runcorn (1962), Blackett et al., (1965), Garland (196G), and Markowitz 

and Guinot (1968). 

(iv) The divergence of the paleomagnetic polar 1·1ande ring paths for 

different continents can be interpreted in t erms of an expanding Earth 

(Hospers and Van Andel, 196 7). The possibility of an expan di ng Earth 

\·tas first studi ed on val'ious geophysi cal ground~ by Egyed (1956 ), 1·1ho 

es timuted a rrear. increase in the circumfe rence hy 0.2 - 0.5 em/year. 

Possibl e expansi on can be t est ed paleomagnetically by comparing 

.·, 
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contemporaneous rocks at 1·Jidely separated sites in a single land mass. 

Cox and Doell (1961) and \lard (19G3) concluded from such tests that 

expansion at Egyed•s moderate rates could not be ruled out, but that 

larger rates (Cat·ey, 1956; Heezen, 1960) are incompatible 1·1ith the 

evidence. 

(v) Paleomagnetic results also seem to be often compatible with 

specific drift reconstructions, as long proposed for (a) Gond\'Janaland 

(Du Toit, 1937) and (b) the opening of the ilol·th 1\tlantic (l~egener, 

1929). Paleomagnetic data from the Gon dwanic cont inents has been 

discussed by Creer (1965) and McElhinny (1967). The case of t he Nort h 

Atlantic is especially pertinent in t he present st udy, in viei'J of the 

critical position of Ne\'Jfoundland in the paleogeography of land masses 

around the Atlantic (Se~tion 1.2.1). 

(vi) For Cretaceous and later ti mes, independent evidence may be 

increasingly obtained from the geon:e try of sea-floor spreading (Hess, 

1962; O,ietz, 1966) and the associated magnetic r~nomaly patterns (Vi ne 

and Matthews, 1963; Morley and Larochelle, 1964), along with the 

paleomagnetic study of ocean cores (Opdyke et al., 1966, and many later 

authors). 

(vii) The evidence t hat the geomagnetic field reverses , which 

relates to the second aspect of pal eomagnetism (Section 1.1.1) has been 

firmly established for the past 4 to 5 milli Gn years, for \'Jhich tirre 

span a comparison of pal Pomagnetic and r adi ogenic me:~·;ui·cments made on 

young lava flOIIJS from many parts of t he world has l ~d to a geomagnetic 

polarity tinE scale (Cox et al., 1967). This has recei ved striking 

· .. ; .. · 
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confirmation from the paleomagnet"i c study of deep-sea sedi ment cores 

and by the 1·egular patterns of magnetic field anomalies 11 taped" onto 

the mobile oceiln floor (Hei rtzler et al., 1968; I sacks et al., 1968). 

(v·iii) The paleoma~!lletic data is also often in accordance with tile 

findings of paleoclimatology, revie\'Jed in Nairn (1961, 1964). 

The Appalachian region of Canada comprises parts of the four 

Atlantic provinces and that part of Quebec lying southeast of t he Logan 

fault (Fig. 1.1). This is underlain chiefly by Paleozoic rocks, though 

both older and yoLmger formations are present. The region unden·ll~nt 

extensive defonnation during the Paleozoic, first during the Taconic 

orogeny at the close of the Ordovician and again during the Acadian 

orogeny in Devonian time; hoth of these dist.ut·bilnces deveioped structures 

\'lith a domin ant northc~st~:tly trend. The Appalachian revolution at the 

close of tile Paleozoic, 1·1hich fol ded and faulted the strata to the south , 

thereby prodLJCing the Appalachian r:1ountains, had only loca l effec ts in 

the northern region, and these effects are most strongly sho1·111 in 

tlev1foundland and eastern Nova Scot i a. 

Increasing attc:;~~~ ~ is being given to compnrnti ve feCl.t ures 

between the 1-\ppal«chians of Canada and t he [)ritish Caleduiiides (\·!ilson, 

1962; K1.1y, 1%7) bearing 011 the struct.ural-strat i grupi1ic fit of 1:1e t1~o 

orogenic belts (Phinney, 1%8 ). The interpretati on of drift i11 tile 
.·• 
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North Atlantic based on bathymetric reconstructions (Bullard et al., 

1965) is compatible \•lith those based on tectonic belts {Kay, 1967), 

and both approaches give a fit resembling that made long ago by Taylor 

( 1916). Paleomagnetic results also are consistent \'li t h t he fit by 

Bullard et al., as discussed by \1ells and Verhoogen (1967) and Hospers 

and Van An de 1 {1968) . 

The most si gni fi cant result to eme rge from t he studies of 

late Paleozoic and l·:esozoic Paleomagnetism of the land masses bordering 

the North At 1 antic is the systematic di sp 1 a cement bet\·1een the Uppe r 

Paleozoic to Triassic poles for North America compared to Europe , \1/hich 

clearly favours the concept of continental drift in terms of the opening 

of the North Atlantic. T\'10 p1·ominent features .ohserved by Run c01·n (1956), 

Irving (1957), Collinson and Runcorn (1960) and others, have been 

discussed by Deutsch (1969): (1) for the Carboniferous-Triassic interval 

a 1·1esb,rard displacement of the North American polar path f rom i.he 

European path and (2) a north\'tard component of the polar· shift in both 

these curves. Because of the statistical uncertaint ic~ in som:! of t he 

inferred pole pos i tions and the lack of adequate Triassic data f rom bot h 

continent s, and of Cretaccou3 dat a from Europe, a precise paleomagnetic 

estimate of the beginning of the openi ng of the North f.tlantic ocean 

cannot yet be made , othe r tJnn the stat errent th at it occurred in Lat e 

Permi an or ~1es ozoi c t i Jres. 

Several continental drift reconstruct ions (e.g. Ou Toit, 1937) 

pl ace Paleozoic Newfoundl and in t he vi ci ni ty of Weste rn Irel and. Some 

papers in the recent Gande r Symposium volume (Kay, 1969 ) give st rong 
.. , 
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support to the occur-rence of continental drift across the North Atlantic 

since the Late Paleozoic. 

Hilson (1966) proposed the existence of a "Proto-Atlantic" 

during the early Paleozoic v1hich gradually closed du1·ing 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 yoLmger rocks is 

relevant to the p1·oblem of the opening of the present Atlantic, a test 

of Wilson•s hypothesis 1·1ould require voluminous paleomagnetic data f1·om 

Middle Paleozoic and older rocks. 

Thus the problems concerned in Newfoundland are largely 

tectonic or structural. Deutsch (1966) mentions c. nu~.Je1· of ·inter­

related problems amenable to paleomagnetic study in the Atlantic 

region, v1herc: the existing datil are sti 11 sparse compared \•lith those 

from other land masses. These problems include (i) correlation of 

structures across the North Atlantic, (ii) the rotation of Newfoundland 

(Hegener, Tt·ansl. 1966) and (iii) the unbending of oroclines (C:ll·ey, 

1955). 

Paleozoic paleomagnetic v1ork in eastern Can11da started with a 

study by Nairn et a 1. (1959) of the: Carboniferous Codt·oy group sedi n:ents 

in 1·1estern Ne\·lfoundland (Tabl e 1.1, no. 8). The same aut hors studied 

the Precambrian Signal Hill and Gl ackhcacl red sedin~nts of eastern 

.·• 
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TABLE 1.1 

Paleomagnetic directions obtained from studies of Precambrian 

and Paleozoic rocks in eastern Canada 

--wo.----·--· 
2 Age3 D4 15 6 T reat rnent 7 and Rock Formation a95 Reference 

Areal 

1*(a) Signal Hill and Nairn et al. 
Blackhead Seds PreE 262 +39 14 nt ( 1959) 

2(a) Bradore 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 B 1 ack (1964) 

5(b) Perry Vo 1 cs U.D 184 +34 15 af B 1 ack ( 1964) 

6(b) Perry Seds U.D 174 +20 9 af Black (1964) 

7(b) Perry Vo 1 cs and Robertson et 
Seds U.D 175 +23 15 th al (1968) 

8(u) Codroy Seds ~1 166 + 8 8 nt Nai l'n et al. 
(1959) 

9(a) Codroy Seds M 175 +23 10 a~ Black (1964) 

lO(b) Kennebecassis 
Seds M 161 +33 10 th Du Bois (1959) 

ll(b) Maringouin Roy and 
fomation Robert son 
redbeds U.M 179 +21 8 th ( 1968) 

12(b) Hope\'/e 11 Group u.N Roy and Pcll'k 
redbeds to L.P 358 -20 7 th ( 1969) 

13(b) Pre pi ctoLI Seds 1'1 or P 162 +31 15 af Bl ack (1964) 

14(e) Bona ventm·e 
Seds ~1 or P 166 +13 7 nt Ou Bois (1959) ... 
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TAI3LE 1.1, continued 

-
1!ri d -·~;~c F o ~~~at i on 2 . 
Areal 

15(b) Pictou and 
Bonaventure 
formation Seds 

16(b) Bathrust beds 

17(d) Cumberland 
group red Seds 

18(ll) Hurleycreek 
formation 
redbeds 

19**(c) Eastern, 

20(c) 

centra 1 and i~H 
P .E .I. re dbeds 

P. E. I. redbeds 

M or P 167 + 3 4 

p 

p 

U.P 

PC 

PC 

162 +16 9 

172 +16 5 

171 + 9 10 

173 + 6 6 

168 0 6 

th 

nt 

th 

th 

af 

th 

Reference 

Roy ( 1966) 

Du Bois (1959) 

Roy (1969) 

Roy et a 1. 
( 1968) 

Black {1964) 

Roy { 1966} 

1Area of site: (c.) Ne\'/fOL~n d 1 and; (b) Ne\•/ fll·uns\·ri ck; {c) P ri nte E d1~ard Is 1 and 
{P.F:.I.); (d) Nova Scotia; (e) Gaspe. 

?Rock type: (e.g. 11 sedin·~nts", 11 redbeds", 11 Volcanics") are as denoted in 
original papers. 

3Geological age: L = Lov1er; U =Upper; PreE =Precamb rian; E = Car.:brian; 
D = Devonian; C = Carboniferous; M = Mississippian; P = Pennsylvanian; 
PC = Permo-Carboniferous . 

41~~an declination (deg) of remanent magnetization. 

5 ~~,ean inclination {deg), north pole positive:, dOI·imiard. 

6
Rad_ius (deg) of 95/~ confidence circle (Fisher, 1953). 

1Laboratory tl·eatn-ent: af, alternating field demagneti zation; th, the rmal 
demagnetization; nt, no treatrrent. 

*~~an taken fl'om Irving (1964). 

**V!E!an \'las obtained giving equal 1·1eight to the three orca n~ans . 

. . . · 
.-" 
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Nel·tfoundland (No. 1). The only other pre-Carboniferous paleomagnetic 

results for the P.tlanti c provinces are frcm the Lm·:er Can·.b ri an Grudore 

seclim::nts in \·:estern i·le\'lfoundland {:·io. 2) and Ratcliffe Brook sedinJents 

in He\'/ Bruns11ick (ilo. 3), both by Black (1964), and the LO\·te r Devonian 

Clam Dank group scdim2nts in Viestern Ne\·!foundland (l'lo . 4; Bl ack, 1964) 

and Upper Devoni an Perry vo 1 cani cs and sedi m:::nts in llev1 Brunswick 

(i-los. 5, 6: 13lack, 1964; No.7: Robertson et al., 1968). All othe r 

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 systemat ic trend l':ith tin;e, not only bet1-1een pole 

positions derived fl·om Lol'te r and Upper Paleozoic data , but also \'lithin 

the Uppe1· Paleozoic. Although the ellipses of confidence of some of 

the Upper Paleozoic pole positions overlap, the poles derived f rom t he 

younger formations tend to be more easterly. The overctll d·isplacene nt 

of Upper Paleozoic po 1 es, 27°, is in good agreement 1'1i th contemporaneous 

Paleozoic European data obtained by Storetvedt (1966), .~:-:d 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 , v1as also 

observed in AIJStralia (Irv1ng, 1966) and Africa U!cElhinny and Opdyke , 

1968). The paleomagne tic data for the Atlantic provinces al'e consis tent 

with a low- latitude position of that region duri11g the Upper Paleozoic. 

· . .:..'· 

\~-: 
·. 
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1.2.3. Rotation of Newfoundland 

Though son:e positive evidence is claimed by Briden (1967) for 

possible continental drift before tile Late Paleozoic, paleomagnetism has 

yet to establish this possibility in the case of the r·lorth Atlantic. In 

this connection, the Gell Island study may be capable of contributing 

important evidence, since the rocks concerned are of Lm·Jer- Ordovician 

age, and such evidence must com2 from l·iiddle Paleozoic and older rocks 

on both sides of the Atlantic. 

Paleomagnetic data from eastern r·lorth America, including 

Newfoundland, are capable of providing evidence on the proposed (Wegener, 

1966 Transl.) 30° anticlock\-Jise rotation of Newfottndland. A positive 

test would yield a significant difference in magnetic decl"ination 

betv1cen contemporaneous rock formations in Ne1oJfoundl and and in some 

nea1·by region such as the 1·1aritirne provinces, the Newfoundland 

declinations bein~ smaller; one assur.:cs here that the sa!-:Jpling sites 

in the Naritimes belonged to a tectonically stable part of North An-erica 

during the Lov!er Paleozoic. Nairn et al. (1959) inferred a 20° anti­

clocki<Jise rotation of i~ev1foundland since the Carboniferous from a 

comparison betHeen their t:lississippian results for Ne\•!foundland (Table 1.1, 

no. 8) and data from the United States. H01·Jeve1·, the significance of 

this was disputed by DuBois (1959): whose Ca1·boniferous data fromNe1-1 

Bl~uns\·lick and Gaspe {No.; . 10, 14, 16), along with data by latei' authors 

for the Atlantic provinces (Nos. 9, 11 - 13, 15, 17 - 20), indicate that 

there is no significant difference in Upper Paleozoic paleomaunetic 

directions bet1·1een I·Jev;foundland and the adjoining Atlil.ntic provinces. 

·. ' , . , , . 

~~ 

~ 
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Nor should the directions differ since the rotation of Ne1~foundland, even 

if it did occur, would have been associated with the Middle 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 Nel·tfoundland must come 

from Middle Paleozoic or older rocks. 

Black (1964) deduced a 30° anticlockwise rotation of Western 

Newfoundland ftom a puleomagnetic comparison bet\'18en (i) Cambrian 

(Table 1.1, nos. 2s 3) and (ii) Devonian (Nos. 4, 6) sedimentary 

forn~tions in Newfoundland and New Brunswick. However, Robertson et al. 

(1968) argue that Black's results are inconclusive for two reasons: 

(1) The Cambrian mainland and Ne11foundland directions are not 

significantly different at the 95% confidence level (compare cx95 Values 

in Table 1.1); (2) the corresponding "Devonian" directions may not be 

contemporaneous, as the magnetization of the Upper Devo1d an Pen'y 

formation in New Bruns\·tick, l·thich Black had compared Nii.h the Lol'ler 

Devonian Clam Bank group sedirr.cnts in Newfoundland, rna~' b~ of 

Mississippian age (Robertson et al., 1968). (3) A third objection 

(Deutsch, 1969) is that, even assuming conclus-ive paleuma;i1etic results, 

these \'IOUld not have constituted unambiguous evidence for the rotation 

of Ne\'tfoundla.ad since th~::y CJuld equally \'Jell be interpreted as 

suppOI'ting Hilson's (1966) model. Unambiguous evidence would have had 

to include data from mainland sites in the stable interiot· of North 

Arreri ca. 

The above paleomagnetic observations which suggest that, from 

LoNer Cambrian to Lc1·1et' Devonian ti me , Newfoundl and n~mained fixed \'lith 

.·, 
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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. La~1rence, 

suggesting that the Gulf vias open during the relevant tin12s. 

1.2.4. The 11 0rocli~e~~ concept '!E21ied to t~.!}p_Qalachians 

According to Carey (1955) an orocline is the impressed strain 

in an originally linear o1·ogenic system 11 flexed in plan to a horse-shoe 

or elbm~ shape 11 by stt·esses postdating its main period of 9enesis; 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 exan~le of an orocline test, 

Irving and Opdyke (1965) studied paleomagnetically the Upper Silu1·ian 

Bloomsburg redbeds of Pennsylvania at various sites along a 40°-bend in 

the central Appalachian geosyncline, con~aring them with the nearby 

~1iddle Silurian Rosehill and Clinton beds. They \'/ere able to explain 

the results on the supposition that the geosyncline v:as strcdght in 

Silurian time. Subsequciltly, Roy et al. (1967) confirn-ed the earlier 

findings by a further investigation, but further paleomagnet-ic 1'/0rk is 

needed to confirm the proposed oroclinal nature of the App~lachian 

Nountains (Kno1·1les and Opdyke, 1968). 

1. 3. Magnetism of red sedi n-e11ts 
-~--·---·-·-·----------

The terms 11 red sandstone 11
, 

11 red sedincnt 11
, "redbed 11

, etc., are 
-·. 
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used by authors in the VJidest sense to include sandstones, siltstones, 

mudstones and limestones ranging in colour from purple through red to 

brovm (Collinson, 1965). Red sedin~nts have been \'lidely used in 

paleomagnetism because a stable component of measurable intensity is 

often present in their natural remanent mugnetization (i~Rri) 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 Vlhich continental reconstructions and polar 

wandeti ng curves are based derives from measurements of 1·ed 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 nmv believed that 

such rocks are not for·med by a unique process (Van Houten, 1968). 

Ho\'wver, the extensive use of red sandstones in paleomagnetism has 

resulted in an interest in their m~gnetic properties leadin~ to 

investigations into processes by \~hich they acquire their natural 

remanent magnetization ( NR~I) (Collinson, 1969). 

1. 3.1. Magnetic constituents of red sedi rents 

Red sedi nents are no\'/ thought to ori gi nute under a variety of 

geological and climatic conditions affecting both the source rock and 

the site of deposition. Van Houten (1961) states that tile red pigment, 

believed to be finely divided anhyd1·ous or hydrous ferric oxide, is 

generally developed in soils under humid conditions, these so'ils 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-FeOOH) and maghemite (y-Fe2o3), as 1·1e11 as hematite (a-Fc20) and 

magnetite (Fe3o4}; the hematite probably originated through dehydration 

of goethite (Creer, 1961; Strang1vay et a 1., 1968). 

Besides red pigment, hematite also occurs in red sediments in 

the form of black multi-crystalline g1·ains of 11specularite 11
, X-ray and 

chemical analyses have shown that the hematite occurring as specularite 

may be associated l'rith i1n-enite (TiFe03} and ilmenite-hematite solid 

solutions or intcrgrov1ths, though there is little evidence that these 

ilmenite forn~ are important in the magnetism of redbeds (Van Houten, 

1968). 

In viev1 of the differences in history and petrology betl'leen 

different redbed formz.ti ons, as 1·1e 11 as the diffi cu1ty of separating 

the pigment from the specularite, it is not easy to determine \'lhether 

the origin of the NR~·I lies predominantly in the red pigment \>lhich gives 

the rock its distinctive colour, or in the black iron-oxide particles 

(mainly specularite). Hc·.icver, there is evidence (Collinson, 1966} 

that hematite in both forms can carry remanence; the pigment appears 

to have a high coercivity of remctnence relative to specularite, lvhHeas 

the satu1·ated isothermal remanence (IRf,l) of each is about the same. 

It is probable that the properties depend extensively on grain size, 

and if this is sufficiently smJll, superparamagnetic part·icles may be 

present, particularly in the pigment (Creer, 1961; Collinson, 1969}; 

such particles I\'Ould not contribute significantly to the r~RI'-1. 

\~/"' 
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The available evidence strongly suggests that the stable 

p1·imary remanence of red sediments is canied by hematite (a-Fe2o3); 

this is shm·m by chemical and x-ray analyses, and by the results of 

thema 1 demagnetization of the N Rf11; 1vhi cit 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 and fei·t·ic i1·on in minerals 

such as clays, siderite and biotite contribute to some magnetic 

properties of sedimentary rocks, but these minerals being paramagnetic 

in pUI·e form, cannot contribute to the remanence. 

1.3.2. Acquisition of remanence by red sediments 

Sedimentary rocks can acqui rc their magnetism by one of t1vo 

processes: (i) Depositional (or "detrital") remanent mtl.~n~?tization 

(DRivi) by I'Jhich ferron1ct9n~tic grains derived from a source rock are being 

aligned in the Earth's field 1·1hile settling, generally in \'later; (ii) 

Chemica 1 remanent magnetization ( CRH) by 1vhi ch the rock ac0,ui res a 

ferromagnetic component either through precipitation from a circulating 

iron-bearing solution or through chemical change of ail existing component) 

e.g. oxidation of magnetite to maghemite. In redbeds, it is most likely 

(Collinson, 1966) that DRI·1 is associated 1·1ith specularite. 1>1hercas CRH 

might be associated Nith either specularite or the pigment, in the farnEr 

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 DRf·,l and CRM mechanisms being 

operative in particular redbeds (Collinson, 1965). These include 

(1) the occurrence of an 11 inclination error 11 (Griffiths et al., 1962; 

Van Andel and Hospers, 1966; Irving, 1967), applying to DRM but not 

CRI·'I; (2) differences in the intensity of magnetization (generally w-7 

to 10-4 gauss); and (3) the scatter of directions of magnetizations, 

(i) within samples and (ii) bet1·1een samples from a given site; usua11y 

(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 coa1·ser samples reflecting deposition in 

tur·bulent conditions, leading to a reduced intensity of the DRH compared 

\'lith the ideal case of a perfect particle alignment. Collinson (1969) 

did not observe such a correlation and considers it unli kely to exist if 

the NRN is carried only by a small ptoportion of the hematite present, 

the gr~in size of which might be unrepresentative of the rock. HovJt!ver, 

assuming the CRM process to be less turbulent than the DRM, one would 

expect the N Rt·1 intensity of the 1 atter to be less than in a CRH i nvo 1 vi ng 

the sarre amount of hematite. 

Although \'/ithin-sample and betv1een-sample scatter in redbeds 

is often random, systematic disturbing factors can ocr.' '""; such as the 

\'Jell-known "streaking" of directions of magnetization towards the 

present field direction due to the presence of secorl:ary components of 

magnetization (Irving et al., 1961). Existence of inhomogeneity in 

redbeds is postulated by Irving (1964), though the extent of the 

phenoncnon has not been definitely established. 

· > 
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1.4. Objective 

The objective of the i nvesti gati on described here \'Jas the 

study and interpretation of som~ magnet·ic properties and tile paleo­

magnetism of Lm'ler Paleozoic red sands tones in the eas temmost pa1·t of 

the Canadian muritin~ Appalachians. A 500-meter ve1·tical section of 

the gently dipping ("' 10°) Lm~er Ordovician Bell Island and vJabana 

gro;.Jps from Bell Island near St. John's 1·1as sampled, but the present 

study is confined mainly to reasurements of 116 hand samples of oolitic 

hematite sandstone from the upper third of this section, including the 

Airfield and 1-Jabana formations; these \'l'el·e subjected to systematic 

thermal demagnetization studies. The rocks \'/ere collected f1·om these 

formations over a l!JO m vertical section at 24 sites situated up to 

6 km apart. A possibly primary (Ordovician) ~eomagnetic pole r-elative 

to eastern Ne'r'rfound land, obtai ned in the present study, l'ii li be compa1·ed 

with other Lower Paleozoic paleomagnetic data from North America and 

Europe; this result wi? l l:le discussed in terms of Lower Paleozoic 

paleogeography. 

'· . .:. .. · 
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CHAPTER 2 

GEOLOGY AND SAMPLING 

2 .1. Geo_l9gi c sett'ing~ge and strati gr~ 

Conception Oay of the Avalon peninsula is sun·ounded by 

tightly folded and faulted Precambrian volcanic and sedimentary rocks, 

except for a narrm'i strip nround its south shore beti-Jeen Topsail and 

Brigus (Fig. 2.1). This strip has exposures of sediments ranging in 

age from Lm<~er to Upper Cambrian overlying unconformably the 

Precnmbri an rocks; the dip changes progressively from 8°Nl·i near Topsail 

to 50°E in the Brigus area on the west side of .the Bay \'/here open folds 

are developed. 

Lower Ordovicitl.n sediments are exposed in eastern Conception 

Bay, on Little !:!ell, Kelly and Great Bell Islands1, striking north­

easterly and dipping in gene1·al 10°~M; they appear t.o be conformable 

\'lith the Upper Caml>rian.beds to the south, though the contact is 110t 

exposed. The present collection was confined to the Clinton-type iron 

ore-beat•i ng section (Gross, 1965) in Concepti on Bay, \•Jiri ch out-crops 
on 

only/Bell Island. The geology is described mainly by Hayes (1915), 

Rose (1952), Lyons (1957}. ~autiyal (1967) and Gross (1967). 

The LOi·Jer Ordovicia11 age of the Bell Island t•ocks has been 

e~tablished from fossils (Van Ingen, 1914). The straiigt·~p:-Jy of the 

1confornring-to common usage, 11 13ell Island11 \'li'll henceforth be used to 
denote Great Bell Island. 
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rocks has been v10rked out according to the occur·rence of ferruginous 

rocks (Hayes, 1915} on petrological (Rose, 1952} and paleontological 

(Nautiya 1, 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 gene1·al consists 

of varying grey sandstones and shales, either sepa1·ately or inter­

calated ~>Jith beds of red-brO\vn hematitic oolite, greenish-black 

sandstone and n10clerately tc 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 Ingen {1914} and Rose 

(1952), these Lower Ordcvi ci an sedi n-ents are eli visible into t1vo major 

rock units, the l>ell Island and Wabana Groups. The former comprises 

thick formations of grey, grey-brown, greenish attd \'Jhitish sandstones 

and black shales, along 1vith beds of red oolitic hematiLe and ferru­

ginous sandstone and shale. The Wabana Group overiie~ the Bell Island 

Group and, except for more abundunt black shale, is lithologically 

similar to the latter. 

Hayes (1915) divided the stratigraphic succession into six 

zones based r.n the occu: rc-:nr.e of oolitic iron ore and ferruginous rocks 

on Bell Island, three of the zones being mineable. Accordwg to Rose 

( 1952) and Lyons ( 1957), ~he Clinton-type i1·on formations occu1· in three 

beds, the (i) Dominion or Lo\te r, (ii) Scot ia. or Niddl e, and (iii) Upper 

beds, separ ated respective ly 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 lngen (1914) and Rose (1952). In his classifica­

tion (Fig. 2.2), the vJabana Group (93 m) of Rose has been l01·1ered to 

formational rank, '1/ith a LO\~er (3m), Middle (60 m) and Upper (30 m) 

l!l2mber. The Bell Island Group is subdivided into three mappable 

stratigraphic formations from the oldest to the youngest, narrely the 

Polls Head (120m), Townsquare (180m) and Airfield (60 m) formations, 

going up'tlard. The Lower member of Nautiyal•s l~abana formation is a 

conglo11erate bed containing oolitic pyrite, making discomfOI'mable 

contact with the underlying Airfield formation at the Dominion bed of 

Rose. The disconformity therefore separates the Bell Island Group 

from the \·laban a formation. Neither the base of the former nor the top 

of the latter is exposed. 

2.2. Structl!_ral qeology of Conception Bay_ 

One of the main structural features of Conception Bay is the 

cant ras t between the gent IY deforrred Lower Paleozoic sedimentary basin 

and the underlying, tightly folded and eroded Precambrian rocks. 

Although the same general fold and fault pattem seems to apply through­

out the Precambrian to Ordovician section, the uniform 10\~ dip of the 

Cambrian and Lm·te l' Ordovician strata is evidence that they have been 

only niDderately defornEd since their deposition and consolidation 

(Rose, 1952). 

Among severa 1 peri octs of earti1 movem2nt:;, some took p 1 ace 

before and others after the deposition of the Camuro-Ordovician iron 

.:, 
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Fig. 2.2 Generalized stratigraphy of Bell Island 
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ore-bearing sel'ies. It is probably (Hayes, 1915) that these Precambrian 

movements, ~Jhi ch had prepared the sea-n oot for the accummul ati on of 

the LO\'ter Paleozoic deposits, resulted in lines of \'teakness, along Nhich 

or parallel to Nhich Post-Cambrian dislocations or faults originated. 

The Prccambri an rocks ate cut by t!H'ust faults predorni nantly 

trending northeast. One of the most conspicuous features is the Topsail 

fau1t zone (Fig. 2.1), exposed bet\'Jeen Topsail and Cape St. Francis, 

\·;hich terminates the Canbrian beds lying southeast. The attitudes of 

these beds suggest that Conception Gay is unde1'lain by an asymmetric 

synclinal trough plunging north-northeast at lm'i angle; this trough may 

be due to broad folding of the strata in Post-Cambrian time. As the 

Lower Ordovician beds fo1·m the youngest knmm consolidated l"ocks of the 

a1·ea, 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. 

Iron ore has been mined from the Lower (or Dominion), Middle 

(or Scotia) and Upper beds (Fig. 2.2) of Rose {1952) ~1hich are comparable 

in their genel'al characteristics but differ from one another in both 

thickness and mineral dis+·, ·ibution. 

The Lol'ter bed is 4 - 12 m thick and is the major source of 

tile \o1abana ore, which occurs here in several lar9e lenses uf hematite. 

The 70 m of shale and sandstone lying bet\-Jeen the Lower and 1•1iddle beds contains 

an average of 6.9% Fe and 50.4 % s;o
2

. The ~1iddle bed is 1.5 - 4.5 m 

... 
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thick and represents a much more sharply defined zone of deposition than 

either the Lower or Upper bed. The latter is located 12 - 27 m above 

the f'liddle bed and is characterized by erl'otic distl'ibut·ion of thin ote 

zones and lenses and by relatively much siderite (FeC03). In the three 

beds, the composition of the "clean ore", which is relatively free of 

clastic material, ranges ftom 59.6 to 45.0% Fe and 6.4 to 20.0% Si02. 

These three beds of the Ai rfi el d and Hoban a formations are 

typically deep red to purple, and massive, and are composed of oolites, 

i.e. spherules consisting of hematite (Fe2o3), chamosite (a green, 

hydrous silicate) and sider·ite (Fig. 2.3). A typical analysis is 

given in Table 2.1. The composition of the ore mostly varies within 

the follm·1ing limits (Hayes, 1915): Hematite, 50- 70%; chamosite, 

15 - 25%; siderite, 0 - 50%; calcium phosphate, 4- 5%; calcite, 0 - 1%; 

quartz, 0 - 107;. 

The Bell Island rocks commonly contain ripple marks, cross-

bedding and other evidence of shullow-water dep:)Sition characteristic 

of Clinton-type iron formations, and tend to occur in lenticula!' beds 

of varying thickness, usually 3 to 5 m, but not exceeding 12 m, Other 

prominent occurrences of car1y Paleozoic oolitic iron ores arc 

(Petranek, 1966) in Thuringia, t~ot·occo (Ai t Amar), northern Portugal, 

Fl'cmce (Normandy), Bohemia, north Wales a~d the U.S.A. {~ilul~ian 

Clinton Group). Hematitic oolite beds occur in all formal rock units 

found on Bell Island, except for the Lm·;er membe1· of th~ i~abana forma-

tion. The follol'ring are some main conclusions from a comprehensive 

study of the \olabana deposits (Hayes, 1915): 

··· ... >""' 
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TAl3LE 2.1 

(from ore mined in 1927, lyons, 1957) 

Mi nera 1 Chemica 1 composition 

-Chamosite 25.64% S"i02 

19.75% A103 

39. 74~; FeO 

2.9m~ l'igo2 

11.89% H20 

Hematite Fe2o3 

Side rite FeC03 

Quartz 
(sand grains) SiO" 

(. 

Calcium phosphate 
{shell frilgn-ents) Ca3{P04)2 

Calcite (in 
joints, faults) CaCO -. 

,) 

~1anganese oxide f•ln02 

Titanic acid Ti 02 

Pyrite FeS2 

11 l01·1er" 
bed ( ~; ) 

Bed average 

11 fv"li dd 1 e -Uppe r 11 

bed o;) 

------------

23.2 22.7 

61.5 54.8 

2.8 13.3 

6.1 3.6 

4.7 4.4 

0.8 1.2 

0.3 0.3 

0.3 0.4 

0.1 0.1 
- ------ -----------·------------------

Tota 1: 99 . 3 100. 8 

l 

.·• 

I 
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comoosition of red sediments~ Bell Island (frcm Petti.john. 1957) 
_ ! LO\'Jer, Ni ddl e .:1nd Upper b~ds 

A ferruginous sandston~ from anothe1· 1eve1 
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(1) Deposition of the ore beds under shallow marine conditions is 

probable, as they contain marine fossils (brachiopods, tl'iolobites, 

\'Jorm tubes, algae, etc.) that are knovm to have lived in the littoral 

zone. 

( 2) The reddi sh-brm~n co 1 our of the ore is typi ca 1 of amorphous 

hematite. The ~>leathered surfaces exhibit a fine, gl'anular appearance 

due to oolitic structure. 

(3) f~icroscopic studies reveal that the oolites are formed around 

nuclei of fossi 1 fragnents, sand grains or granules that are no\•/ 

siderite and siderite-chamosite mixtures. The oolites vary typically 

bet\'Jeen 0.1 and 0.5 mm in di am~ter 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 hemat·ite 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 ah~ays hematite. The oolites have been iittle altered 

since deposition, as indicated by delicate, wel1-pres€:·ved algae 

borings that cut across some of the oolitic rings. 

(5) While direct evidence for the source of the iron is la<.;king, 

Hayes, in common with other authors studying iron forntations, inferred 

that the hematite or~ \~i'\S produced by oxidation (possibly through algae 

action at the sea bottom) of the precipitated hydrates of iron (e .g. 

goethite), I'Jhich in tut·n Here derived from the weathering products of 

earlier rocks . Since o51itic ores are found associated with 

argillaceous rocks, the chamosite and other iron silicates probably 
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originated throuyh a combination of iron and hydrated aluminous 

silicates at the tine when the hematite \'Jas 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: shallo~1-1~ater conditions again prevailed at 

the close of deposition of Zone 4, probably accompanied by vettical 

oscillations as inferred from the existence of concentric layers of 

chamosite and hematite on the oBlites. 

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 forned, involving a delicate adjustnent of depth 

and Eh and pH conditions of the sea vmter ar.d distribution of clastic 

mated al. 

2.4. The paleomagnetic collection 

A 16-km drive connects St. John's to the harbour of Portugal 

Cove on the eastern shore of Conception Bay, from which Bell Island is 

sP.rved by a regular car and pa::;senger ferry. The is 1 and has a maxi mum 

width (SH - NE) of 10 km and has a \·tell-developed road system from 

\'/hich every point apart from coastal cliffs can be reached on foot \'lith 

comparative ease (Fig. 2.5). 

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

I 
I 

-'. . 

~ 



fl9- 2.5 Geological formations and paleomacnetic sam~ sites at Bell Island 

TI-lE GEAC/-1 

; 

·-----------------------------------------------------------------------~ 

-- -- Formation Boundary TOViNSQUARE = Formation Nome 

Bouildo ry ~~ 'Ha 9,10 S J a i O"n.:. ·!on I 1 C. } :....- '--"'-• l __ j 

:· 



- -------·--·---.. ···· 

- 33 -

grey sandstone and shale \•Jet·e collected by the author and an assistant 

at 40 sites on Bell Island 

To optimize stratigraphic coverage and statistical control, 

the collection sites v1ere 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 

lmvest 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 Habana formation 

near Grebes Nest Point (NH coast; Site Wa 1), making a total section of 

about 450 m (Figs. 2.2, 2.5) 

Sites have been hunbered according to the following convention: 

Double letters designati ng the formation (Ha, Af, Tss Ph) are followed 

by numbers \'thich: in ast~:nding order, denote progressively older (i.e. 

stratigraphically lm·ter) beds; in the case of e.dja::ent sites having 

stratigraphic ovet·lap, nunibers inc1·ease from 1·1est to east. The 

strati$raphic and other geologic details of the sites occupied wet·e 

inferred main1y from Nautiyal (1967). 

2.4.2. Sampli ng procedures_ 

Oriented hand samples \vere collected from alf!'ost all the 

accessible exposures on Bell Isl and, though the Laboi'r. tory studies to 

be reported in U1apters 3, 4 and 5 were confined mainly to the Wabana 

and Airfi eld samples (Tabl e 2.2). Generally, rr:o re than t1·1o (but fe1·1er than 

ten) samples \'tere coll ected per site to permit adequa1:e 1·1ithin-site 

comparisons of magnetic properti es and det ection of any gross ori enta-

tion erroi"S . 

~
~ . I 
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TABLE 2.2 

{see Figs. 2.2, 2.3) 

Formation Site 
s1 52 Stratigraphic location3 (thickness) No. Site location, near: 

----·-·· -----·-
~laban a 1 5 11 Above Zone 5 Grebes Nest Point 

(93 m) 2 6 12 Above Zone 5 Grebes Hest Point 

3 5 10 Above Zone 5 Grebes i·ies t Point 

4 5 10 Above Zone 5 Grebes Nest Point 

5 5 8 Zone 5 (Upper bed) Gravel Head 

6 3 4 Be 1 01~ Upper bed Grave 1 Head 

I 3 8 Belm<J Uppel' bed Gravel Head 

8 10 33 Zone 4 (Scotia bed) Gr~bes Nest Point 

9 8 17 Below Scotia bed Gravel Hea.d 

10 6 10 BelO\~ Scotia bed Gravel Head 

11 7 10 Lm•1est Habana ~~ine llouse (Surgery) 

--------------------------------------------------------------------------
Total: 63 i33 

----------------- ----------·-----------·--------------
1s: Oriented samples collected. 

2s: Specimens used in labot·atory studies (3-step pr-ocedure).* 

3oistances in metet·s denote elevations above base of ·int·mation. 

*Specirrens used in 1-step find 10-step procedures are not included (see 
Table 4.10.1). 
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TABL!_~.2, continued 

Formation Site sl 52 3 (thickness) No. Stratigraphic location Site location, near: 
------~·-----

Airfield 1 5 25 Above Domini on bed Gull Islands (off 
(Zone 2) North Head) 

(60 m) 
2 6 19 Dominion bed Gull Islands (off 

North Head) 

3 3 9 Domini on bed Gull Islands (off 
North Head) 

4 3 9 Donrin·ion bed Gull Islands (off 
North Head) 

5 3 5 Bel 0\•1 Domini on bed 
{Zone 2) 

Youngster's Gulch 

6 4 8 Belm~ Dominion bed Youngster's Gulch 
(Zone 2) 

7 5 22 Belm~ Dominioi1 bed 
(Zone 2) 

Youngster's Gulch 

8 5 10 Below Dominion bed Youngste:r·'s Gulch 
{Zone 2) 

9 4 8 Bel OI'J Domini on bed Youngster's Gulch 
(Zone 2) 

10 2 14 Bottom part (Zone 2) South Head 

11 4 8 Bottom part (Zone 2) South Head 

12 6 12 Bottom part (Zone 2) South Head 

13 ') 9 Bottom part (Zone 2) South Head ..., 

-----------------------------------------------··--------------------------
Total: 53 158 ----

1s: . Oriented samp les collected. 

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

3oi stances in rn2 ters denote elevations above base of fo rmation. 

*Speci rrens used in 1-step and 10-~tep procedures are not incl uded (see 
Tab 1 e 4. 10. 1) . 

.·, 
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T Al31:_~~L-~.<?~)_t_~~-~~-

-----------
Formation Site 

s1 52 Stratigraphic location3 (thickness) i~o. Site location, near: 
--------·---------

Tovmsguare 1 3 160 - 180 rn Scott Gulch 

( 180 m) 2 3 160 - 180 Ill Scott Gulch 

3 4 160 - 180 m Scott Gulch 

4 G 140 - 160 m Grutton • s Cove 

5 9 140 - 160 Ill Grutton 1 s Cove 

6 3 90 m The Dam 

7 3 90 Ill V. T. School 

8 4 90 rn ~1i ne Road 

9 6 60 m Redman 1 s Head 

10 4 Above Zone 1 Lighthouse 

11 6 4 Zone 1 Easten1 Head 

Tot a 1: 51 4 
---------~--

Polls Head 1 3 Beneath Zone 1 Freshv1ater Cove 

( 120 m) 2 2 Beneath Zone 1 Freshl'l'ater Cove 

3 2 Beneath Zone 1 little Cove 

4 5 Beneath Zone 1 Pulpithead 

5 ? Bottom part, Polls Head The Beach 
-----------------··--------------------------------------------------------

Total: 14 0 

----------------------------------
1 : 
S: Oriented samples coliected. 

2s: Specimens used in 1 aum' atory studies ( 3-s tep procedure) .* 

3oistances in ~reters denote elevations above base of formation. 

*Specin-ens used in 1-step and 10-step procedures are not included (see 
Tabl e 4.10.1). 

·. · :.....· 
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The samp 1 es 1vere oriented l'l'ith respect to their in s i tl! 

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~ situ direction relative to true nortil, 

allmo.Jing for the declination (28°H). 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 be;:ring 

errors. 

Hence, in the case of 14 out of the 24 Airfield and Wabana 

sites, a total of 80 samples were also oriented non-magnetically by means 

of a solar compass. This was a Har 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 

significant difference between readings obtained by the t1·1o compasses, 

the maximum difference in any pi\ir of readings being 4°; the arithnlP.tic 

mean difference for the 80 comparisons \'tas 0.2° \'lith a standard deviation 

of ± 2.5°. 

2.4.3. Orientation e1·rors 

In the Laborator-y, each sample 1o.1as set ·:,, pia~t~r of Paris in 

a preferred position related to its field orientation. Cores were 

drilled with a drill press u~ing a water-cooled, stainless steel diamond 

drill bit of 2.2 em inner diameter. One or more cylinders of average 

height 2.2 em 1vere cut ft·om each core and ~till be denoted 11 Specimens". 
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The estimated orientation error due to setting in plaster and transfer 

of the orientation marks from sample to core and core to specimen 

surfaces is ± 1°, each relative to the horizontal plane and relative to 

north. Hhen comparable 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 pa1·t of this error tended to be reduced I'Jhen tl'lo or more 

specirrens from the sarre core, or cores from the sa~re sample, were 

separately oriented. Similarly, the orientr~tion errot· affecting a 

site nean direction of magnetization tended to be reduced \·/hen ti'JO 

or more samples \'/ere averaged at a site, \•Jhich v1as ahvays the case 

(Table 2.2). 

.·• 
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CHAPTER 3 

RH1ANENT fltAGNETISf1 OF THE BELL ISLAND FOR!~TIONS 

. 3 .1. Measurement of the natural remanent magnetization ( NRt~) 

The natura 1 remanent magnetization ( N Rt·1) of rocks is measured, 

in general, ~lith 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 opetate · 

than an astatic magnetometer, is better sui ted to the present purpose, 

\'>'hich required a large nunber of measurements, to be carried out in the 

magnetically noisy environment of the Chemist.ry'-Physics building. 

Except for some supplementary experiments in \~hich the astat·lc 

magnetornete1· described by ~lurthy ( 1966} \'/aS used, the ma gneti zati on of 

the specimens was m2asured \~ith a PAR t·1odel S~i-1 spinner magnetomctet· 

made by Princeton Applied RGsearch Corporation. 

This instrument provides direct and simultaneous measurewent 

of any b1o orthogona 1 components of the specimen's ren:anent !llagneti c 

morrent in a plane perpendicular to the spin axis. A plastic cup 

containing the specimen in i'\ preferred 01·ientation is spun at 105 Hz, 

\·tith the spin axis perpendicular to the common axis of t\'>'0 pick-up 

coils connected in series. The s ·j gna l from these coils is ul•lP 1 i fi ed 

and synchronously detected with respect to the signah ger.erated by 

t\.,ro photo-choppers mounted orthogonally relative to the specimen cup. 

i .i\~ 
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The demodulated detector output represents the magnitude and direction 

of the magnetic moment vector in the plane perpendicular to the spin 

axis. In the six-spin procedure adopted here, the n~asurement is 

repeated five tinEs, with the cup containing the specimen re-positioned 

in a different preferred ol~ientation before each spin. In this v1ay any 

error due to asymnetric centering of the specimen in the cup can be 

virtually eliminated. An Ol'thogonally mounted set of 1-n1eter diameter 

helmholtz coils have been added to the PAR spinnet' at Memorial University 

to reduce possible systematic measurem::nt errors arising from the 

presence of direct laboratory fields. 

The manufacturers of the PAR spinner list the minimum detec­

table magnetization of a specimen as 7 x 10-9 emu/cm3, for \oJhich value 

they claim accuracies to 1% and ± 0.5° in magnitude and phase calibration, 

respectively. In practice many factors contribute to the noise leve 1 of 

the rnagneton-eter, making it difficult even to approach these quoted 

specifications. Hm·1ever, the great majority of the magnetizations 

encountered in the pr:sent study v:ere in the range J = 2 x 10 -s to 

1 x 10-2 emu/cm3, so that highly reproducible results could be routinely 

obtained. 

An estimate of the measurerrent error was made frorn a 

reproducibility test in \·thich the intensity and direction of magnetiza­

tion of one spec-imen each from the Airfield and Habana formations \·Jere 

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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T A13LE 3. 1 ----
Results of 10 conseeuti ve measurements_ of t\·lo__.?_Reeimens 

with the PAR spinner 

Spec! men Af 12-2 ~eeill!en Ha 8-6 

D I -5 3 J x 10 emu/em D I -5 3 J x 10 emu/em 

24.6 +14.8 4.80 189.8 -10.4 6.64 

23.9 +13.8 4.76 189.6 -10.8 6.64 

24.4 +14.4 4.77 189.5 -10.9 6.60 

24.8 +14.9 4.82 189.9 -11.0 6.58 

24.7 +14.7 4.81 191.0 -·11.1 6.62 

24.5 +14.5 4.79 190.1 -10.8 6.63 

24.8 +14.3 4. 77 189.8 -10.6 6.63 

23.9 +13.9 4.80 190.4 ..-u.o 6.65 

24.4 +14.4 4.76 188.9 -10.6 6.60 

24.5 +14.2 4.81 189.4 -1G.6 6.65 

--------------------------------------------------------------------------
ttean 24.5 +14.4 4.79 189.8 -10.8 6.62 

±0.3 ±0.4 ±0.02 ±0.6 ±0.2 ±0.03 

± Vall'es ~~~oted are standard deviations, 

~ 
I 
I 
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intensity or direction of magnetization were estimated to be ± !.:1% and 

less than 1°, respectively, for specimens v1hose intensity falls into 

the general range of values encountered in this study. 

Directions and intensities of magnetization and Fisher (1953) 

statistics \'Jere 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 v1as measured 

relative to the in situ position of the rock, and a sample mean 

direction 1o.~as obtained as the resultant of the t\'JO specimen directions, 

giving each unit weight (Table Al.l). The site mean direction is 

similarly the resultant of the sample mean directions, giving each unit 

weight. The sample and site mean intensities ~f magnetization (J) were 

taken as the arithmetic mean values of the specimen and sample intensities 

respectively. Values of J (in emu/cm3) were in the ranges 3.5 to 

10 x 10-5 for the Wabana formation, 3.7 to 7.3 x 10-5 for the Airfield 

formation and 2.4 to 3.2 x 10-S for the single site of the Tovmsquare 

formation. 

The sample mean directions of magnetization are plotted in 

Figs. 3.1 - 3.4. The NRM 1nagnetization 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 

\' .... v 

.:, ' 
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Fig. 3.1 E9ual-area plot of sample mean directions of magnetization at different 
s1tes, for NRM and after 600 and 6ssoc stepwise demagnetization 

(Wabana, sites 1-6) 
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Fig. 3.2 Sample mean directions ·of magnetization. for Wabana sites 7-11 
(See caption in Fig. 3.1) 
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Fig. 3.3 Sample mean directions of magnetization, for Airfield sites 1-6 
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Fig . 3.4 Sample mean directions of magnetization, for Airfield 
s;tes 7-13 and Townsquare site 11 
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parameter, k, associated \~ith the NR~1 site mean statistics tend to be 

large (Tables 3.2 and 3.3); in fifteen cases where a large ~umber of 

specimens from the same sample were measured, the sample mean 

directions also had fairly large k values, reflecting good specimen 

vector grouping; four examples are given in Table 3.4. 

The NRM directions for both the Airfield and Habana formations 

fall into a 11 northerly11 and a 11 Southerly11 group; the two groups wi 11 be 

called 11 A11 and 11811 , respectively (Tables 3.2 and 3.3). The group A 

inclinations range from I = - 12° to+ 30° for the Airfield formation 

and I = - 80° to + 40° for the Wabana formation, \'/here the steep 

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

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

bet\'Jeen 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 

directions for other group A sites. The group A site mean directions 

show a fairly vlide range from NE to N\'J, the Wabana declinations tending 

to be more easterly than the Airfield declinations. r:.Jr both formations 

the 11Within-site11 scatter (i.e. the directional scatter between samples 

for the same site) in general is significantly less than the 11 bet\<Jeen­

site11 scatter (comparing sites of the sarre formation) (Chapter 4). The 

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

lm<~ 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.l). 

" I 
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TABLE 3.2 

Site mean directions of natural remanent magnetization (NRt1) 

\~abana formation 

Group Site No. N D I J X 10-5 R k 

A 1 5 37.1 +21.5 5.0 4.963 110 

2 6 42.6 +21.8 4.4 5.949 98 

3 5 38.5 +21.7 4.6 4.866 30 

4 5 41.1 +23.5 4.4 4.921 51 

5 5 39.9 +22.9 3.9 4.964 110 

6 3 71.2 +33.4 4.4 2.963 54 

7 3 84.1 +25.4 4.2 2.926 27 

9 8 41.1 -21.9 7.0 7.849 47 

10 6 1.9 -78.6 7 .6 5.958 120 

11 7 339 .G +40 .1 5.2 6.720 22 

B 8 10 191.9 -19.5 8.0 9.933 130 

N = Nurrber of samples per each site. 

0 =Mean declination (deg) of remanent magnetization. 

I= Mean inclination (deg}, north pole positive, downward. 

J = ~~an intensity of magnetization (emu/cm3). 

R = Resultant of N unit vectors. 

k = Estimate of Fisher's precision paran-eter (Fisher, 
va 1 ues are rounded off in the second digit. 

1953}. 

a95 = Radius (deg} of 95% confidence circle. 
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TABLE 3.3 

Site rrean directions of natural remanent magnetization (NRf1) 

Airfield formation 

Group Site No. N 0 I J X 10-S R k 

A 1 5 10.5 -12.4 6.4 4.959 97 

5 3 344. 1 +21.7 4.5 2.913 23 

6 4 354.6 +21.9 4.8 3.833 18 

7 5 356 .9 +19.0 4.5 4.736 15 

8 5 33.3 +20.5 4.9 4.895 38 

9 4 18.4 +18.8 5.2 3,968 94 

10 2 16.5 +28.0 4.7 

11 4 22.6 +19 .0 4.8 3.959 74 

12 6 25.5 +21 .5 4.9 5.938 81 

13 3 21.2 +21.0 4.7 2.996 460 

B 2 6 183.0 -15 . 3 6.5 5 .9;2 650 

3 3 180.0 -15.4 5.9 2.987 150 

4 3 181.7 -14.9 6.7 2.917 24 

Symbols as in Table ~. 2 . 
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TABLE 3.4 

l1ithin-samQle directions of NRM 

(Four representative examples} 1 

Sample Af 10-1 

D I J X 10-5 D 

14.2 +27.6 4.6 25.3 

14.8 +28.9 4.6 26.2 

14.8 +29.8 4.7 21.4 

14.3 +28.1 4.7 25.8 

15.6 +29.2 4.6 24.3 

16.1 +28.1 4.6 23.6 

12.3 +24.3 4.7 22.4 

15.6 +21.2 4.8 21.3 

14.7 +27.2 4.7 23.8 

1. 9897 

680 

2.1 

1symbols are as in Table 3.2. 

Sample Af 12-7 

I J X 10-5 

+23.2 4.1 

+21.4 4.4 
> 

+20.3 4.2 ~ 

~ 
+20.3 4.1 ~ 

~ 
+21.4 4.1 "' I 

"' 
+20.1 4.2 

z 
+19.6 4.0 

"' "' +21.8 4.2 

+21.0 4.1 ~ 

7.9951 

1400 

1.5 
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TABLE 3.4, continued 

Sample Wa 8-6 Sample Wa 9-1 

Specimen No. D I J X 10-5 D I J X 10-5 

1 191.8 -10.2 6.6 48.0 -18.2 10.4 

2 192.6 -21.8 6.8 49.0 -13.3 9.6 

3 190.2 -18.6 7.1 46.2 -21.8 8.8 

4 183.2 -21.4 6.6 48.8 -21.2 9.2 

5 200.1 -18.3 6.4 50.2 -18.3 9.1 > 
~ 

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 ro 
" J 

8 191.4 -22.6 6.6 49.7 -19.6 9.0 

t~ean 190.7 -19.3 6.7 49.5 -18.3 9.2 L 

"' R 7.9560 7.9885 .i 

k 160 600 ~ 

ags 4.4 2.3 
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TABLE 3.5 

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

Airfield and Vlabana formations 

Group Formation N 0 I J X 10•5 R k a95 

A Ai rfi e 1 d 10 12 .5 +18.6 4.9 9.544 20 11.1 

Waban a 10 42.1 +16.2 5.1 7. 761 4 27.6 
1Airfield and 

Waban a 20 25.8 +18.1 5.0 

B Airfield 3 181.6 -15.2 6.4 2.9993 3000 2.2 

Waban a 1 191.9 -19.5 8.0 

Airfield and 
Waban a 4 184.1 -16.3 7.0 3.986 220 6.3 

N =Number of sites in each formation. 

Other symbols as in Table 3.4. 

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

. 1The group A mean direction is based on a sn~ared distribution of site 
mean vectors, and Fishet· statistics are not quoted. 
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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 fields, the polarity is negative. These results indicate at least 

partial stability of the natural remanent magnetization. 

3.3. Primary and secondary components 

The NRH of sedimentary rocks usually consists of two or more 

components, including a "primary" one \•lhich is of major importance. 

Conclusions from paleomagnetic studies require the assumption that the 

magnetization component of interest - usually the priwary component -

was acquired in the direction of the earth's field at the (known) time 

of formation of the rock, and is either revealed in the NRM or can be 

isolated by suitable latoratory tests. However, processes resulting in 

the possible complete destruction of a primary component have been 

described (Krs, 1967; Storetvedt, 1968). Secondary magnetizations may 

be aligned during the post-depositional history of the rock in several 

possible ways. 

Viscous magnetizations (VRM) may be associated with a wide 

range of time constants including "soft" (low-coercivity) components 

acquired late in geologic history, sometimes even in the laboratory. 

Such VRM's generally can be removed with relative care by alternating­

field or thermal demagnetization techniques in the laboratory. Secondary 
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magnetizations of chemical origin and some viscous magnetizations (e.g. 

viscous build-up at moderate temperatures (Briden, 1965; Krs, 1967; 

Storetvedt, 1968) may be of comparable or greater hardness than the 

primary component. 

3.3.1. Field tests 

Two powerful field tests (the 11 fold test11 and the 11 Conglomerate11 

test (Graham, 1949; Strang\'.,ray, 1967)) which, hmo.,rever, are only applicable 

under certain geological conditions, may be used to set a minimum age to 

the origin of the observed magnetization. In the fold test, one compares 

the grouping of magnetization directions (either NRM or isolated by 

laboratory 11 cleaning11
) for samples from different parts of a folded 

structure: if the grouping improves significantly after 11 Unfolding 11 the 

structure, the magnetization may be said to have been acquired prior to 

folding. However, where field tests are inapplicable, the laboratory 

procedures, used for the determination of stability in general, may also 

result in the isolation and/or detection of the primary component itself. 

This was necessary in the case of Bell Island where the entire redbed 

sequence is uniformly flat-lying and where suitable conglomerate beds 

are absent. 

3.3.2. Demagnetization of red sediments 

Creer (1957) and Collinson and Runcorn (1960) showed that the 

observations on red sandstones fall into the broad groups: (1) with the 
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directions of magnetization symmetrically distributed about their mean 

allowing direct application of statistical methods (Fisher, 1953) and 

(2) with the directions of magnetization scattered along a great circle 

[called by Khramov (1958) the 'circle of remagnetization'] through the 

direction of the axial dipole field. These results have been verified 

by several \'lorkers (Irving, 1964). The simplest hypothesis to explain 

them (Collinson and Runcorn, 1960) is to suppose that the directions of 

group 1 (assuming that they depart signi_ficantly from a recent geomagnetic 

field direction) have been unaffected by the changing field since their 

original magnetization; hence they may be termed 'stable'. On the other 

hand, in group 2 the magnetizations appear to be the vector resultants of 

an original, stable component and one or more less stable components that 

were acquired (probably as VRM's) in subsequent geological times; such 

rocks are therefore termed 'partially stable'. However, the secondary 

magnetization causing the planar distribution in group 2 must also be 

comparatively stable (Irving et al., 1961), since the supe;position of 

low-coercivity components upon a stable group 1 type magnetization 

would give rise to a close vector grouping rather than a planar distribu-

tion. 

In the laboratory, samples from red sedincnts are generally 

subjected to demagnetization treatment by alternating magnetic fields 

(AF demagnetization) or heating. Although the first method applied to 

red sediments has been sh~wn to be useful for removing unstable VRM 

imposed by a recent field (Creer, 1959) and for reducing dispersion 

(Black, 1963; Gough and Opdyke, 1963), the maximum field strengths 
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available in most paleomagnetic laboratories (~ 1000 oersteds) are too 

weak to affect the high stability components (Opdyke, 1961). The . 

reason is that in redbeds these commonly reside in hematite, which is 

characterized by coercivities of the order of 104 oersteds (Roquet, 

1954). Therefore thermal demagnetization is often the only known method 

permitting an analysis of the full range of the stability spectrum, 

and it is used extensively (Collinson, 1965; Storetvedt et al., 1967). 

Schwarz (1969) lists three main types of NRM decay curves 

resulting from thermal demagnetization of redbed samples: (1) the 

total NRM is lost in a small temperature interval just belovl the curie 

point, (2) the NRM decays more or less continuously between approximately 

300° and 700°C and (3) the NRM increases up to a certain temperature and 

decays during further heating. Examples of such curves and of hybrid 

curves are given by Irving and Opdyke (1965) and others (Fig. 3.6). 

A type-1 curve would be expected in the case of a stable, 

single component NR~l. The cause for occurrence of type-2 is not clear, 

but Irving and Opdyke {1965) have suggested that these curves may be 

associated with distributed blocking temperatures of domain walls which 

implies a wide range in grain size of chemically homogeneous NRM 

carriers. Several other factors may be operative, such as (a) hetero­

geneity in chemical composition of NRM carriers resulting in a series 

of curie points or (b) the occurrence, during treatment, of chemical 

reactions involving theN~~ carriers. Type-3 curves appear to be the 

resultant of preferential demagnetization of NRM components of roughly 

opposed direction and different thermal stability in a sample as 
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Fig. 3.6 Normalized intensity, J/J20 , of single specimens 

Numbers r~fet· to type curves; see Section 3.3.2. 
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suggested in the case of Silurian Bloomsburg redbeds (Irving and Opdyke, 

1965} and Maringouin formation (Roy and Robertson, 1968). An alternative 

o~ contributing cause of type-3 curves may be the formation of a new 

ferromagnetic component during heat treatment, as observed in the present 

study (Chapter 5}. 

3.3.3. Stepwise thermal demagnetization 

Thermal demagnetization may be thought of as the converse of 

the acquisition of thermoremanent magnetization {TRM), the procedure of 

which is .based upon the addition law of partial TRM (PTRM) {Nagata, 

1961). For example, above the curie temperature Tc of a cooling lava, 

the thermal energy exceeds the magnetic energy and the material is 

paramagnetic. As the temperature falls through Tc the material acquires 

an equi 1 i bri urn magnetization \'lhi ch moves freely into the direction of an 

applied field. At a certain temperature called the blocking temperature, 

Tb, the magnetization is blocked and can resist changes in fields applied 

. on a short time scale {Neel, 1955). The magnetization produced in the 

case of CRM exhibits a behaviour upon demagnetization similar to that of 

total TRM {Kobayashi, 1959), the only difference being that TR~1 or PTRM 

is acquired by grains of constant volume cooling from a high temperature, 

whereas CRM may be acquired at relatively constant atmospheric temperatures 

through a process involving a volume increase (Haigh, 1958). In stepwise 

thermal demagnetization, as the temperature rises above Tb for a given 

component, the domain orientations of that component will tend to be 

randomized and, in the absence of an external field, a laboratory PTRM 
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is not acquired upon cooling; hence components v1ith successively higher 

blocking temperatures are progressively eliminated. 

Thermal demagnetization nl:!thods \-Jere introduced by Thellier 

(1938) and have since been developed further (Leng, 1955; Doelf, 1956; 

Irving et a 1., 1961; Hi 1 son and Everitt, 1963; Chama laun and Creer, 

1964). Their main advantage over the steady and alternating-field 

treatments is that t\vo or more hard components having different Curie 

points nay be separated. 

3.3.4. Therrr.al demagnetization unit 

The unit used in the present investigation for progressive 

thertra.l demagnetizationof rocks v1as mostly constructed at r•emorial 

University, where it is located in a favourably situated laboratory 

within the othen:ise magnetically noisy Chemistry-Physics building. 

The location was chosen for optimum uniformity of the permanent 

magnetic background field and was relatively remote from a.c and d.c 

sources and movable ferromagnetic objects (Deutsch and Somayajulu, 

1970). The unit is described by Sonayajulu (1969), and closely follows 

the design by Irving et al. (1961), the principal changes being (i) 

the reduction in the oven size (diarreter of the cylindrical heating 

system is 13.0 em in the present unit) and (ii) addition of a flux-gate 

monitoring assembly as an aid in controlling the field nulling. 

Prior to this investigation, the helmholtz coils used by 

Somayajulu (1969) were replaced by square parry coils of t\vice the 

linear di~nsions of the forrer (sides 1.7 to 1.9 m), si milar to 
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Irving et al. (1961), thus increasing by nearly an order of magnitude 

the working space \'lithin which the field gradients are smaller than 

s~rre specified maxi mum. Noreover, the ni chro~re \'Ji re, which \·/as ferro­

magnetic below 300°C, was replaced with relatively non-magnetic 

chromel-A wiring, which eliminated the awkward 11empty run .. procedure 

used previously to reduce stray fields. The base plate at the bottom 

of the oven \•las \'Jrapped in asbestos sheeting and no significant traces 

of ferromagnetic impregnations were found in this or in any other 

material used in the unit. 

The three orthogonal parry coils are powered by t\'JO d. c pO\'Ier 

supplies (Power Designs, Inc.) and regulated by a resistor unit for fine 

control of field-nulling. Three identical, orthogonally oriented 

fluxgate detectors were installed outside the oven, though still within 

the region enclosed by the parry coils. This was to monitor residual 

magnetic fields at the oven center where the detectors could not be 

placed _during heating experiments. 

With the aid of a direct-reading Schonstedt Model HSM-1 

station magnetometer, capable of measuring fields to 1 ganura (ly = 
10-5 oersted), each external detector was located in a position at 

which the field was approximately equal to the corresponding field 

component at the oven center. The output of each detector is connected 

to an oscilloscope through an amplifier, while the input for exciting 

the primary winding at 400Hz is obtained from a signal generator. In 

the absence of an external magnetic field, the output contains 

instrumental noise in the form of harmonics, totalling about 50y. If 
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during experiments the field in the working space departs from zero, 

this field, combined with the above harmonics, results in an unsymmetrical 

wave form on the oscilloscope screen. Zero field is restored na.nually for 

any parry coil component, and is checked with the aid of a symmetry test; 

i.e. one assurres that the fundamental mode is zero when in the composite 

harmonics pattern corresponding amplitudes above and below the field axis 

are equal. The error in judging this symnetry by direct observation was 

estimated to be 5y or less for any component, or< lOy for the total 

field error, on the most sensitive scale; let this error be e1 (Section 

3.3.4.1). The estimated total field error in comparing the centrally 

mounted and external probes, when the fields independently compared with 

the Schonstedt probe were equal, was approximately the same as the 

symmetry error, e1• 

The magnetic field in the oven working space, a cylindrical 

region of 11.5 em diameter and 9.5 em height was surveyed in 1969, prior 

to the start of the demagnetization program, and checked in 1970; at 

both times, magnetic disturbances were minimal. The Schonstedt 

magnetometer probe was oriented successively parallel to each parry coil 

axis and moved so as to scan the field in a horizontal plane for each 

orientation. This \'/as done at three levels corresponding to the mean 

heights of specimens placed at the three shelves of the specimen stand. 

During the majority of experiments, eight specimens at a time were 

placed on the stand, four at the central shelf and two each at the top 

and bottom shelves. On any shelf, the specimen centers \~ere displaced 

3.5 em from the central vertical axis of the oven, \'lith a minimum 

separation of 1.2 em between any two specimen surfaces; such a separation 
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was judged to be quite sufficient to avoid possible magnetic interactions 

between specinens (see intensity figures, section 3.1). From the results 

of the survey it was estimated that for zero field at the oven center the 

total field acting at the center of any specirren was \'lithin 10-15y (the 

oven gradient error, e2). 

3.3.4.1. Field-nulling errors 

Before each demagnetization run the three components of the 

field at the oven center were adjusted with the aid of the Schonstedt 

magnetometer (step 3 in section 3.3.5). While the reading error of the 

instrument was only ly, the estimated nulling error, e3, in the total 

field (incorporating reading error) was within . 4y, most of this being 

due to limitations in adjusting the nulling current, and possibly some 

drift of the current. When repeating the field-nulling measurements 

after the run (step 11) the total field was within 10-15y in the great 

majority of experiments, though in a few cases fields of 20-25y were 

found. In all runs this may be within about one hour of the last field­

nulling adjustment with the external probes, though the maximum time 

covered bet\'teen steps 3 and 11 (for runs where specimens were he a ted to 

600°C or above) is about 3lz hours. 

The experiments were conducted only at magnetically quiet 

times, i.e. in the absence of geomagnetic disturbances (such as magnetic 

storms, etc.) and mostly at night time, on weekends and on holidays. 

Therefore the observed departures from field-nulling at the end of 

heating experiments may be attributed to either diurnal variations, or 
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drift of the nulling currents, or both. The diurnal variation of the 

laboratory field was recorded in three components for 24 hours under 

magnetically quiet conditions using the Schonstedt probe and a strip 

recorder. 

The total field variations obtained in this way were always 

< 10y/hr and typically < 7y/hr. By comparison, the combined adjustment 

and symmetry error in using the external fluxgate probes, e4 = e1 + e3, 

is typically within 10-15y. Thus both the diurnal variation and the 

adjustment-symmet~ errors could account for the observed departures 

from zero field at the oven center during step 11. 

From the above considerations it was concluded that the 

magnitude of the total field-nulling error at the specimen sites during 

demagnetization runs is the sum of e4 and the oven gradient error, e2, 

due to the off-center position of the specimens; in the great majority 

of cases, these errors are 10-15..,. each, and the combined field-nulling 

error, e5 = e2 + e4, was taken to be 25y or less. In exceptional cases, 

e5 may have been as large as 35y. 

An imperfectly nulled total field as high as 25y would only 

represent 0.1% of the uncance 11 ed 1 aboratory fie 1 d and \'Jas un 1 ike ly to 

be sufficient to impose a partial thermoremanent component upon specimens 

cooling even from high temperatures. However, to minimize in a 

statistical sense the effect, if any, of such stray fields upon the 

resultant specirren remaner;ce directions, the standard practice (e.g. 

Irving et al., 1961) was adopted, in which the previously determined 

remanence vectors were always oriented in the oven as nearly randomly 
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as possible prior to any demagnetization run. Thus generally half the 

specirrens (4) were in rolling positions, and the other half upright or 

u~side down, with two remanence vectors each pointing north, east, 

south and west, and with an approximately uniform distribution of 

inclinations ranging from steep up\~ard to steep downward. 

As a final precaution the specirrens when not being treated or 

measured were always stored in magnetically shielded cans, in which the 

field is < lOy (Somayajulu, 1969}. 

3.3.4.2. Control and rreasurerrent of temperature 

The oven temperature was measured at a point close to the 

centre of parry coils, using platinum-platinum/10% Rhodium thermocouples 

calibrated at the National Research Council, Ottawa; the hot junction is 

inserted through the base of the specimen stand. A direct-reading Leeds 

and Northrup potentiorreter used with the thermocouple was calibrated to 

correla-te °F scale readings with true centigrade values corresponding to 

the NRC standardization. 

The heating current is obtained from the 220-volt mains through 

a variac and is continuously controlled at the desired temperature 

through manua 1 adjustment. This could be done within ± 5°C at 350°C and 

within ± 3°C at 600°C and higher temperatures, during the ti rre intervals 

when the tempernture is maintained constant; this was always at least 

15 minutes (Step 8; section 3.3.5). 

Thermal gradients were rreasured by Somayajulu (1969} with a 

movable platinum-platinum/10% Rhodium thermocouple at various fixed rrean 
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teiJlleratures in the centra 1 part of the oven normally occupied by the 

speci wen stand. From his results it was estimated that at 350°c the 

excess temperature, ~T, at a distance of 3.5 em from the central oven 

axis (where all specimens were placed in the present investigation) is 

within +5°C whereas at 600°C and higher temperatures ~T is within +2°C. 

The temperature gradients remain small up to distances greater than 4 em 

from the oven axis where they rise appreciably. Similar gradients were 

found in a further test by the present author, who concluded that for the 

actu.ally adopted specirren positioning (i.e. 3.5 em from the oven axis) 

the excess temperature, while constituting a systematic rather than random 

error, was less than the magnitude of the combined measurement/control 

error at all temperature levels. For this reason, all temperature values 

quoted here refer to the oven center. The maximum departures of the 

actual specimen temperature from this value were estimated to be of 

magnitude 5°C and 10°C in the ranges> 550°C and 300°- 550°C, respectively. 

As a precaution during these m:asurerrents and also during actual 

demagnetization runs, the specimen stand region is enclosed by an inverted 

copper pot acting as a secondary radiator of heat (Step 6, section 3. 3.5); 

without this arrangerrent the thermal gradients in the working space would 

have been much 1 arger than the actually observed values. In future work 

with this unit, it is planned to improve the temperature control, 

particularly in the critical high-temperature ranges, by replacing manual 

adjustment of the heating current by a thermostat. 
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3.3.5. Procedure of thermal demagnetization 

(1) The remanent magnetization directions and intensities of the 

specimens are measured with the spinner magnetometer. 

(2) About 30 minutes before starting the experiment the d.c power 

supplies for field compensation and the electronic units for field 

monitoring are switched on to ensure stabilizing. 

(3) The Schonstedt station magnetometer probe is kept inside the oven, 

and the field of each pair of parry coils in turn is adjusted to zero 

value with the estimated error (e < 4y) discussed in section 3.3.4.1. 

For each component the procedure is repeated with the probe in the 

reversed (180°) position. At the end the probe is moved freely in all 

directions until the estimated total field near the oven center is e < 4y. 

The external fluxgate units are checked for symmetry, corresponding to 

zero parry coil fields. 

(4) The specimens are arranged on the three shelves in the specimen 

stand, in random positions, \'lith 1.2 em minimum separation between their 

surfaces (Section 3.3.4.1). 

(5) The thermocouple cold junction is placed in ice at 0°C and the 

temperature potentiometer is balanced. 

(6) The specimens are covered with the inverted copper pot to reduce 

temperature gradients. 

(7) The oven is closed and the variac is switched on with the voltage 

set to the desired temperature. 

(8) When the desired temperature has been approximately reached it. 

is measured, adjusted if necessary, during which time the field is 
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regularly monitored, and maintained constant for at least 15 minutes. 

(9) The heating current is switched off and the oven is quickly 

raised to the highest position (unless nitrogen is used, in which case 

it remains closed). The three field components are carefully monitored 

with the external fluxgate probes throughout the cooling period, and any 

necessary adjustments in the parry coil currents are made. 

(10) When the specimens have cooled to the laboratory temperature, 

they are quickly transferred into a can containing three concentric 

layers of magnetic shielding, inside which the magnetic field is < lOy, 

i.e. several orders less than the surrounding laboratory field. This 

greatly reduces the risk that the specimens may acquire a significant 

VRM in the laboratory between the time of treatment and measurement. 

(11) The magnetic field at the oven center is remeasured with the 

Schonstedt probe, 30 - 45 minutes after step 10. 

3.4. Pilot thermal demagnetization in air 

A detailed initial demagnetization of a few representative 

specimens only is generally the most efficient procedure for determining 

optimum demagnetization temperatures; this eliminates the need for 

intermediate steps in subsequent systematic treatments that may involve 

all samples. Such a "pilot" study was carried out \'lith 28 red sandstone 

specimens selected from 22 sites of the Wabana (9 sites, 12 specimens}, 

Airfield (12 sites, 14 specimens) and Townsquare (1 site, 2 specimens} 

formations (Fig. 2.2) using the 11 Vector rotation 11 criterion (Irving, 

Results are Shown in Figs. 3.7 · 1964) to determine optimum temperatures. 
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to 3.10 and Tables 3.6 to 3.8 are discussed below for five representa­

tive specimens taken in a stratigraphically descending order. 

3.4.1.1. Specimen Wa 4-3 

This specimen is from one of the uppermost exposures on Bell 

Island (Fig. 2.2). Heat treatment to 300°C (five steps) caused little 

change in the NRM vector, which had NE declination and shallow, downward 

inclination (0 = 46°, I = +17°), typical of 11 group N' (Section 3.2). 

Above 300°C, the remanence directions changed progressively, the 

declination being NW at 350°C, then W (400°C) and SW (600°C); the 

intensity of magnetization (J) gradually increased, reaching a maximum 

(J = 6.1 emu/cm3) near 600°C, with J600tJ20 = 1.7, where J600 and J20 
correspond to 600°C and atmospheric temperature (NRM), respectively. 

An intennedi ate (southerly) direction at 640°C li.es approximately on a 

great circle between the directions at 600°C and 685°C (D = 126°, 

I = -17°), at the latter temperature, which is close to the Curie point 

of hematite, the intensity had dropped again (J685/J20 = 0.6). 

3.4.1.2. Specimen Wa 10-6 

The NRM direction, contrary to that of specimen Wa 4-3 (above), 

is nearly aligned with the axial dipole field (D = 0°, I= +65.5°) and 

the 1968 field (D = 332°, 1 = +71°), though of opposite (negative) 

polarity. This site (No. 10; Table 3.6) was the only one at Bell Island 

at \oJhich steep NRM inclinations were found; this was also confirmed by 

preliminary measurements with the astatic magnetometer (Murthy, 1966) 
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Fig. 3.7 Directional changes after pilot thermal demagnetization of single 
specimens in air 
{See Tables 3.6, 3.7 and 3.8.) Symbols as in Figs. 3.1, 3.3 and 3.4. 
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DEMAGNETIZING TEMPERATURE, T C 
F: g. 3.8 Normalized intensity , JtJ20 , of single specimens 

(Corresponding to Fig. 3.7.} The two numbers 
(30,60) refer to off-scale values of J/J20 • 
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Fig. 3.9 Directional changes after pilot thermal demagnetization of 
single specimens in air 

Symbols as in Fig. 3.7. 
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Fig; 3.10 Normalized intensity of 6 specimens after stepwise 
thermal demagnetization ' --
(See Section 3.4; not tabulated.) 
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TABLE 3.6 

Pilot thermal demagnetization of red sandstone specimens from 

Waban a formation 

T, demagnetization temperature (°C); D, declination (degrees taken 
clock\'lise from north through 360°); I, inclination (degrees,+ in­
dicates north pole in3the lower hemisphere); J, intensity of 
magnetization (emu/em ): 

Specimen ~~a 4-3 Specimen ~~a 10-6 

D I J· X 10-S T D I J X 10-5 

45.6 +17.2 3.8 20 9.6 -86.4 7.8 

40.4 +19.9 3.7 100 10.4 . -76.3 8.0 

37.8 +26.3 3.9 150 26.3 -54.6 8.2 

45.2 +29.1 4.0 200 38.1 -27.8 8.0 

55.3 +17 .7 4.2 250 34.8 -30.2 8.2 

300.2 +48.9 5.2 300 50.3 -26.6 8.2 

277.6 -23.8 6.4 350 320.1 -21.7 8.8 

268.4 -30.4 7.7 400 290.8 ·14.8 8.9 

200.1 -23.2 6.6 450 287.3 -17.8 9.2 

225.7 -17.9 6.2 500 250.6 -21.7 11.2 

200.8 -24.3 6.5 550 237.8 •14.8 12.0 

177.5 - 19.9 6.1 600 197.4 -18.5 10.0 

170.1 u14. 7 6.0 640 210.3 -17. 8 9.8 

125.6 -17.2 2.7 685 128.2 -14 .8 3.0 
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TABLE 3.7 

Pilot thermal demagnetization of red sandstone specimens from 

Airfield formation 

T, demagnetization temperature (°C); 0, declination (degrees taken 
clockwise from north through 360°); I, inclination (degrees,+ in­
dicates north pole in

3
the lower hemisphere); J, intensity of 

magnetization (emu/em): 

S~ecimen Af 7-1 Specimen Af 1-2 

T 0 I J X 10•5 T 0 I J X 10-5 

20 326.0 + 1.2 . 3.6 20 11.2 -10.4 5.7 

100 340.3 + 9.8 4.3 100 10.4 -10.2 6.2 

150 319.8 +10.5 4.3 150 14.3 -14.8 6.3 

200 323.6 + 7.6 4.7 200 12.1 -14.6 6.4 

250 330.4 +13.6 4.8 250 14.3 -12.8 6.4 

300 344.4 +13.6 4.9 300 12.6 -14.3 6.6 

400 313.6 +21.2 6.2 350 15.3 -20.3 6.9 

450 329.0 + 6.7 8.8 400 20.1 -14.2 7.2 

500 341.7 +18.0 9.2 450 30.3 -14.4 7.3 

550 266.5 -28.0 16.0 500 20.4 -14.8 7.2 

600 219.3 -48.2 17.4 550 210.3 -12.1 8.-9 

640 194.1 -21.6 14.1 600 200.6 -20.6 8.8 

685 120.6 -13.9 2.4 640 199.1 -14.1 8.1 

685 131.2 -19.3 3.3 
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TABLE 3.8 

Pilot thermal demagnetization of red sandstone 

specimen from Zone 1 (To\'msguare formation) 

T, demagnetization temperature (°C); D, declina­
tion (degrees taken clockwise from north through 
3600); I, inclination (degrees,+ indicates north 
pole in the lm~Jer hemisphere); J, intensity of 
magnetization (emu;cm3): 

Specimen Ts 11-1 

T D I J X 10·5 

20 196.1 -30.2 3.0 

350 195.6 - 3.8 2.3 

450 193.4 .. 7.9 2.2 

550 205.6 .. 0.5 2.2 

650 211.2 - 3.6 4.8 

670 228.5 ·34.0 4.2 

685 126.8 -21.6 2.0 
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reported from preliminary neasurenents. However, after the JocPc step, 

the direction had changed to 0 = 50°, I= -27°, similar to the NRM 

direction of specimen Wa 4-3, suggesting that a fairly steep viscous 

(VRM) component, possibly of quite recent origin, had been removed. On 

the basis of similar behaviour that was later observed for all samples 

from Wabana site 10 (Table Al.1, Fig. 3.2}, the NRM of these samples 

was assigned to 11 group A11 (Section 3.2) despite the presence of this 

steep, low-temperature VRM. Above 300°C, the response of speci rren 

Wa 10-6 was quite similar to that of Wa 4-3, described above, up to the 

final step at 685°C • 

3.4.1.3. Specimens Af 1-2 and Af 7-1 

The$e specirrens were from sites (Nos. 1 and 7, Fig. 2.2}, 

respectively, above and below the Comrrerical Dominion bed of the Airfield 

fonnation. Both NRM vectors belong to group A, though the directions are 

quite far apart (0 = 11~ I= -10°and 0 = 32tf, I= +ffor specirrens Af 1-2 

and 7-1, respectively}. This illustrates the large scatter of site rrean 

directions for group A with 0 ranging from NW toNE, and I, both positive 

and negative, at sites of the Airfield formation (Table 3.7). After 8 

demagnetization steps up to soo0c, the remanence directions of both 

specimens had changed only by small amounts but after the 550°C step 

they moved through large angles to the ·south\tJest, with small negative 

inclinations. This is similar to the findings for 600°C in the case of 
0 

the Wabana pilot specimens (Sections 3.4.1.1, 3.4.1.2) and the 600 C 

directions will be denoted 11 group C11
• The group C site rrean directions 

;· 

" " t.. 
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(Tables 4.2 and 4.5) show a large scatter, mainly in declination, as 

suggested also by the pilot results discussed here. At 685°C, the 

directions of both specimens Af 1-2 and 7-1 move southeast close to the . , 
direction of the Wabana pilot specirrens; these will be denoted 11 group 011

, 

which is characterized by a close grouping of 685°C site rrean directions 

for all 25 sites studied at Bell Island (Tables 4.3 and 4.6). Whereas 

both specimens Af 1-2 and 7-1 becorre progressively more negative in the 

range 20° - 600°C (Fig. 3.8), the increase of J in the forrrer case was 

spectacular reaching a maximum for J650tJ20 = 4.8. At 685°C, the 

normalized intensity of both specimens had again dropped to about 0.6, 

similar to the case of the ·wabana pilot specimens. 

3.4.1.4. Speci~en Ts 11-1 

This specimen is taken from zone 1 of the Townsquare formation 

{Fig. 2.2), and is stratigraphically well below 200m bottom of the 

Airfield formation. The NRM direction ( D = 196°, I = -30°) is roughly 

opposite to the group A directions, and is representative of group B. 

Contrary to the four pilot specimens from the higher levels (Sections 

3.4.1.1- 3.4.1.3), the NRM direction is relatively undisturbed until 

the 67Q0step {D = 229°, I = -35°) and up to 550°C, J decreased moderately 

rather than increasing. Horeover, after 650°C, the normalized intensity 

had increased to J
650

tJ
20 

= 1.6 before dropping to J68s/J20 = 0.6 at 

685°C. At that temperature, both ·the intensity and the direction are 

typical of the group 0 results (Section 3.4.1.3). 
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The changes in the directions of magnetization and intensity 

for 6 additional pilot specirrens are given in Figs. 3.9 and 3.10. 

Results for the remaining 17 pilot specirrens were similar but are not 

listed individually. Fisher statistics applied to aU 28 specirrens are 

given in Table 3.9 for NRM and 685°C only. 

3.5. Analysis of pilot study 

Thennal demagnetization of the 28 pilot specirrens was helpful 

in determining the best estimate for the subsequent systematic thermal 

treatrrent. The observed major trends in the pi lot study were as follows: 

(1) The NRM directions fall into two opposed groups, A and B, with 

northerly and southerly declinations, respectively {Figs. 3.1- 3.4}. 

(2) No significant changes in the NRM directions of magnetization 

were generally observed until treatrrent to 350°C or more (Figs. 3. 7 and 

3.9), the only exception being site ~Ja 10, which was discussed earlier 

(Section 3.4.1.2) in terms of a probable low-temperature VRM component. 

{3) After the 350°C step both the group A and B vectors change 

towards the apparently stable, intermediate group C directions, becoming 

stabilized between 550 - 600°C, mainly with southwest declinations and 

intermediate to shallow inclinations {Section 3.4.1.3). The intensity 

of magnetization generally has its maximum in the 550- 650°C range. 

( 4) After the 640°C treatrrent the remanence vectors tend to 100ve 

along great-circle routes towards the southeast {Figs. 3.7 and 3.9, 

Tab 1 e 4. 11) • 

-··· .,. ·.,, 
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TABLE 3.9 

Fisher analysis for the pilot study 

NRM After 685°C 

group A specimens group B specimens a 11 specimens 

N1 20 8 28 

02 20.6 181.7 124.8 

13 +9.3 -21.9 -18.0 

R 15.094 7.904 27.9 

k 3.9 73 230 

a95 19.2 6.6 1.8 

1Number of specimens (combined Wabana, Airfield and Townsquare 
formations) • 

2o = declination, degrees. 

31 ~ inclination, degrees. 
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(5) Between 670°C and 685°C the vectors become closely grouped, with 

group D directions (Section 3.4.1.2, Tables 3.9 and 4.ll)and a sharp 

decrease in intensity, usually to one-half the NRM intensity or less. 

This grouping generally remains stable up to 690°C - 695°C; at and 

above 700°C the directions become much more dispersed, and intensities 

increase by 1-2 orders of magnitude (Figs. 3.8 and. 3.10). 

Hence for the systematic treatment of all samples the 

demagnetization steps were chosen to be at 350, 600 and 685°C. Two 

specimens per sample \'/ere demagnetized in every case. This procedure 

will be termed a 3-step demagnetization (Chapter 4) to distinguish it 

· from additional 1-step and 10-step tests using different specimens from 

some of the samples, mainly to assess possible physical-chemical effects 

due to the heat treatment itself (Chapter 4). 
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SYSTEMATIC THERMAL DEMAGNETIZATION STUDY 

Systematic thermal demagnetization was made on all the samples 

collected from 24 sites of the Wabana and Airfield formation as outlined 

in section 3.5. In the following discussion (Section 4.1), Figure 3.5 

shows the site-mean directions of magnetization, which are also listed 

in Tables 4.1 - 4.6, along with Fisher statistics and the intensities 

for both formations at the demagnetization steps corresponding to 350, 

600 and 685°C • 

4.1. Statistical analysis of site-mean directions and intensities 

4.1.1. Wabana formation 

The site 8 mean NRM direction (Table 3.2) is southerly, 

corresponding to group B, while the other ten site-mean directions 

correspond to group A, having north to east declinations, except site 11 

where the declinations are northwest (D = 339.6°). The A and B groupings 

wet~ discussed in section 3.2. The mean inclinations are downward 

(positive), except at sites 8 (group B), 9 and 10, and are shallow to 

intermediate except at site 10 where their value, I = -78.6°, is similar 

to the steep, upward inclinations found in the pilot study (Section 3.4). 

After treatment to 350°C, most of the site-mean directions 

show little change from their NRM values (compare Tables 3.2 and 4.1), 

but with some large changes in the within-site precision (seek values). 
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TABLE 4.1 

Site mean directions for Wabana formation after 

stepwise demagnetization to 350°c 

Site No. N D I J X 10-5 R 

1 4 44.7 +15.9 6.2 3.992 

2 6 40.9 +22.7 4.6 5.917 

3 5 39.2 +23.1 5.1 4.942 

4 5 40.1 +29.6 5.2 4.614 

5 3 55.0 +26.7 6.1 2.986 

6 2 45.2 +30.0 6.3 

7 2 77.1 +26.5 6.4 

9 8 45.7 -40.4 8.7 7.200 

10 6 9.8 -33.6 7.4 5.691 

11 5 249.1 +30.6 5.7 4.123 

8 10 196.4 -19.0 8.2 9.838 

Synt>ols and conventions for rounding k are as in Table 3.2. 

k a95 

390 4.7 

60 8.7 

69 9.3 

10 25.0 

150 10.2 

8.7 20.0 

16 17.2 

4.6 40.3 

56 6.5 

In the course of these systematic demagnetizations, specimens sometimes 
broke during a particular step, so that their remanence could not be 
measured; in that case, they were replaced for subsequent steps by 
fresh specimens from the saw£ core; thus, values of N for certain sites 
quoted in Tables 3.2, 3.3 and 4.1 - 4.6 may vary between different 
steps. For N < 3, J:isher statistics are inapplicable; hence no data 
for R, k and ~95 are shown in that case. 
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TABLE 4.2 

Site nEan directions for Waban a formation after 

ste~wise demagnetization to 600°C 

Group Site No. N D I J X 10·5 R k a95 

A 1 4 230.1 -23.4 8.4 3.904 31 16.7 

2 6 216.9 -27.0 7.0 5.087 5.5 31.5 

3 5 231.1 -21.9 6.9 4.690 13 22.1 

4 5 · 247 .a -30.5 7.7 4.838 25 15.7 
)_. . 

}.:' 
., 

5 3 259.3 -23.7 6.9 2.970 68 15.1 
... ~ 
·--~. ' 
.. _ .l 

... , . 

6 2 302.2 -19.9 6.6 
. ~-, 

: •. # 
:.,.,, 

' r•! 

7 2 278.1 -20.7 6.8 
~"•t' 

9 8 299.8 -17.1 8.8 7.882 59 7.3 ' . 

10 6 306.9 -27.2 9.9 5.897 49 9.7 ~') 
,·.-: 

11 4 269.7 -36.6 7.8 3.292 4.2 50.9 )0.~ .. 
t/ 

B 8 8 264.3 -23.4 11.0 7. 729 26 11.1 

Symbols and conventions for rounding k are as in Table 3.2. 

... 
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TABLE 4.3 

Site mean directions for Wabana formation after 

stepwise demagnetization to 685°C 

Site No. N D I J X 10~5 R 

1 5 128.1 -18.2 2.9 4.962 

2 6 125.6 ~21.0 2.9 5.972 

3 5 123.3 -19.1 3.2 4.950 

4 5 127.4 -19.3 2.9 4.980 

5 5 127 ;6 -18.8 2.9 4.988 

6 3 117.4 -20.3 3.0 2.974 

7 3 120.5 -15.9 3.1 2.978 

9 8 126.7 -19.2 3.1 7.983 

10 6 128.5 -19.0 3.1 5.954 

11 7 141.4 -19.9 3.1 6.986 

8 9 121.7 -17.1 3.8 8.810 

Syntols and conventions for rounding k are as in Table 3.2 . 

k ag5 

100 7.5 

180 5.1 

81 8.6 
.:·" 

200 5.4 

320 4.3 . .. 

76 14.3 .. 
' 

89 13. 1 .,, .. 

410 2.7 
... . 

I ~.:. 

' 
110 6.5 ... ,. 

4ll 2.9 
r .. 

42 8.0 
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TABLE 4.4 

Site mean directions for Airfield formation after 

stepwise demagnetization to 350°C 

Site No. N 0 I J X 10-~ R 

1 5 19.2 -19.1 7.4 4.970 

5 2 5.2 +17 .4 6.2 

6 2 328.0 +30.3 7.1 

7 5 347.0 +23.5 6.0 4.710 

8 5 20.4 +20.9 7.3 4.945 

9 4 35.5 +19.3 7.2 3.920 

10 2 17 .0 +23.5 4.9 

11 4 17.4 +29.0 6.1 3.965 

12 4 18.2 +22.7 5.1 3.957 

13 2 17.9 +21.0 5.1 

2 6 183.0 -18.0 6.8 5.968 

3 3 186.2 -22.0 6.9 2.968 

4 3 184.9 -15.3 7.2 2.960 

Symbols and conventions for rounding k are as in Table 3.2. 

-. I 
_,. 

k a95 

140 6.6 

}>v 

14 21.4 1< 
" .. 

73 9.0 ' .! 
······ 
':~:··: 

37 15.3 
. .. .. 1 

i 

( " 

86 9.9 , .. \. 
) 

,·.·r 

70 11.0 
( " ,, 

160 5.4 

62 15.9 

50 17.7 

.·• 
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TABLE 4.5 

Site mean directions for Airfield formation after 

ste~wise demagnetization to 600°c 

Group Site No. N D I J X 10·5 R 
·;.· 

A 1 5 207.7 -18.1 8.6 4.931 

5 2 183.2 -16.6 7.1 
.. ·. 

6 2 198.2 -26.3 .. · . 7.0 .... 

7 5 229.1 -25.4 10.6 4.795 

8 5 204.0 -25.2 10.0 4.893 

9 4 210.5 -28.9 10.1 3.850 
.... 

10 2 239.2 -17.8 8.0 

' 11 4 275.2 -23.2 9.2 3.873 .. 

.. 12 4 247.4 -29.4 6.2 3.934 
· .. . 

.. 13 2 288.8 -27.6 6.1 

B 2 6 221.7 -19.6 7.7 5.725 
,. 

··-· 3 3 214.3 -23.6 7.8 2.987 

· .. -:· 4 3 216.8 -26.7 8.9 2.815 
" 

.. 

Synbols and conventions for rounding k are as in Table 3.2. 

k a95 

58 10.1 

20 17.8 

37 12.7 

20 21.0 

24 19.3 

45 13.8 

18 16.2 

150 10.1 

11 39.5 
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TABLE 4.6 

Site rrean directions for Airfield formation after 

stepwise dem1gnetizati on to 685°C 

Site No. N 0 I J X 10-S R 

1 5 120.4 -16.0 3.4 4.959 

5 3 124.8 -18.5 2.6 2.995 

6 4 128.2 -21.6 3.0 3.975 

7 5 125.4 -18.7 3.2 4.992 

8 5 129.0 -18.9 3.1 4.991 

9 4 123.6 -17.9 3. 1 3.987 

10 2 114.4 -11.8 2.9 

11 4 122.3 -15.9 2.9 3.975 

12 6 121.6 -17.1 3.0 5.965 

13 3 112.8 -17.3 3.3 2.982 

2 6 119.3 -17.1 3.0 5.994 

3 3 119.5 -15.0 3.2 2.991 

4 3 121.9 -13.8 3.6 2.995 

Symbols and conventions for rounding k are as in Table 3.2. 

- , 
I 

/ 

k a95 

98 7.8 

440 5.9 

120 8.4 
t·· 

480 3.5 ~{~-
.. 

440 3.6 .. , 
I .. .. ... 

2:ll 6.0 : .. ~ 
:.· , 
. .. i 

"!.:: 

' 120 8.5 

140 5.6 ~J 

110 11.9 
,... .... 
..... ,.· 

840 2.3 

220 8.4 

430 6.0 
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The largest directional changes occurred at site 10, as discussed in 

section 3.4 in connection with the pilot study. At 35o0c, k had 

increased at three sites (1, 3, 5} and decreased at six (2, 4, 8 - 11), 

so that on the whole, the within-site scatter is somewhat greater than 

in the case of NRM. 

Comparison of results before and after 600°C treatment shows 

large changes in the site-mean directions of magnetization, all of which 

have shallow to intermediate upward inclinations, but with a large 

spread of declinations ranging from D = 217° (site 2) to D = 307° (site 

10). Similar results were obtained previously in the pilot study 

(Section 3.5} and denoted as group C directions. 

The 685°C treatrrent is found to have improved the within-site 

grouping over that at 600°C at all eight sites, though at three sites 

(1, 8, 10), the NRM groupings are tighter than for 685°C. The 685°C 

site-mean directions of magnetization are closely grouped and similar 

to those obtained in the pHot study (Table 3.9}, having southeast 

declinations and negative shallow inclinations (group D). 

4.1.2. Comparison between Airfield and Wabana formations 

Results of the systematic treatment for the Airfield formation 

mostly were comparable to those obtained from the Wabana samples 

(Section 4.1.1} and will not be separately discussed. In tum, the site­

rrean data for both formations (Tables 3.2, 3.3, 4.1 - 4.6) are comparable 

with those obtained from the respective pilot studies. The site-~rean 

dir~ctions of the single site of the Townsquare formation are also 
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included in Fig. 3.5, and at all demagnetization steps are similar to 

the directions for the group B sites (where "group 811 refers to the NRM 

g~ouping) of the Wabana and Airfield formations. The main differences 

in the site-mean statistics between the two latter formations are: 

(1) The group A declinations of the site-mean NRM are more easterly 

in the case of the Wabana funmation, remaining more easterly after the 

350°C step. The corresponding site-mean directions after the 600°C step 

for Wabana again tend to be larger (i.e. more westerly) than for the 

Airfield formation. 

- , 

(2) Up to the 350°C treatment, inclinations irrespecthe of sign tend v.: 

to be larger for the Wabana formation, which includes also one site 

(Wa-10) with steep NRM inclination (I = -78.6°), probably associated with 

a VRM (Section 3.5) • . · 

(3) The NRM site-mean precisions of the two formations are comparable, 

but show a greater range in the case of the Airfield formation. For the 

350°C tQ 685°C steps, the values of k tend to be larger (i.e. site-mean 

groupings are better) for Airfield than for Wabana. 

The most remarkable feature of these results is that such a 

tight condensation of directions, as found in group D, occurred at all 

24 sites of the 150-meter section {plus the Townsquare site 180m below), 

with virtually no aberrant results for individual c;pecimens, and that 

this was observed only after treatment to a temperature as high as 685°C, 

close to the Curie point of hematite. Moreover, the D grouping is the 

end result of a large directional change, roughly along great-circle 

routes, from the C (600°C) grouping (Figs. 3.7, 3.10; Table 4.11). 
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The author has not found in the paleomagnetic literature any results from 

similar studies in which a directional change of comparable magnitude and 

consistency occurred at such high temperature over a thick section of 

sedimentary rocks. However, several case histories in which thermal 

treatment resulted in significant regrouping of vectors have been 

published. Prominent examples are (i) the condensation of a smeared 

vector distribution by thermal cleaning at the 300°C step in carboniferous 

glacial sediments of New South Wales (Irving et al, 1961) and (ii) the 

isolation of a possibly primary Devonian component after thermal 

demagnetization above 600°C of the Old Red Sandstone of the Anglo-Welsh 

Cuvette, believed to have been remagnetized in th~ late Paleozoic 

(Chamalaun and Creer, 1964). 

4.1.3. NRM decay curves 

Another interesting feature of the present investigation is the 

increase of remanent intensity observed during demagnetization up to the 

600 ~ 650°C steps, along with a sharp intensity drop with a narrow range 

between 650 and 685°C, shown with strikingly similar trend in all dec~ 

curves {Figs. 3.8, 3.10). Between NRM and about 600°C, the samples from 

both the Wabana and Airfield formations exhibit a gradual intensity 

increase by a total factor of 2-3, and in some cases spectacularly by 

about 5 times. The intensity values obtained in the systematic 

demagnetization and in the 1-step and 10-step procedures (Section 4.1.5) 

confirm the earlier results of the pilot study (Section 3.4). 
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Thus the shape of the intensity curves obtained during 

stepwise thermal demagnetization illustrates a useful concept, 

namely that of thermally-discrete and thermally-distributed 

components (Irving and Opdyke, 1965, and Roy et al., 1967). A 

thennally-discrete component is defined as a component having a 

narrow spectrum of blocking telf4leratu~, being concentrated in 

a small range below Tc; for the purpose of the present discussion, 

this range is taken as < 25°C. Thennally-distributed components 

are generally characterized in the decay curves by gradual 

intensity changes with temperature, suggesting the existence of 

a wide spectrum of blocking temperatures. 

From the foregoing discussion, it was concluded that 

the group 0 (685°C) directions of magnetization reside in a 

thermally-discrete component, whereas the components responsible 

for the other groupings (A, B and C) are perhaps mainly thermally 

distributed. The demagnetization curves (Figs. 3.8, 3.10) 

indicate that the Curie point of the group D component is slightly 

above 685°C, t·uling out magnetite and suggesting hematite as the 

significant carrier of that magnetization. This is plausible 

also from the fact that untreated rock contained 50 - 70% of 

hematite and no sign'ificant magnetite (Section 2.3}. 

The NRM decay curves obtained in the present investigation 

belong to Schwarz • (1969) type-3 NR!~ decay curves (Section 3. 3.2)' in 

;. . 
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which the intensity increases up to a certain temperature and falls 

beyond that; the downward section of the curve includes the (generally 

narrow) range of blocking temperatures. 

One possible explanation for the intensity increase up to 

about 600°C in the NRM decay curves obtained in the present investiga­

tion is that two opposed, thermally-distributed components in the rock 

are removed in unequal proportions at progressively higher temperatures. 

Thus it is conceivable that in each of the roughly antiparallel "A" and 

"B" NRM groupings I the opposed component is also present I though with 

smaller magnetic moment; i.e. the "A" group magnetization contains a 

weaker "B" component that is preferentially rerooved by the treatment, 

and vice versa. The geotretry of this mechanism is further coiJl) li cated 

by the additional presence in the NRM of the "C" and "D" components in 

unknown proportions. 

In a study of the Silurian Bloomsburg red beds, Irving and 

Opdyke {1965) identified three behaviour patterns, "A", "B" and "C", in 

the NRM decay curves during stepwise thermal demagnetization, as discussed 

also by Schwarz (1969) (Section 3.3.2). In the case of type B curves, a 

sometimes spectacular increase in intensity, similar to certain examples 

in the present study (pilot specimens, Figs. 3.7- 3.10), was found to 

· .. ':' be associated with large directional changes up to 100°. Irving and 
.• .. 

. · ·. · 

Opdyke explained these findings by assuming that the NRf•1 is composite, 

being made up of th~rmally-discrete (Roquet, ~954) and thermally­

distributed components roughly antiparallel to each otherJ which are 

not coupled magnetica1ly but are believed to have arisen from physically 
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separated phases. At progressively higher temperatures during stepwise 

thermal demagnetization, the selective removal of the distributed 

component, characterized by a large spectrum of blocking temperatu~s in 

the range 300 - 550°C, should then explain the increase of intensity 

(Fig. 3.6). Irving and Opdyke attributed the distributed component in 

the Bloomsburg rocks to a late Paleozoic origin, possibly a 11moderate 

temperature VRM11 acquired during deep burial of the rocks at about the 

time of the Appalachian orogeny. The oppositely-directed discrete component 

becomes isolated from the distributed component after thermal demagnetiz-

ation above 550°C and · disappears between 650 - 700°C; this is also t· .. 

similar to the results obtained in the present study (Figs. 3.6 to 3.10). 

Briden (1965) studied the ancient secondary magnetizations in 

rocks and considers them to have been acquired under the action of the 

Earth's field during geologically long times, after which remanence was 

stabilized due to an increase in relaxation time of the magnetic grains. 

Altemati ve causes for this could be a fall in temperatu~s (during 

geological uplift or end of igneous activity) or growth of grains. 

Similar conclusions were reached by Chamalaun (1964) from his study of 

the Old Red Sandstone of the Anglo-Welsh Cuvette. 

Thus the type B curves in the Bloomsburg red beds as well as 

in the present investigation (equivalent to the type-3 NRM decay curves 

of Schwarz; section 3.3.2) were probably associated w;th the occur~nce 

of two or more NR~1 components of different direction and 'thermal 

stability in the same sample. The NRM decay curves obtained in the 

present investigation \<Jill be discussed further in sections 4.4 and 4.S 

and Chapter 5. 

.... 
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4.1.4. Group and formation mean statistics 

Tables 4.7- 4.9 list the group and formation mean statistics 

for steps 350, 600 and 685°C. Fisher statistics were not quoted for the 

group A means in Tables 4.7 and 4.8, as the mean direction obtained was 

based on a smeared distribution with a wide spread in longitudes. 

Thus, the mean NRM directions of the Wabana and Airfield formations 

differ by 30° in declination (D = 42° and 12°, respectively), but very 

little in inclination (I = +19° and +16°}, while the mean NRM vectors 

at the four group B sites are closely grouped (Table 3.5). 

The changes in group and formation mean directions after 

subsequent demagnetization steps follow largely the pattern of the 

saq1le and site 112an directions, already described. Thus only small 

directional changes are observed after the 350°C step {Table 4.7), 

while after 600°C, both the group A and B directions in both formations 

change over to group C directions (Table 4.8). 

Fisher statistics were not calculated in the case of the 

group C directions, again because of a smeared distributil)n (Fig. 3.5). 
0 

An interesting result of the thermal treat112nt between 600 and 685 C 

is that, irrespective of the formation or the NRM (A or B) group.ings, 

all the vectors pass from group C to group D {685°C) directions 

(Table 4.9); that this directional change occurs progressively along 

great-circle .paths is suggested by the detailed observations above 

650°C (Table 4.11). 
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TABLE 4.7 

Group and fonna ti on mean directions after stepwise 

demagnetization to 350°C 

Formation N 0 I J X 10-S R 

Airfield 10 11.3 +20.0 6.2 9. 321 

Wabana 10 41.4 +18.2 6.2 7.198 

1Airfield and 
Wabana 20 24.5 +19.9 6.2 

Airfield 3 184.8 -18.4 7.0 2.996 

Wabana 1 196.5 -19 .a 8.2 

Airfield and 
Wabana 4 187.7 -18.6 7.3 3.982 

Syrrbols and conwntions for rounding k are as in Table 3.5. 

k 

14 

3.2 

500 

170 

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

·' 

a95 

13.8 

32.2 

.. 

5.5 .. . 
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TABLE 4.8 

Group and formation mean directions after stepwise 

demagnetization to 600°C 

Formation N 0 I J X 10-S 2R 

Airfield 10 226.9 -27.6 8.3 

Waban a 10 259.0 -29.5 7.7 

Airfield and 
\l!abana 20 245.8 -29.2 8.0 

Airfield 3 217.6 -23.3 8.1 2.993 

Wabana 1 264.3 -23.4 1.1 

Airfield and 
Wabana 4 228.8 -24.7 8.9 3.789 

1 Group A and Group B 24 242.6 -28.6 8.5 

Symbols and conventions for rounding k are as in Table 3.5. 

2k 2 
ag5 

270 7.6 

14 25.2 

1Groups "A11 and "B" refer to NRM groupings, whereas the directions assuned 
by both the NRM grou)ings after 6oooc treatnent (Le. all directions 
quoted in this table wi 11 be referred to as group nell. 

2Except for the sites having Group B NRM directions, Fisher statistics are 
not quoted, as the fonnation mean directions after 600°C treatnent are 
based on a smeared distribution of site mean vectors. 

. .. 
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TABLE 4.9 

Group and formation nean directions after stepwise 

demagnetization to 685°C 

Group Formation N D I J X 10-S R k a95 

lA Airfield 10 122.2 -17.4 3.1 9.956 210 3.4 

Wabana 10 126.6 -19.2 3.0 9.945 180 3.7 

A1 rfi e ld and 
Waban a 20 124.4 -18.3 3.1 19.889 170 2.5 

la Airfield ~ 120.2 -15.3 3.3 2.99B6 1400 3.3 

Waban a 1 121.7 -17.1 3.8 

Airfield and 
Wabana 4 120.6 -15.8 3.4 3.9980 1500 2.4 

1 
Group A and Group B 24 123.8 -17.9 3.2 23.877 190 2.2 

" ' . 

Synilols· and conventions for rounding k are as in Table 3.5. 

· 1Groups "A" and "B" refer to NRM groupings, whereas the directions assunEd 
by both the NRM groufings after 685°C treatnent (i.e. all directions 
quoted in this table wi 11 be referred to as group "D". 
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4.1.5. Comparative demagnetization study by 1-step and 10-step procedures 

As previously nentioned (Section 3.5), . . systematic thermal 

demagnetization experiments were made using l·step and 10-step procedures 

besides the major 3-step procedure in order to study the possible effects 

of the heat treatment on the specimens (Table 4.10.1). One specimen from 

each of the 112 samples was subjected to the 1·step procedure, which 

involved demagnetization directly to 685°C. Similarly, a smaller batch 

of 64 specimens, representing 9 of the 11 Wabana sites and all 13 

Airfield sites, was treated up to 685°C, but in a 10-step procedure. 

The mean directions of magnetization obtained in the three 

(1-, 3- and 10-step) procedures were found to be identical at the 95% 

probability level. This is shown in Table 4.10.2, based on equal numbers 

of specimens (N = 22), where each spechen represents one sa~le and one 

site (excepting sites Wa 6 and 7). Besides the directions, the intensity 

values at 685°C are also quite similar for the three procedures. 

However, the values of the precision paraneter k (in Tables 

4.10.1, 4.10.2} show some increase (i.e. improved grouping) when the 

1-step and 10-step procedures are COIJllared. Still, in the case of all 

three procedures, the k values are relatively large (i.e. the grouping 

may be considered "good"), so that the increase in k noted above is 

possibly fortuitous. Therefore it was concluded that the procedure 

adopted in the stepwise demagnetization had no significant effect on the 

direction and intensity of the 685°C components and a.t rrost: o.nly a 

marginal effect on the precision • . 
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TABLE 4.10 .1 

Results of thermal demagnetization to 685°c for 

two different procedures 1 

Waban a Airfield 

1-step 10-step 1-step 10-step 

2u 126.4 128.7 122.0 126.0 

2r -18.7 -18.9 -18.1 -17.1 

2Ns 
s 6011 

60 419 
9 

5213 
52 

2313 
23 

R 58.877 40.687 51.683 22.873 

k 53 130 160 170 

ags 2.6 2.0 1.6 2.3 

JJ X. 10•5 3.03 3.14 3.12 3.13 

1For details see section 4.1.5. 

2Mean declination and inclination for N specimens, selected 
irrespective of site for either formation, and s, S = number 
of sites (s) and samples (S) represented. 

, 3 
3Ari thmeti c mean of the intensity of magnetization (emu/em ) 
for the N specimens. 

- -. 
I 
I 
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TABLE 4.10.2 

Results of thermal demagnetization to 6Ss0c 

for three different procedures1 

Procedure 

1-step 3-step 10-step 

2o 124.0 124.8 129.1 

2r -18.3 -17.6 -17.4 

2N 22 22 22 

R 21.741 21.805 21.880 

k 81 110 180 

<Jgs 3.5 3.0 2.3 

3;r X 10•5 3.11±0.42 3.02 ± 0.36 3.09 ± 0.30 

1 For details, see Table A2.1. 

2 Mean declination and inclination for one specimen each from N 
samples representing 22 sites of the Wabana and Airfield 
formations (one sample per site, excluding sites Wa 6 and 
Wa 7). Different specimens from the same samples were 
compared in each procedure. 

3Arithmetic mean (N = 22) of the intensity of magnetization 
( emu/cm3) , with the standard de vi a ti on. . 

... 
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4.1.6. High-temperature demagnetization in the range 650 - 75o0c 

To confirm whether, in the systematic thermal demagnetization, 

the 685°C treatment constituted effective thermal cleaning, the same 

treatment was applied in 10°C steps from 650 - 700°C ~lith a further 

step at 750°C to five specimens taken from the l~abana and Airfield 

formations (Table 4.11). A further objective was to confirm whether 

the group C (600°C) directions move progressively towards the group D. 

(685°C) directions along great circle ~aths, as one would expect them 

to do if the group C component were being preferentially demagnetized. 

The results in Table 4.11 do confirm a progressive change, 

roughly along great circles, between the group C and 0 directions, the 

latter obtained after 690°C treatment as 685°C was not used. This is 

consistent \•lith the results of the pilot study (Figs. 3.8, 3.10} \'thich 

was less detailed at the higher temperatures. 

Upon heating to 700°C, the five specimen directions became 

considerably scattered (k = 7.1) (Table 4.11) while all five intensities 

increased (Fig. 4.2). After further treatment to 750°C the five vectors 

approached a random grouping (k = 2.2) and now included both positive 

and negative inclinations. At the same time, the intensity of 

magnetization increased by factors 15 to 60 compared with the NRM 

intensity (see section 4.4.1). 

To confirm the above results for 750°C, 9 specimens ( 7 samples) 

from the Wabana and Airfield formations were subjected to a single-step 

demagnetization to 7S0°C. The NRM and 750°C mean directions are shown 

/ 

:•, 
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TABLE 4.11 

Directional changes and precision for five specinens after detailed 

thermal demagnetization in the 650 - 750°C range 

Treatment Wa 1-4 Wa 4-3 Wa 5-2 Af 2-5 Af 7-1 k 

oc D I D I D I D I D I (N=5) 

650 214 -21 256 -28 220 -24 192 -32 196 -22 2.5 

660 211 -27 170 -12 194 -18 158 -18 177 -20 17 

670 190 -16 163 ··28 167 -20 137 -20 150 -22 18 

. 680 179 -13 157 -20 141 - 7 130 -10 142 -14 18 

690 121 -17 12·7 -19 126 -15 121 -14 122 -18 580 

700 132 -22 148 -22 100 +22 110 -28 100 -41 7.1 

750 148 -31 93 -41 112 +68 166 +18 80 -22 2.2 

F?r nonnalized precision and nean intensity of magnetization, see 
· F1g. 4.2. 

--. 
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in Fig. 4.1. The grouping of the 9 specimen vectors for 75o0c is again 

quite poor (k = 2.7). 

4.1. 7. Change of precision parameter with temperature 

Results of the pilot and systematic thermal demagnetizations 

(Sections 3.4 and 4.1) and their extension to temperatures above 685°C 

(Section 4.1.6) sho'.'l that at all levels of comparison (i.e. between 

samples, sites or zones), the 685°C step tends to be associated with 

(i) maxima in the precision of mean directions; (ii) minima in the 

intensity of magnetization. 

To depict this graphically, the normalized precision, k/k
0

, and 

the intensity J \·/ere plotted against demagnetization temperature for the 

five specimens (Table 4.11) and the pilot specinEns discussed in section 

4.1.6. The resulting curves are shown in Fig. 4.2. Similarly, k/k0 

values are plotted for a 13-step thermal demagnetization of six fresh 

specimens (sites Wa sand Af 7, Table 4.12) and for the site and zone 

means (Fig. 4.3). The normalized precision parameter (e.g. Robertson, 

1969) is given by 

k/k = (N - R )/(N - R) 
0 0 

( 4.1) 

\'/here k = (N - 1)/(N - R) is the actual precision parameter for N unit 

vectors of resultant length R (Fisher, 1953), 

ko = (N - 1)/(N - Ro) is the corresponding precision parameter for 

a random vector distribution, and 

,,· 
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TABLE 4.1Z 

Selected site mean remanence direction and normalized precision, 

k/k
0

, after detailed stepwise thermal demagnetization, 

based on single specimens 

Site Wa 8, ~ = 6 Site Af 7, 1N = 6 

Step (°C) 1o 11 1R 2ktk 
0 

1o lr 1R 2k/k 
0 

NRM 182 -19 . 5.912 24 26 +18 5.964 60 

100 185 -17 5.972 77 21 +23 5.918 26 

150 187 -18 5.948 41 26 +17 5.951 44 

200 189 -19 5.951 44 25 +22 5.890 20 

250 194 -22 5.884 19 30 +21 5.934 33 

300 191 -18 5.822 l2 25 +18 5.927 29 ' 

350 198 -19 5.899 21 11 +15 2.125 0.55 

400 191 -25 5.897 21 250 -28 4.719 1.7 

450 210 -23 5.747 8.5 238 -23 5.305 3.1 

500 237 -21 5.686 6.8 231 -22 5.462 4.0 

550 276 -20 5.794 10 231 - 18 5.423 3.7 

600 248 -25 4.878 1.9 218 -25 4.931 2.0 

640 207 -24 5.296 3.1 193 -21 5.771 9.4 

685 123 -19 5.982 119 122 -18 5.983 126 

1~an values of D, I and R (see defir.ition, Table 3.4) at ea~h site are based 
on unit weight being given to N specimens selected ·from N d1 fferent samples· .·, 

2Normalized precision, k/k = (N - R )/(N - R), where R0 i s Stephens • (1964) 
resultant of N random vec£ors at pr8bability P = 0.05 . · 
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R0 is Stephens• (1954) resultant of N random vectors, which is a 

function of Nand the specified probability level, P. Usually pis 

taken as 0.02 or 0.05. 

The advantage of using k/k
0 

rather than k is that it enables 

one to assess at a glance the approach to randomness of a given vector 

distribution. This is because for probability P, k/k
0 

= 1 corresponds 

to a random distribution, whereas k/k
0 

> 1 denotes significant grouping. 

For the various groupings represented in Figs. 4.2; 4.3, the. 

curves (based on P = 0 .05) shaw that, over the entire range NRM-750°c; 

the distributions are nearly always non-random. Hao~ever, k/k
0 

varies 

over three orders of magnitude, reaching a maximum usually near 685°C 

where J tends to be smallest. The results confirm the successful 

isolation by thennal cleaning of a magnetically hard component having a 

narrow range of blocking temperatures above 650°C; this will be discussed 

further. 

4.2 . Statistical comparison of mean directions of magnetization 

4.2.1. Sources of dispersion 

The main aim of statistical tests in paleomagnetism (Fisher, 

1.953; Watson, 1956; Watson and Irving, 1957; Stephens. 1964; McElhinny, 

1967; Larochelle, 1967), ;s to estimate the accuracy of calculated nean 

directions of magnetization, which depends upon the inherent, very 

tderarchial nature of ·the sampling scheme (Irving, 1964) and also upon 

"nunber of other factors [see (1) e (7), below] .. Sedinentary rock 
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formations sa111>led for paleomagnetic study usually represent a continuous 

tine sequence that is significantly long on the geological tine scale. 

However, because of differences in the conditions of deposition, the tirre 

intervals represented by the same rock thicknesses at different sites 

are not necessarily the sane, nor are the different sites necessarily 

conterrporaneous. Therefore, in analyzing the sources of dispersion in a 

set of paleomagnetic directions obtained from independently oriented 

samples taken at different sites, it is useful to compare both the 

within-site and between-site dispersions, thus comparing two sampling 

levels. The magnitude of these dispersions will be detennined by some 

or all of the foll<Ming contributing factors (considering sedimentary 

rocks only) : 

(1) Sampling and measurement errors; 

(2) (i) Inhomogeneity of magnetization; 

(ii) Inclination and bedding errors; 

(iii) Shape and magnetocrYstalline anisotropy; 

the latter being especially relevant to hematite-bearing red sandstones. 

t My of the effects under (2) may result in failure of the rocks to record 

faithfully the ambient field direction. 

(3) Structural deformation between sites, or between samples at the 

sarre site, subsequent to their acquisition of the original magnetization. 

Examples are tilting, folding and slumping. 

(4) Secondary magnetizations acquired during or since the diagenesis 

of the rock through chemical changes or time- and temperature-dependent 

processes affecting the primary magnetization, or through such phenonena 

i\S 1 i gh tn i n g . 

~1 

I 
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(5) Significant differences in ferromagnetic properties between or 

within sites, as caused by differences in rock composition or in 

environnental conditions during deposition and lithification. Pl! 

example is the presence or absence at different sites of a suitable 

oxidizing environment for the precipitation of hematite. 

(6) Changes in the direction of the main field caused by polar 

wandering and/or continental drift. 

(7) Paleosecular variation or possible field asymmetries of longer 

tine p2riod {Hide, 1967), resulting in significant differences in the 

ancient field direction at different sites. 

Of the above factors, saJ11lling and measurenent errors (1) can 

be estimated and are usually small compared to the observed dispersions 

(Irving, 1964). Inhomogeniety of magnetization (2, i) can usually be 

detected by the measurenEnt procedure (Tarling, 1967). An inclination 

error (2, ii) is not expected to occur in sediments whose magnetization 

is of CRM origin {Collinson, 1965). The effect of anisotropy (2, iii) 

on the magnetization directions can be estimated from measurements 

(Howe 11 t 1962; Fuller and Uyeda, 1962; Graham, 1967). The geo11etri ca 1 

effect of structural deformation (3) can often be determined and 

corrected for; this may be difficult, however, in the case of large, 

regi ana 1 defonnati ens. 

Secondary magnetizations (4) can generally be detected and 

often minimized by demagnetiz~tion techniq.ues, though this is not always 

possible (Section 3.3). Variations in the lithology within a formation 

(5) may result in differences in paraJT.eters such as 'the intensity of 

magnetizations the effect of which can be estimated fro1n within-sample, 

/ 
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within-site and between-site dispersions. Rates of change in the mean 

direction of the dipole field caused by displacements of the pole 

relative to the site (6) can generally be expected to be small (e.g. a 

few centineters per year in the case of continental drift) and will have 

little effect on the between-site scatter if the sites span a few 

million years. 

4.2.2. F-ratio tests 

The s i gni fi cant contribution of some or a 11 of these effects 

[(1) - (7)1 to the within- and between-site variations may be judged 

with the aid of a variance-ratio (or 11 F11-ratio) test (Watson, 1956; 

Larochelle, 1967), in which the ratio 6~16! is co!ll>ared with the 

statistic F2(B-l), (N-B), a obtainable from standard tables. Here 6~ 
and &! are the angular variances (measured in ..adians) between sites and 

within sites, respectively. N is the total nuntler of samples distributed 

over a total of B sites, and a is the probability level. The angular 

variances are given by 

6~ = 2(l:Ri - R)/(B .. 1) &! = 2(N - tR; )/(N • B) (4.2, 4.3) 

\1here R. and R are the magnitudes of the unit vector resultants for the 
1 

;th site and the N samples, respectively. Then, if 

( 4.4) 

the B site-mean directions may be said to differ significantly with a 

probability exceeding l~a. The sane test can be applied to other 

/ 
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hierarchial levels, e.g. in comparing between-formation and within­

formation (i.e. between-site) angular variances, in which case N and B 

become the total number of sites and formations, respectively. 

Among the possible causes of dispersion (Section 4.2.1), 

effects (1) - (3) can be considered small or may be allowed for as a 

result of experiments or field observation. Among the remaining effects, 

(4) - (7), (4) and (5) could result in the condition given by inequality 

(4.4), i.e. between-site dispersions are significantly greater than 

within-site dispersions; this will be the case if effects (4) and (5) 

occurred over thicknesses or lateral distances comparable with the 

separation between sites. 

However, both these effects are clos~ly related to the 

ferromagnetic history of the rocks, and it will often be difficult to 

estimate the stratigraphic thicknesses over which they result in 

significantly different dispersions. For example, a viscous PTRM 

acquired by Upper Silurian red sediments in Oslo regionf Norway 

(Storetvedt, 1968), due to the heating effect of adjacent large plutonic 

masses during some millions of years, resulted in the within-flow 

dispersion being equal to, or even greater than, the between-flow 

dispersion; in such cases any magnetization/time relationship would be 

practically impossible to establish. Relative polar wandering (effect 6), 

if it \~ere significant, would be expected to contribute ma~nly to the 
-2 -2 

apparent value of 6~ rather than 6~, resulting in an increase of 0b/0w 

. [inequality (4.4)]. 

- . 
j 
I 

·. 
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While some of the sources of dispersion (e.g. experimental 

errors) would represent random errors, the others may be systematic to a 

varying extent; the effect of random errors can be reduced, e.g. by a 

large collection and measurement of samples, whereas systematic errors 

must be recognized and separated from the others, as they do not 

contribute to a true 11fisherian" dispersion. Systematic polar wandering 

(see above) would be a case in point. 

In general, if the various sources of dispersion can be 

separated, the scatter of site-mean directions of magnetization will be 

due only to effect {7), namely, the secular variation and other asymmetries 

of the paleogeomagnetic field, which would satisfy condition (4.4) if they 

were of sufficient magnitude. Results of F-ratio tests were applied as 

discussed below. 

4.2.3. Dhcussion of F-ratio test results 

. Application of the F-ratio test in comparing the between-site/ 

within-site ratio with F (inequality 4.4) is pennissible only if the 

\':ithin-site dispersions, 6;, are not significantly different (Watson and 

Irving, 1957) . For this reason it is first necessary to satisfy the 

condition 

( 4.5) 

\•Jhere a. is the probability level' ·previously defined; 

d are the nurrbers of samples at two sites, 1 and II, 
N1 an NIJ . •2 

hilving r-espectively the largest and smallest values of dispt:! rslon, 
6 

' 

-·-, 
I 

I 
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among the total number (B) of sites being compared; and 
-2 -2 o
1 

and o
11 

are the dispersions at sites I and II, the remaining 

(B-2) sites having i nternedi ate va 1 ues of g2
• 

The sane F-ratio test (condition 4.5) can be applied at other· 

hierarchial levels, e.g. between formations (B) and sites (N). It should 

be noted that 

62 = 2/k = 2(N - R)/(N - 1) (4.6) 

where k is Fisher•s precision paraneter. 

In practice, condition (4.5) could not be met in the case of 

the group D (685°C) directions for either the 11 Wabana sites or the 13 

Ai rfi e 1 d s i tes rna in ly be cause 62 ass uned extreme va 1 ues at a few sites , 

compared with the majority of sites. This can ·probably be explained by 

local variations in the geology, as will be discussed in Chapter 5. 

Hence it became necessary to apply the F-test in a more 

restricted way, by dividing each fonnation into two groups of sites, 

those with high (H) and low (L) sample dispersions, respectively. By 

specifying sites I and II, as defined in equation (4.5), separately for 

the H and L groups in each formation, it was possible to satisfy the 

equation for both 99% and 95% probability levels (Table 4.13.1). 

The same initial F-ratio test was also applied to the assumption 

(necessary in comparing the between~ and within-formation dispersions) 

that the within-formation (i.e. bet\'leen-site) dispersions for Wabana and 

Airfield are not significantly different. Condition (4.5) can now be . 

\~ritten 

(4.7) 

·. 
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(1) 

Formation 

2site I 

~~ 

4-2 ox 

2si te n 

~~B 

4-2 
oil 

TABLE 4.13.1 

f-ratio test of variance of sample mean directions at different Bell Island sites 

after 685°C treatment 

{2) (3) (4) (5) (1) (2) (3) ( 4) 

Wa(H) l Wa(L) 1 Af(H) 1 Af(L) 1 Formation Wa{H) 1 Wa(L) 1 Af{H) l 

Wa 8 Wa 2 Af 6 Af 5 -2 -2 01/011 2.59 2.44 2.87 

9 6 4 3 5F 
2(N1-1),2{N11 -1),a F 16, 10,a F 10,12,a F 6,6,a 

0.0476 0.0112 0.0250 0.0050 5F(a = 0 .01) 4.52 4.33 8.47 

Wa 10 Wa 11 Af 9 Af 2 5F{a = 0 ~05) 2.82 2.77 4.28 

6 7 4 6 Sites included in ~.6,3 ?_. 4,5 6, 1,13 
groups6 

0.0184 0.0046 0.0087 0.0024 7, 1,10 9,!!_ 11,12,3,~ 

(5) 

Af(L) 1 

2.08 

F 4, 10,a 

5.99 

3.48 

~,4,8 

7,~ 

--0\ 

. __ _( 
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TABLE 4.13.1, continued 

1H. l = groups of sites with relatively high (H) and low (L) sample variances. 

21, II = sites being compared, having respectively the largest and smallest variance in the group. 

':) 

~I~ Nil= numbers of samples at sites 1 and 11. 

46j, 6ji =variances corresponding to sites I and 11. 

5F
2

(N
1
-1),2(N

11
-l),a = F-ratio, for the N

1 
and N11 samples respectively at 99% and 95% probability levels. 

6Included are all sites of the Wabana and Airfield format~ons exce~t sit~ Af 10 (N = 2 samples onlyl~ For 
each group the sites are listed in descending order of 6 , from 61 to 611 (intermediate values of 6 are 
not shown). 

.... .... ...... 

_ I 
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where 6~ and 6~ are the dispersions within the Wabana and Airfield 

fonretions {the former being larger}. Table 4.13.2 shows that this 

condition is indeed net in the case of the 685 °c directions for Waban a 

and Airfield, at both the 99% and 95% levels. 

The F-ratio test was now applied to 685°C directions for the 

two groups {H and L) of Wabana and Airfield sites. Table 4.14 shows that 

in one of the groups of sites having high within-site dispersions [i.e. 

Wa(H} and Af{H)], condition (4.4) is fulfilled at neither probability 

level. On the other hand, for the groups having low values of 6! [Wa(L} 

and Af(L)], inequality {4.4} is satisfied at both levels, i.e. the 

probability that these site-rrean directions differ significantly is 

greater than 99%. The results of the test in this case are therefore 

somewhat inconclusive. This is partly because of the need to group the 

sites into H and L groups, for the reasons given. Taking all site-mean 

directions together it may be argued that, with the possible exception of 

the Wa(L) group of sites, where 6~ is esceptionally large (0.0805}, there 

is a fairly close approach to isotropic conditions in the case of both 

formations. 

The reason for arguing this is that both the nurrerators and 

denominators in the 62;62 ratio are relatively small at most of the sites; 
b w 

i.e , the between-site and within-site precisions (Tables 4.3, 4.6 and 4.
9
} 

are larges when~ 62 a 1/k (equation 4.6}. At the same tirre relatively 

minor geological differences may cause fairly large variations in 6~, 
· . . f les at a given site may 
1nclud1ng c.ases 'where the group1ng of the ew samp ~ 

2 . -2 
be exceptionally goods resulting in very small 6w. However, slnce 

6
w 

. ft2
1

-2 · t does not in that case, 
appears in the. denominator of the rat1o ob 61"'' 

1 
. ~ 
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TABLE 4.13 .2 

F-ratio test of variance of site nean directions for Wabana 

and Airfield formations, after 685°C treatrrent 

Formation 

2-2 
0 

F(a = 0.01) 

F(a. = 0.05) 

Wabana 

~1 = 11 

1. 38 

F 20,24,a. 

2.74 

2.03 

~2 = 13 

-2 02 = 0.0000 

~ = nurrber of sites occupied in Wabana (N1) and Airfield (N2) 
formations. 

262 ~ Variances corresponding to Wabana {6i) and Airfield (6~) 
formations, respectively. 

3F = F-ratio for the N1 and N2 sites, respectively, 
2(N1-1L 2(N2-1), a. at 99% and 95% prObability levels. 

/ 
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TABI..E 4.14 

Estimates of between-site (between-formation} and within-site (within-formation} 

dispersions after 685°C treatment 

F2(B-1),2(N-B),a 
'3roups ·of sites 3-2 4-2 -2,-2 a = 0.01 and formations t5b t5w 5b 6w 

· 1wa(H) 0.0264 0.0298 0.89 1F 
10,50 ,a 2. 72 

1wa(L) 0.0805 0.0070 11.50 1F 
8,52,a 2.88 

1Af(H) 0.0257 0.0151 1.70 1F 
12 ,44,a 2.66 

1Af(L) 0.0240 0.0039 6.15 1F 
8,34,a 3.08 

2wabana and Airfield 0.0400 0.0094 4.26 2F 
2,44,a 7.24 

. il.bd . 

a = 0.05 

2.04 

2.13 

2.00 

2.22 

4.05 

1Groups of sites with relatively high {H) and low {L) sample variances, and the corresponding F-ratio of 
N samples in B sites of 99% and 95% probability levels, respectively. · 

. . 
2
wabana and Airfield formations with N1{=11) and N2{=13} sites {see Table 4.13.2} and the corresponding 
F-ratio of N sites (=24) and B(=2) formations at 99% and 95% probability levels. 

3
•
4 i~, 6! = between-site (between-formation) and within-site (within-formation) dispersions. 

-N 
0 
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~quire a major increase in the between-site dispersion to satisfy 

6~16; > F for a given group of sites. This is illustrated by the case of 

the Af(L) group of sites where 6~ = 0.0240 is actually smaller than the 

corresponding values in the other three cases, though the F-ratio test 

indicates a significant difference between site-mean directions. 

A similar difficulty in interpretation exists in the case of 

the comparison between the Wabana and Airfield formations (Table 4.14), 

where the condition was met for a = 0.05 but not a = 0.01; hence, it may 

be said that the probability of the two formation-mean directions being 

identical is just under 5%. Again, a ratio between relatively large 

p~cision values (for the between- and within-fonnations) is involved, 

and it may be argued that the difference in mean directions between the 

Wabana and Airfield fonnations, though significant, is not much more than 

marginal. 

The results obtained in the F-ratio test wi 11 be further 

discussed in Chapter 5. 

4.3. Statistics based on stratigraphic zones 

A given stratigraphic thickness will tend to represent a 

relatively long tirre interval in the case of sedi100ntary rocks compared 

with lavas. However, the extent to which the magnetic record might be 

contemporaneous with the sedi~ntary recordis generally uncertain, so 

that an adequate statistical analysis of directional grouping must be made: 
.. · · . . . f ·te-mean directions, as in 

A F1sher analysis based on equal we1ght10g o Sl 

/ 

·. 
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section 4.1, may bias the results in favour of those stratigraphic levels 

at which the sampling was relatively extensive, e.g. where several sites 

have significant overlap. 

In order to reduce this bias, the sampling sites of the Wabana 

and Ai rfie 1 d formations were conbined into stratigraphic 11 Zones 11 

(Fig. 2.2; Table 4.15) cootaining one to four sites each in such a way 

that no vertical overlap occurs between any two sites from different 

zones. ~an directions and intensities of magnetization and Fisher 

statistics based on the N = 11 zones are calculated without tilt 

correction for NRM and for 350, 600 and 685°C treatrrents. 

4.3.1. Tilt correction 

Obtaining the direction of a magnetic component with the use of 

Fisher statistics, as in section 4.3, and showing it to be stable, one is 

generally safe to ass urre that this represents the direction of the Earth's 

magnetic field at the tirre the rock acquired this component. There are 

some exceptions, e.g. strong anisotropy. However, the field direction is 

neasured relative to the present horizontal plane, and if the rock 

formation has been tectonically deforrred since the tirre of magnetization, 

the remanence direction re 1 ati ve to the bedding p 1 ane (ass urred to be the 

ancient horizontal) is mainly of interest. This may be computed by means 

of a •:tilt correction... In cases (including Beli Island) where only a 

gentles uniform tilt is involved, this correction simply consists of 

11 tilting back 11 the strata into a horizontal position about the strike 

axis . 

/ 

·. 
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TABLE 4.15 

Non-overlapping strati graphic zones 

Stratigraphic Strati graphic 
Formation Site nunber zone nunber location (Fig. 2.2) 

Waban a 1 - 4 Zl above Hayes• zone 5 

5 2 Upper bed ( U .b) 

6, 7 3 bottom of U.b 

8 4 Scotia bed (S.b) 

9, 10 5 j us t be 1 ow s . b 

11 6 bottom of Wabana formation 

---------------------------------------------------------------------
Airfield 1 Z7 just above Oomi ni on bed 

2 - 4 8 D.b 

5 - 7 9 just below D.b 

8, 9 10 below D.b 

10 - 13 11 bottom of Hayes• zone 2 

i :, 
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A tilt correction applied to the remanence vectors at opposite 

lints of a fold may be used in the 11 fold test 11 (Section 3.3.1); a positive 

~sult of this test, i.e. one in which the remanence vectors across the 

fold are significantly better grouped after "unfolding" than before, 

constitutes strong evidence for a pre-folding origin of the remanence. 

Despite the excellent stability evidence, the Bell Island 

formations suffer from the limitation that a fold test is not applicable; 

moreover, the age of tilting, though possibly ~vonian (Chapter 5), is not 

knOJJn. Without a fold test it is generally difficult to assess the age 

of the magnetization, though sorre criteria for estimating roughly the age 

of the NRM and 685°C magnetizations at Bell Island will be discussed in 

Chapter 5. On that basis it is considered plausible, though not proven, 

that the 685°C component is a primary (Ordovician) magnetization residing 

in the precipitated hematite layers of the tlolites. If this can be 

assuned, the acquisition of the 685°C component almost certainly predated 

the til_ting of the Bell Island beds, so that the "correct" values of 

direction of magnetization are those obtained~ tilt correction (i.e. 

relative to bedding). This has been done in Tables 4.16 - 4.20 • In the 

case of group and formation rrean directions for NRM, 350°C and 600°C, which 

probably represent the secondary and subsequent magnetic episodes but may 

or may not predate the tilting, the rrean directions of magnetization are 

quoted both b.efore and after tilt correction (Tables 4.20 e 

4·22 ) · 

lhe tilt is quite uniform throughout the Bell Island sequence 

· . .1 tion to the present 
and, fot· the purpose of apply1ng the t1 t correc · . 

res ll l ts , i t was a 1 ways taken as 

. k 75°·, Stn e: 
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TABLE 4.16 

Zone-mean directions (NRM) after tilt correction 

Fisher Statistics~ 

Zone1 N~ Group3 D I R k a95 Js 

Z1 4 A 37.0 +16.2 3.997 1100 2.8 4.6 

2 1 A 38.0 +17.7 4.4 

3 2 A 72.2 +29.6 4.3 

4 1 8 190;7 -10.5 8.0 

5 2 A 45.9 -57.0 7.3 

6 1 A 340.2 +30.1 5.7 

7 1 A 11.8 -21.4 6.4 

8 3 8 181.2 - 5.6 2.999 2800 2.3 6.4 

9 3 A 351.6 +11.0 2.987 150 10.1 4.6 

10 2 A 24.0 +12.1 5.1 

11 4 A 19.6 +14.3 3.988 240 5.9 4.8 

1 See Table 4.15. 

2Number of sites given unit weight. 

3 See Table 4.8. 

4 Symbols are as in Table 3.2. 

\: lo-5 emu/cm3, intensity of magnetization. ... 

'· .· 
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TABLE 4.17 

Zone-mean directions (350°C) after tilt correction1 

Fisher Statistics 

Zone N Group D I R k aQ5 J 

Zl 4 A 38.3 +17 .1 3.983 180 6.9 5.3 

2 1 A 36.1 +23.6 5.2 

3 2 A 56.3 +26.4 6.4 

4 1 B 195.1 -10.4 8.2 

5 2 A 33.3 -45.5 8.1 

6 1 A 255.1 +13.1 5.7 

7 1 A 21.7 -27.3 7.4 

8 3 B 184.0 - 9.0 2.996 500 5.5 7.0 

9 3 A 347.2 +14.5 2.901 20 28.2 6.4 

10 2 A 26.0 +12 .9 7.3 

11 4 A 15.7 +15.4 3.994 530 4.0 5.3 

~ymbols are as in Table 4.16. 



~~ 
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TABLE 4.18 

I 
Zone-mean directions ~600°C) after tilt correction1 

Fisher Statistics 

Zone N Group D I R k a95 J 

Z1 4 A 227.3 -21.8 3.936 47 13.6 7.5 

2 1 A 242 .2 -28.8 7.7 

3 2 A 286.5 -26 .2 6.7 

4· 1 B 259.9 -24.6 11.0 

5 2 A 300.0 -29.5 9.4 

6 1 A 262.1 -38.5 7.8 

7 1 A 206.0 -10.6 8.6 

8 3 B 214.8 -17.1 2.993 270 7.6 8.1 

9 3 A 200.8 -15 .9 2.852 14 34.9 8.2 

10 2 A 204.4 -19.5 10.1 

11 4 A 257.4 -26.7 3.787 14 25 .4 7.4 

1Syrrbols are as in Table 4.16. 

... 
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TABLE 4.19 

Zone-nean directions (685°C) after tilt correction1 

Fisher Statistics 

Zone N Group D I R k a95 J 

Zl 4 A 127.8 -11.5 3.998 1200 2.7 3.0 

2 1 A 129.2 -10.8 

3 2 A 120.8 -11.1 3.1 

4 1 B 123.3 - 9.7 3.8 

5 2 A 129.3 -11.1 3.1 

6 1 A 142.5 -10.7 3.1 

7 1 A 121.9 G 8.8 3.4 

8 3 B 121.7 - 8.1 2 .999 1380 3.3 3.3 

9 3 A 127.9 -11.7 2.998 1100 3.7 2.9 

10 2 A 127.9 -10.5 3.1 

11 4 A 119.3 - 8.7 3.987 230 6.1 3.0 

~ymbols are as in Table 4.16. 
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TABLE 4.20 

Group and formation mean directions (NRM) before 

and after tilt correction 

Tilt correction 

before after 
Group and 
formation N1 i D I D I 

Group A 

Wabana 5 5.2 36.8 +17 .6 35.1 +11.5 

Airfield 4 5.2 12.5 +13.2 11.8 + 4.3 

Wabana and Airfield 9 5.2 24.4 +15 .7 23.2 + 8.0 

--------------------------------------------------------------------
Group B 

Wabana 1 8.0 191.9 -19.5 190 .7 -10.5 

Airfield 1 6.4 181.6 -15.2 181.2 - 5,6 

· Wabana and Ai rfi e 1 d 2 7.2 186.7 -17.4 185.9 -7.2 

1N = nunber of stratigraphically non-overlapping zones (Table 4.15) 
given unit weight. All other synbols are as in Table 4.12. 

2x 10·5 emu/cm3, intensity of magnetization. 

/ 

. . 
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TABLE 4.21 

Group and formation mean directions (350°C) before 

and after tilt correction1 

Ti 1 t correction 

NRM before after 
Group and 
formation N J 0 I 0 I 

Group A 

Waban a 5 6.1 34.8 +23.2 31.4 +18.9 

Airfield 4 6.6 13.4 +13.3 12.7 + 4.4 

Wab ana and Ai rfi e 1 d 9 6.4 22.6 +18.0 20.7 +10.9 

--------------------------------------------------------------------
Group B 

Wabana 1 8.2 196.4 -19.0 195.1 -10.4 

Airfield 1 7.0 190.8 -18.4 184.0 - 9.0 

Wabana and Airfield 2 7.6 193.6 -18.7 189.5 - 9.7 

1Synbols are as in Tables 4.16 and 4.20 . 

/ 
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TABLE 4.22 

Group and formation mean directions (600°C) before 

and after tilt correction1 

Tilt correction 

NRM before after 
Group and 
formation N J D I D I 

Group A 

Wabana 5 7.8 271.5 -28.2 263.2 -21.9 

Airfield 4 8.6 218.9 -25.8 215.6 -19.6 

Wabana and Airfield 9 8.2 248.0 -29.7 240.8 -28.4 

--------------------------------------------------------------------
Group B 

Wabana 1 8.1 264.3 -23.4 259.9 -14.6 

Airfield 1 8.1 217.6 -23.3 214.8 -17.1 

Wabana and Airfield 2 9.6 240.9 -25.2 236.8 -22.4 

--------------------------------------------------------------------
Group A and Group B 11 8.9 246.6 -28.8 239.9 -27.3 

lsynilols are as in Tables 4.16 and 4.20. 

/ 
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From measurements made by the author at 9 sites of the Wabana 

and Airfield formations, these values are estimated to apply within± so 

(strike) and± 3° (dip) in the great majority of cases. Since a 10° dip 

is used in the tilt correction, the maximUm change in direction of the . 

remanence vector is < 10°. 

4.3.2. Statistical analysis of the results 

WHhin-zone Fisher statistics are not given in the case of 

zones Z2 - Z6 (Wabana formation) and Z10 (Airfield formation) because the 

number of sites is only 1 or 2. Statistics for group and formation mean 

directions were also omitted in the case of groups A (NRM) and C (600°C) 

because they are based on smeared distributions, each having a wide 

spread in longitudes. 

The group D (685°C) mean directions for the 11 non-overlapping 

zones are well-grouped (k = 160) and give an overall mean direction after 

tilt correction of o = 126.5°, I = -10.3° (Table 4.23) for the 150-meter 

Wabana-Airfield sequence. This is not significantly different from the 

corresponding directions based on 24 sites (D = 125.4°, I = -10.3°; 

k = 190). Since, in the latter case, the weighting is biassed towards 

certain stratigraphic levels at which two or more sites occur, the 

s~milarity between these two directions suggests that throughout the 

Wabana-Airfield sequence, vertical as well as horizontal changes in the 

685
o . . . . . . . · ·stent with the relatively 
C d1rect1on are 1ns1gnlf1cant. Th1s 1s cons1. · 

1 
· . . k Geological and ·paleo-

arge between-site and betwee-zone prec1s1ons, , · 

magnetic implications of this finding will be discussed in Chapter 
5

· 

,,·· 

. .. 
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TABLE 4.23 

Group and formation mean directions (685°C) after tilt correction 1 

NRM 
Group and 
formation 

Group A 

N D 

Fisher Statistics 

I R k J 

Wabana 5 129.9 -11.1 4.964 110 7.3 3.0 

Airfield 4 124.2 -10.0 3.991 320 5.1 3.1 

Wabana and Airfield 9 127.4 -10.6 8.944 140 4.3 3.1 

-----------------------~----------------------~-------·-------------

Group B 

Wabana 1 123.3 - 9.7 

Ai rfi e 1 d 1 121.7 - 8.1 

Wabana and Airfield 2 122.5 -8.9 

3.3 

3.3 

3.5 

--------------------------------------------------------------------
Group A and Group B 11 126.5 -10.3 10.937 160 3.6 3.3 

1Syrrbols are as i~ Tables 4.16 and 4.20. 

·' 
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4.4. Thennomagneti c analysis 

4.4.1. Effect of heat treatment 

In section 4.1.6, it was seen that the scattering of remanence 

directions above the effective cleaning range (685 - 690°C) is accompanied 

by an intensity increase of 1 - 2 orders of magnitude. This may be due 

to some unknown physical or chemical changes produced by heat treatment. 

Although stepwise thermal demagnetization is used extensively to study 

stability in red sandstones, the effect of heat treatment on their magnetic 

properties has not been widely examined, though results of work on magneto­

chemical effects of heating have been reported by Kobayashi and Schwarz 

(1966) and Stephenson (1967). 

According to Stephenson, the reduction of the external field to 

zero during demagnetization does not necessarily mean that any magnetic 

material produced during heating will fail to acquire a magnetization. 

It is possible that superexchange processes may be effective across the 

boundaries between old and new material, or else, the newly forming 

mineral may be acted upon by the magnetostatic field due to a nearby 

magnetic grain. 
Therefore, the cause for the increase in intensity beyond 690°C 

was further investigated by a thermomagnetic analysis. 

4.4.2 . Thermomagnetic .measurements 

Broadly defined5 a thermo·magnet,ic analysis is any study of the 
· · . · th stepwise demagnetization 

change of a ma9netic parameter with temperature, e 

·'' 
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described in section 4.1 fall in this category. However, the stepwise 

technique has the serious dra\'lback that an irreversible chemical or 

physical effect on the magnetization brought about by heating may remain 

undetected, since the remanence is rerreasured only at room temperature. · 

More infonnation, including better clues about the minerals responsible 

for the remanence, might be obtained from experiments in which the 

magnetization is rreasured continuously during a heating-cooling cycle, 

e.g. by high-temperature astatic magnetometer (Collinson et al., 1967). 

In the present investigation, the imrrediate aim of a continuous 

analysis was to test the explanation proposed in section 4.1.3 for the 

observed increase in the intensity of magnetization after stepwise 

treatment: narrely, that preferential demagnetization of opposed 

components present in the NRM is responsible. For this purpose, the 

high-field intensity of sorre pat~dered Bell Island specinens was neasured 

in air at nonnal pressure during heating to 700°C and cooling. In the 

following text, use of the term 11 thennomagnetic analysis .. will be 

restricted to these measurements. 

The instrument used was a magnetic balance designed and built 

by Mr. L. G. Kristjansson of the Physics Department, who also kindly carried out 

the experiments described below; this instrument which is described in 

l'Eutsch et al. (1970) is capable of measuring Curie points in most 

basaltic and red sedimentary rocks to ± 15°C. 

The powders are heated in a small, stationary furnace 
· · b · dJ'usted by a 

surrounding the sample. cup, the heating ~urrent e1ng a 

variac. Temperatures are measured to about ±. 5°C with a Pt-Pt/lO% Rh 

thermocouple. Heating to 685°C and cooling to room .temperature takes 

.·, 
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40 - 50 minutes each. For the present experiments an 0.5-gram sample of 

rock was p<Mdered to sand texture in a mortar. The field at the gap 

centre (usually 1,100 oersteds) was maintained constant during an 

experirrent. The compensating currents required to null the deflection 

were plotted for different temperatures and Curie points obtained from 

the slopes of the heating curves in the usual way. These curves are 

roughly analogous to curves of high-field magnetic susceptibility vs. 

temperature. 

4.4.3. Results of thermomagnetic measurements 

Ten previously untreated powdered samples from the Waban a and 

Airfield fonnations were studied. In all cases during the initial 

heating stage, the magnetizations increased significantly over the 

temperature inverval 20 - 6S0°C, and decreased sharply during further 

heating to 675 - 685°C, at which temperatures the normalized magnetic 

moment, M/~0 , had usually fallen to 0.2. Fig. 4.4a shows a typical 

M-T curve for a Wabana specimen, with a Curie point of about 680°C. 

This is close to the Curie point of hematite, suggesting strongly that 

the component of discrete magnetization described as the 685°C (group D) 

component in section 4.1 is, in fact, hematite. Moreover, the absence 

of any sharp drop of magnetic moment with increasing temperature up to 

600°C suggests that magnetite is absent or insignificant. Similar 

behaviour was shown earlier by stepwise treatrrent (Figs· 3.8, 3.10)' though · 

it must be remembered that the observations made with the magnetic balance '• 
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a b 
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1100 OE 
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Fig. 4.4 Thermoma netic M-T curves for sin le 
Wa ana ormat1on 
{a} Heating {solid line) and cooling (broken line) of fresh 

powder ( 1) in llOO oersted · 
(b) Further heating-cooling cycles {2,3) of the same powder . 

i r. 850 oersted· 
M: magnetic moment (arbitra~ units) 
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differ fundatrentally from those in the stepwise treatrrent, which 

represent remanence neas urements on whose speci rrens that have coo 1 ed to 

a~mospheric· temperature in zero field. 

The most interesting feature of all ten curves (see example in 

Fig. 4.4a) is the significant increase in M up to 600°C, which cannot be 

caused by a directed remanence, as the specimens in the present 

experiments were powdered. Therefore, the thermomagnetic analysis shows 

conclusively - at least in the case of the samples subjected to both 

types of analysis - that the J/J20 increase up to 600°C in the stepwise 

analysis cannot be due simply to the preferential demagnetization of t\'IO 

opposed components in the NRM, though the directed remanence may play a 

part. In view of the close similarity in behaviour of all Bell Island 

samples in the stepwise study, this conclusion most probably applies to 

all samples studied. 

Examination of the cooling curves in the first heat treatment 

always produced a sharp increase in the magnetic moment, e.g. by a 

factor of 6.2 in the example shown in Fig. 4.4a. This type of thermal 

irreversibility can have several causes (Nagata, 1961) such as the 

transformation of an unstable ferromagnetic substance to a more stable 

phase, or remixing of exsolved phases or possible chemical changes during 

heating. Chevallier (1951) reports many examples of irreversible thenno­

magneti r; curves for hematite obtained in moderately strong magnetic 

fields ("' 102 oersteds). Nagata (1961; p. 142t 211) rrentions that for 

hematite and titanohematites the thermomagneti.c curves· are ah/ays 
. · . . t• t ho~1ever that the 
lrreversible in a fairly strong f1eld, po1n mg ou' ' 

r-eason is not well understood. 

/ 
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The thermal irreversibility noticed in the present thermo­

magnetic experiments would be consistent with the formation of a strongly 

magnetic component through chemical change during heat treatment. This 

possibility was further investigated by subjecting the powders to a 

second heating-cooling cycle, in 850 oersteds (Fig. 4.4b, curves 2). In 

the heating stage, the magnetization, unlike previously, decreased 

gradually and fell almost to zero at 600 - 620°C; the curve obtained 

during the subsequent cooling lies above the heating curve, as before, 

though the irreversibility is now less pronounced. The experiment was 

repeated again, giving offcurves (Fig. 4.4b, curves 3) that closely 

reproduced the second heating-cooling cycle. 

The experirrent was repeated again, yielding now almost identical 

heating and cooling curves, which again disappear at or just below 620°C 

(Fig. 4.4b, curves 3). 

4.4.4. Summary of thermomagnetic results 

Thermomagnetic experiments using powdered Bell Island material 

in air have shown that: 

(1) In the first heating, the magnetization always increased unti 1 

600°C, after which it decreased sharply up to 675- 685°C (Fig. 4·4a), 

o h. h ; lose to that of hematite. 
suggesting a Curie point near 685 C, w 1c 1s c 

(2) The heating curves obtained .in (1) resemble the stepwise 
. .., lO) hich also had intensity 

demagnetization curves (e .g. F1gs. 3.8, j, 'w 
o o Thl' s ; s despite the fact that the 

maxima at 600 C and minima at 685 C. 

·'· 
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stepwise procedure, in contrast to the thermomagnetic one, measures 

1-emanence components acquired in an ancient field and only after the rock 

has cooled to room temperature. 

(3) The thermomagnetic cooling curves following the first heating sho\'t 

a very large intensity increase O>y factors of 6.2 to 7.3) compared with 

the heating curves. This irreversibility in the first heating-cooling 

cycle (Fig. 4.4a, curves 1) resembles results from hematite-bearing 

samples reported in the literature (Chevallier, 1951). 

(4) The above large intensity increase may be compared with that 

observed in stepwise demagnetization to 750°C (Fig. 4.2). 

(5) After the second heating-cooling cycle, the extent of irreversibility 

was reduced, and a new Curie point was indicated at, or just below, 620°C 

(Fig. 4.4b, curves 2). A similar apparent Curie point resulted from the 

third heating and cooling, which gave nearly reversible curves (no. 3). 

Interpretation of the above data must remain limited, pending a 

more complete investigation of certain experimental factors, such as the 

grain size of the samples as well as their preparation, and the atmosphere 

surrounding the sample as well as the heating rate and maximum temperature 

in the experiment. 

With this limitation in mind, the most plausible explanation of 

these results is that a strongly magnetic component with a Curie point in 

the range 610 - 620°C is forrred during heat trea~ment, botil in the 

stepwise and thermomagnetic procedures and that, in the latter procedure, 

the process of formation continues until completion of the third heating­

cooling cycle to 7oo0c. The excellent directional grouping associated 
. . 1 nsibl e (most probably 

Wlth the D-component suggests that the m1nera respo 

/ 
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hematite) co-exists up to about 685°C with the new material produced by 

the heating, which is non-ferromagnetic above 620°C. The new material 

appears to have no effect on the remanence direction of the D-component, 

which is an important conclusion enabling one to interpret this component 

paleomagnetically. 

Assuming the above explanation is correct, it remains to 

identify the new, heat-produced component. The only two likely iron 

oxides capable of producing the large observed magnetizations seem to be 

magnetite (Fe3o4) and maghemite (y-Fe2o3). However, magnetite is almost 

certainly ruled out because of its low Curie point (578°C, which is 

further reduced in titanomagnetite}, and probably also by the results of 

the AF demagnetization of the D-component (Section 4.6), which suggests 

that the bulk coercivity of the mineral responsible (probably hematite) 

is much higher than would be expected if magnetite were significantly 

present. The possibility that maghemite may be responsible for the heat­

produced component will be discussed in sections 4.4.5 and 4.4.6. 

4.4.5. PreliminarY X-ray diffraction data 

In a further attempt to identify the heat-produced component, 

sone X-ray diffraction spectra \'sere obtained with the Philips unit, 

available in the Geology department at ~emor:lal University, through the 

kind assistance of Mr. H. Keats of that department~ Two PO\'Iders ~~ere 

prepared from one sample each of the Wabana and Airfield formations; for 

each s~le, the first pm~der was fresh and the second 1~as derived from 
. 0 . . 

t1 specimen that had been heated to 700 C 1n a1r. 
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Typical diffraction spectra obtained from one heated and one 

unheated powder of the Wabana sample (Wa 2-1) are .shown in Fig. 4.5, 

where relative intensity (1/11) is plotted against Bragg angles (2e). 

In the unheated sample, two prominent peaks (1/11 = 95 and 80) correspond­

ing to 2e = 42° and 45°, respectively, reveal the presence of hematite. 

In the heated sample, one observes (i) a pronounced peak 

(1/11 = 34) at 2e = 38°; (ii) a larger peak (1/11 = 90) at 2e = 42° which 

is slightly reduced in intensity compared with the unheated sample; and 

(iii} an M-shaped peak, which is superposition of two peaks, at 2e = 45°.2 

and 45°.4, with 1111 = 80 and 95, respectively, and which replaces the 

45° (1/1
1 

= 80) peak for the untreated sample. Peak (i) which was absent 

in the heated sample can be due to magnetite or maghemite (but not 

hematite) for which the 111
1 

values quoted in standard tables are 60 and 

34, respectively; the latter value is identical to the observed value, 

though this in itself is insufficient evidence to rule out magnetite. 

The larger observed intensity in the M-shaped peak (iii) cannot be due to 

hematite, but again could be either magnetite or maghemite (quoted 1/11 = 

100 in both cases). The similarity in the spectra for the latter 

minerals is due to their close mineralogical similarity, both being 

inverse spinels (cubic), with approximately equal cell dimensions. 

Maghemite may be considered to be approximately equivalent to magnetite 

that is deficient in one out of nine Fe sites in the unit c·ell (Nagata, 

1961}. 

Thus, the preliminary X-ray diffraction data suggest that a new 

mineral, which could be either magnetite or maghemite is formed after 

· heat treatrrent to 700°C in samples that contained he~atite, but no 

I 
. I 
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significant amounts of either magnetite or maghemite before the treatment. 

That a new ferromagnetic material has been formed by the heat treatment, 

i~ fully consistent with the results of the stepwise and thermomagnetic 

experiments • 

Reasons for discounting magnetite .as a plausible product of the 

heat treatments have been given (Section 4.4.2). It was therefore 

concluded that maghemite is the most likely mineral responsible for the 

heat-produced mineral responsible for the heat-produced phenomena 

described. It should be emphasized, however, that this conclusion is 

tentative pending confirmation by further X-ray diffraction and other 

ana lyses. 

4.4.6. Occurrence of maghemite 

Van der Marel (1951) and Van Houten {1968) report maghemite 

{y-Fe
2
o
3
) as a common mineral in sediments rich in iron and organic 

matter~ where it can also be produced by moderate heating {100 - 300°C) 

through dehydration of oxyhydroxides such as lepidocrocite (y-FeOOH) • 

~elly (1956) reports that poorly crystallized goethite (a-FeOOH) can 

break down to maghemite and then to hematite at atmospheric temperatures. 

Van Houten mentions the presence of maghemite both in the specularite 

and pigment of red sandstones. 

While the existence of maghemite at'atmospheric temperature 
· · . · b 1 · h d the rock 

or its production through moderate heat1ng 1s well esta . lS e '· 

1 'd ce for the generation 
magnetic literature seen5 to include no c ear ev1 en 

of maghemite .at higher temperatures, nor are the. high-temperature 

/ 
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properties of that mineral, including Curie point, as yet adequately 

understood. At first sight this is not surprising, in view of the well­

documented metastability of maghemite and its common inversion to 

hematite at low temperatures, often < 300°C (e.g. Bagin, 1961; Nagata, 

1961). 

Under the right conditions, however, the persistence of stable 

maghemite to temperatures well in excess of 300°C may not be exceptional. 

E. Thellier (discussion in Creer, 1962) believes that the tendency of 

destruction of maghemite by moderate heating has been overemphasized in 

the literature and cites Michel (1963) who found that under certain chemical 

conditions maghemite very stable to heating can be produced. As 

Collinson (1968) points out, a major increase in susceptibility is often 

observed in thermal demagnetization experiments to 500 - 700°C
1
; this 

could be due to magnetite (Stephenson, 1967) or "possibly .. maghemite 

production, though Collinson considers magnetite to be an unsatisfactory 

alternative, when the specimens are heated in an oxidizing atmosphere. 

A mechanism that may be pertinent to the present investigation 

was proposed by Rowland and Jonas (1949) who found that heating siderite 

(FeC0
3
) in air to 700°C produced hematite and a spinel, which they 

suggest might be maghemite, though magnetite cannot be ruled out. Since 

1This is borne out also by susceptibility me?surements, car~~~d 0~\!nz-l) 
the earth's field on three Bell Island spec1men~ (Af 3-3, an , b f re 
using a Scintrex (r~odel SM-4) bri~ge . . The ·spec1mens were ~g~u~~ ~08c. 
heating and after coo ling success lYe ly f ,rom. 300 ~ 500 ' :ooin 5 us ceptibil ity 
The specimens gave comparable results, snowlng _ ,~g~eas/850oc steps 
by factors of about ten and twenty, after the 60 an · • 
respectively. 

/ 
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siderite (which, along with chamosite, does not nonnally occur in red­

beds) is a major constituent of the oolitic matrix at Bell Island, it 

thus might serve as the source for the production of maghemi te by 

heating. ROt>Jland and Jonas, repeating their experirrents with nitrogen 

as an atmosphere, found that at 700°C an even larger amount of spinel 

was generated than in air, while in their differential thermal analysis, 

an exothermic peak attributed to oxidation of FeO was suppressed. 

These findings appear to be compatible with the results using nitrogen, 

described in section 4.5. 

In section 4.1 it \'tas shown that the 685°C remanence direction 

belived to reside in hematite seen5 to be unaffected by the new material 

(maghemite?) produced during heating. In attempting to explain this 

rather surprising result, one might obtain a clue from sorre experiments 

perfonred by Porath (1968), in which artificial specimens containing 

only maghemite were heated to sso0c in a· small applied field. In this 

process, most of the maghemi te inverted to hematite (compared with the 

production of maghemite in hematite-bearing rock inferred at Bell Island)' 

but the CRM of the hematite was not controlled by the host mineral, 

maghemite. Porath explained the results by invoking spin exchange 

interactions which would align the magnetization direction of the 

residual maghemite along the direction.of the hematite. 

Results pointing to high-temperature stability cf maghemite 

have also been reported by Van der Marel (1951), who found that maghemite 

originally present in soils (but not ~hen produced by oxidation from 

rmgnetite) persisted without inversion to hematite during 2 hours of 

heating at 600°C. Similarly, Wasilewski (1969) found maghemite to be 

more stable than magnetite above 300°C. 
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The considerable uncertainty regarding the Curie point of 

maghemite arises from its rretastability and the difficulty of identifying 

the minera 1 at high temperatures. In view of this, indirect rrethods are 

used: e.g. O'Reilly (1968), applying an extrapolation technique, 

calculated the AB lattice interactions of various spinels, obtaining 

Tc = 770°C for maghemi te. Other estimates of \ for maghemite are lower, 

Michel and Chaudron (1935) obtaining 675°C, and Wasilewski (1969), 550 -

600°C and in one case 620°C. Bannerjee (1965) quotes a still lat~er 

value (545°C) that may be simultaneously the Curie point and the 

inversion temperature of the mineral. From Irish laterites, Wilson 

(1961) reports Curie points slightly over 600°C, attributed to maghemite. 

Possibly relevant to this are results quoted by. Wilson and Smith (1968), 

who found that heating had increased Tc in various volcanic and baked 

rocks, probably due to oxidation. Va 1 ues of T c = 600 - 620°C were 

common in their samples such as Icelandic laterite, though maghemite 

was not necessarily the carrier. 

The foregoing discussion shows that (i) under certain 

conditions, maghemite in rocks may remain stable without inverting to 

hematite, even when maintainP.d for sorre hours above 600°C; and (ii) a 

Curie point of about 610 - 620°C for maghemite, though far from definite, 

is compatible with sorre of the reported data. Hence the proposal i·n 

the present investigation that maghemite is produced during· heating 

( 
· . . ) d t con fl i ct wi th the · 

possibly due to the presence of s1der1te oes no . 

published evidence. 

_,.· 
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4.5. Pilot thermal demagnetization in nitrogen 

Stepwise thermal demagnetizations in nitrogen were performed 

on eight fresh speci.rens representing two and six samples from the 

Wabana and Airfield formations, respectively. Five of these were 

successively heated to 300, 500, 575 and 685°C, the other three only to 

500°C step. These experi~rents were performed to compare the results 

with those of in air. 

The NRM directions of magnetization (not shown) changed only 

moderately up to the 500°C step, similar to the earlier results using 

air. However, in the five specimens taken to 685°C, the grouping 

became poor, particularly with respect to declination, and the 0-component 

was not observed. The intensity changes are plotted in Fig. 4.6, showing. 

that, contrary to all results of the stepwise treatment in air, J 

decreased rather than increased up to 500°C. However, after the 685°C 

step, J has increased spectacularly by up to two orders of magnitude. 

These results are consistent with the production of magnetite 

above 500°C (presumably through reduction of the hematite), though 

verification of this wouid require further tests, e.g. to measure Tc. 

Blackett (1956) reports that thermal demagnetization of redbed samples 

in nitrogen caused them to darken, though without the production of 

magnetite; on the other hand, Leng (1955), Chamalaun and Creer (1964), Irving 

and Opdyke (1965) all report anomalous results after heating in nitrogen, 

which they ascribe to generation of magnetite. To avoid this, the 

thermal demagnetization of redbed samples for paleomagnetic purposes 

should be carried out in air or oxygen-rich atmospheres (Schwarz, 1969). 

- -. 
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If, in the present test, the material formed in nitrogen was 

indeed magnetite, then production of magnetite in the treatments using 

air was probably suppressed. From the previous discussions, this would 

be compatible with the proposed production of maghemite by heating. 

4.6. Pilot alternating-field (AF) demagnetization 

AF demagnetization is useful for removing components of 

relatively low coercivity from the NRM, leaving .intact the remanence 

directions of the magnetically harder, perhaps original, components. 

The method has proved successful in the case of igneous rocks where 

unstable vRM•s of relatively recent origin can often be separated from 

the component of interest. 

AF techniques are now standard, and details can be found in 

Collinson et al. (1967). The unit with 3-axis tumbler used in the 

Physics Department is described by Pearce {1967). AF treatment has the 

substantial advantage over thermal methods that chemical changes are 

avoided. However, its sole use in the case of redbed specimens is not 

generally recommended (Irving, 1964), since redbeds often contain hard 

seconda~ components that are difficult to distinguish in the coercivity 

spectrum from the primary component. 

The present AF test was. made ( i) to obtain a check on the 

thermal results in terms of stability, and (ii) to compare the AF· 
. ' 

stability of the group D component with that of . the NRM. 

One fresh specimen each from the Wabana and Airfield formations 

\·:as subjected to succe'ssively higher fields up to 800 peak oersteds. The 

/ 
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changes in intensity and direction of magnetization are shown in 

Fig. 4.7 (curves 1 and 2). Clearly, the entire remanence is highly 

stable against alternating fields of the order of 800 oersteds. This 

is probably due to the presence of hematite, which is characterized by · 

high coercivity commonly exceeding 1000 oersteds in rocks (Irving, 1964). 

A third specimen (Wa 2-1; curve 3, Fig. 4.7), which had been 

thermally demagnetized to 685°C and hence retained only the group D 

remanence, was similarly treated. The results show the same remarkable 

stability against alternating fields as was displayed by the fresh 

specimens. Assurrring that these results are representative, they strongly 

suggest that magnetite is insignificant in both the NRM and the 685°C 

component, since otherwise Fig. 4.7 would have shown some directional 

scatter or a major reduction in intensity after AF treatment. The 

results are also comparable with the idea (Section 4.1.3) that the group D 

component resides in hematite, possibly in association with the heat­

produced material, and that this material is maghemite. 

Finally, the results provide an excellent example of the 

limitations of the AF technique in the case of redbeds, for in the 

absence of thermal treatment, the c- and D-components, and hence the 

presumed primary magnetization, would not have been discovered, possibly 

not even if higher fields had been used. Thus, paleomagnetic results 

in the literature based on redbed studies in which stability .tests 

comprised only AF treatment to a few hundred oersteds or less must be 

regarded as · incon~lusive. 

/ 
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F1q. 4.7 Normalized fnte.nsf.ty. J/J2o• and dfrectfon. a-Fter stepw-ise alternat1ng-f1eld 

demagnetization of single specimens from the Airfield <•> and Wabana (0) formations 
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200 400 -H (Peak Oersteds) 

1.2: fresh specimens. 3: specimen previously demagnetized in air to 685°C. 
Solid symbols: N. Pole down. open symbols: up. 
Dotted circles denote limits of directional change during treatment. 
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OiAPTER 5 

THE ORDOVICIAN GEOMAG!ETIC FIELD RELATIVE TO EASTERN NEWFOUNDLM'lD 

5.1. Calculation of pole position 

Paleomagnetic pole positions were calculated from the mean 

direction of magnetization for the NRM and the D-component (Table 5.1) 

in accordance with the axial dipole assumption (Chapter 1). The tilt 

correction was applied only to the 0-component, which is plausibly of 

primary origin, as will be further discussed in section 5.2. Hence in 

Fig. 5.1, the pole corresponding to the D-component is sh<l'ln with its 

associated 95% error oval, based on the 11 non-overlapping zones. 

Table 5.1 also shows the alternative statistics based on 24 sites; the 

pole positions for the two weightings are identical within experimental 

error, but the more conservative weighting based on zones (dp = 1.8°, 

dm = 3.6°) was preferred for the reasons discussed in section 4.3. For 

comparison, poles for the NRM groups A and B were also calculated and 

plotted in Fig. 5.1. Here, the error ovals are omitted because the n-ean 

directions are vector resultants incorporating the c- and D-components, 

and because of the large spread of declinations in the case of Group A. 

5.2. Origin of magnetization of the Bell Island redbeds - . 

f\ccording to Hayes (1915), the origin of the Bell Is·land iron 

ore deposits ; s due to oxidation of the precipitated hydrates of iron. 

derived from earlier rocks. The decomposition of iron hydroxides 
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TABLE 5.1 

Paleomagnetic pole positions for the Bell Island oHlitic ned beds from the mean directions 

of magnetization! before and after laboratory treatment (685°C} 

~an directions 
of magnetization! 

Group and 
treatment 

A (NRt~} 2 

U (NRt·1}2 

D (685°C) 3 

D (6U5°C) 3 

N 

20 sites 

4 sites 

24 sites 

11 zones 

D 

25.8 

184.1 

125.4 

126.5 

1see Tables 3.5, 4.9 and 4.19. 

I 

+18.1 

-16.3 

-10.3 

-10.3 

2Relative to present horizontal. 

3After tilt correction (10°NNW). 

k 

220 

190 

160 

6.3 

2.2 

3.6 

dp, dm - se-mi axes of the 95% oval of confidence. 

Pole position Antipole position dp 

46°N 89°E 

51°S 590W 

27°S 13°E 

28°S 12°E 

46°S 

51°N 

27°N 

26°1'1 

91 °~1 

121°E 

167°W 

1680W 

3.4 

1.1 

1.8 

Underlined pole and antipole positions and oval dimensions are as in Fig . 5.1. 

dm 

.... 
U1 
~ 

6.5 

2.2 

3.6 
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responsible for the fonnation of red sandstones is an example of a process 

favourable to magnetization, which may be acquired through the growth of 

iron oxide (e.g. hematite) particles by "nucleation" (Nagata, 1961} and . 

in the present case would first occur near the nucleus of an oolite, 

which is almost always the site of grain growth during diagenesis. This 

would be accompanied by an increase in relaxation time when a critical 

size for domain formation has been attained, which would in turn favour 

the acquisition of a stable magnetization contemporaneous with the 

primary iron deposit. 

5.2.1. Oolites as primary chemical sediments 

Hayes' (1915) n-echanism, corresponding to a primary, shallow­

water, marine origin for the Bell Island ore zones, is still unchallenged 

in the literature, though Rose (1952, p. 51} quotes a view by T. L. Tanton, 

who considers these as replacement iron deposits by primary precipitates 

from mineralized solutions introduced into the already consolidated, 

fossil-bearing rocks of Arenig (LO\'Ier Ordovician} age; in this case, the 

time of the magnetization associated with ore formation is unknown and 

could be si gni fi cantly later than the Ordovician. However, Tanton's view 

was not elaborated and hardly seems to be supported by the evidence. 

Thus it would be difficult to explain the oolitic structure 

other than by original precipitation and -accretion of alternating layers 

of ·hematite and chamosite about nuclear, clastic grains. The observed 

penetration of oolite . grains by tubules of boring algae (Hayes, 1915} 

indica ted their contemporaneity with ore deposition. ~as tano and 

j ' 
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Garrels (1950) made some experiments on the deposition of iron with 

specia 1 reference to the Clinton iron ore deposits, and inferred that 

formation of the iron ore by chemical precipitation in a marine 

environment is reasonable. 

5.2.2. Diagenesis in oolitic ores 

Processes that convert newly deposited grain into an indurated 

rock are defined as 11 di agenetic11 (Pettijohn, 1957). Mainly diagenesis 

includes the processes of formation of new minerals; redistribution and 

recrystallization of substances in sediments; and lithification (Fig. 5.2). 

According to Fairbridge (1967), diagenesis begins at the moment a 

sedinentary particle cones to rest on the sea floor, and continues in 

three phases, narrely (i) the sedinentation phase - 11Syndiagenesis
11

, 

(ii) the compaction-maturation phase- 11 anadiagenesis 11
, and (iii) the 

energent-pre-erosi on phase - 11epi diagenesis
11

• 

The initial stage of phase (i), in which the composition of 

primary particles is controlled by the chemistry of the superjacent 

water is followed by the early burial stage, in which the particle gets 

entrapped and chemically modified by the bacteria and other subsurface 

organisms. Fersmann (1922) for the first tine intended the tenn 

11Syndiagenesis 11 to define oolite as a primary chemical sedinent. 

·Donahue (1969) suggests a 11splash-~up11 rrechanism in wh"i ch drops of 

solution fall from a ~eiling into a depositional depression that gradually 

develops into the oolite due to repeated precipitation. Formation of 

oolites in situ in an oxidizing environnent as a result of diagenesis pre­

dating consolidation is mentioned in . Amstutz and Bubenick (1967}. 
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Fig. 5.2 Diagenetic stages in sediments 

(Slightly modified after Strakhov et al., 1954) 



c 159 -

The early burial stage is characterized by redistribution of 

material within the sedirrents, with formation of cement and concretions. 

T~is is the stage where breakdown of organic matter occurs, giving rise 

to fonnation of secondary minerals such as siderite {Fairbridge, 1967). 

These early processes appear to apply to the Bell Island ore where the 

oolites are penetrated by algae borings, whereas the siderite resulted 

from diagenetic replacerrent {Hayes, 1915). The duration of the initial 

stage of phase (i) varies from several days to 103 years (Larsen and 

Chillingar, 1967), whereas the whole syndiagenetic phase lasts for 10
3 

-

105 years (Fairbridge, 1967). 

The compaction and maturation phase (ii) is called lithification, 

which is characterized by cerrentation of the sedinents during compaction, 

dehydration of minerals occurs, e.g. change of goethite into hematite. 

Perhaps the secondary hematite, which at Bell Island nearly always occurs 

at the outer rims of the otJlites, is the result of phase (ii). Fairbridge 

quotes .\'lide limits for the estimated duration of cerrentation from 10
3 

-

105 years to 107 - 108 years. 

The epidiagenetic phase (iii) is characteriz~d by long-tenn 

compactional processes, the nature and distribution of which depends upon 

the changing environments and upon the extent to which phase (ii) was 

completed. 

5.2.3 . . Origin of the high-temperature component 

Petranek {1966) di.scusses certain common · fe~tures of the shallow-
. . · · . .,. t · c ; ron ores 

\'later origin of early· Paleozoic, particu·larly Ordov1c1an oo 1 1 

/ 
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(Section 2.3). The paleogeographical setting of such ores reveals that 

most of them were deposited close to the shore on shallow flats in well­

aerated environments. 

From the foregoing discussion, one can infer that precipitated 

hematite layer in the growing oOlite w111 have ·fncreased from very small 

di nensi ons to beyond cri ti ca 1 size for the fonnati on of a stable CRM 

through nucleation in the presence of the ambient field. This appears to 

be the most plausible mechanism responsible for the primary magnetization 

of the three redbed formations at Bell Island, all of which contain 

hematite oolites of similar structure. 

Whether the D-component is, in fact, equivalent to this primary 

magnetization cannot be established beyond doupt in the absence of a fold 

test. It is not self-evident even that the D-component predates the A, 

B or C group magnetizations, which also give evidence of being stable and 

are possibly all CRM's. However, it was shown in Chapter 4 that the D­

COilllonent is the only one associated with a discrete range of blocking 

temperatures and a Curie point close to that of hematite, above which the 

remanence tends to become random. It therefore seems almost certain that 

this COilllonent predates those in the A, B and C groups. 

Assuming this, it does not necessarily foll0\'1 that the ~-component 

is the primary one, since no evidence of the primary field might have been 

preserved in the rock. However, if one accepts the view of oolite fonnation 

and diagenesi~ outlined above, it is difficult to escape the conclusion that 

at least the innermost hematite layers must have been magnetized as the beds 

were first laid do~n; conversely, if the D-componentwere due ~osorre post­

Ordovician events one v10uld then have . to a-sk why the magnetization of the 

inner hematite layers should have di5appeared. 
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It was therefore concluded that the 0-component is most likely 

to represent a primary (Ordovician) direction of the geomagnetic field. 

5.3. Paleomagnetism of the Bell Island rocks 

The hypothesis that the Earth's magnetic field, when averaged 

over an adequate tirre span, closely approximates a geocentric axial 

dipole, and has done so in the past, was the basic assumption in 

calculating the geographical pole positions (Table 5.1}. This is 

plausible on the basis of dynamo theory (e.g. Stacey, 1969} and is 

supported by some evidence from paleomagnetism {Opdyke and Hen~, 1969) 

and paleoclimatology (Blackett, 1961), though it is difficult to confinn 

paleomagnetically \'lith LC7t'ler Paleozoic and older rocks. Thus the 

Ordovician data for North Arrerica and Western Europe are still quite 

inadequate for a test of dipolar behaviour, as illustrated by the scatter 

of poles in Fig. 5.1. HC7t'lever, Rodionov {1966), rreasuring sedirrenta~ 

rocks from a large area in Siberia, found his results consistent \'Jith a 

dipolar field during the Ordovician and late Canbrian. In summary, the 

assumption that the Bell Island redbeds were magnetized in a (presumably 

geocentric) axial dipole field is likely to be justified, though not 

proved. 

~,.3,1. · The Paleosecular variation
1 

l\Ssuming that the pole computed from the 0-component (Fig. 5.1) 

111 (Paleo) secular variation" is here used in4a broader sen~e, t~o~n~~~:rm 
both the actual secular variation (103 - 10 y.) and posslble 9 
asynuretries (loS- 106 y.; Hide, 1967). 

/ 
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indeed corresponds to a primary field, one might at first expect the 

dispersion about its mean direction to provide knowledge about the 

paleosecular variation during Ordovician time; this requires also that 

the latter be distinguishable in the data from the various other 

sources of scatter (Section 4.2). A direct measure of this dispersion 

is the size of the error oval in Fig. 5.1 (dp = 1.8°. dm = 3.6°). On any 

basis of comparison (e.g. tabulations in Irving, 1964), this reflects 

remarkably close grouping of the mean directions, even more so, if one 

considers that the most conservative statistics (i.e. unit weight given 

to 11 zones) were applied. The absence of a significant between-site 

scatter is also indicated by the F-test (though not clearly, for the 

reasons given in section 4.2.3). 

Khramov (1967) quotes present rates of accumulation for 

littoral-type deposits (which includes the Bell Island redbeds) as 0.3 -

3 meters per millenium, pointing out that considerably smaller rates 

must have prevailed in the geological past. This would correspond 

roughly to 104 - 105 years or perhaps much longer, for the deposition of 

the 450-meter section including the Townsquare, Airfield and Wabana 

formations ~ If rate of deposition and total thickness were the only 

relevant factors, one might conclude that this is adequate for preserving 

a record of the ~aleosecular variation. 
~lowever, if the o-component is a_ CRM acquired through nucleation 

(Section 5. 2. 3) , then the time required for s tabil i zing this magneti zad on 

was probably at 1 eas.t as 1 ong as the durat1 on of the syndi agenetic phase, 

i.e. 103 ~ 105 years . This is not less than the secular variation, which 

therefore could have been smoothed out. This would support the conclusion 
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by Creer {1962} who maintains that redbeds whose magnetization is of 

chemical origin are unsuitable for paleosecular variation studies. 

From this context it is interesting to estimate the expected 

magnitude of secular variation. Cox (1962} and Creer (1962, 1965} have 

plotted the results of analyses of the latitude-dependence of the 

dispersion (6 = cos-1 R/N}. The paleolatitude corresponding to the D­

component at Bell Island is 5°, consistent with the 1ov1-latitude origin 

ascribed to redbeds. For this latitude, the dispersion obtained from 

Creer's {1962} curve is about 20°, whereas the actual value, based on 

N = 11 zones, is only 6°. This would agree with the proposal that the 

secular variation has been smoothed out. 

Hm~ever, if the smoothing-out process did. not occur, then the 

D-component \·tas perhaps acquired during a short time compared \·lith the 

secular variation. HO\oJever, an alternative explanation for the lm'l value 

of 6 may be that, during the relevant part of the Ordovician period, the 

magnitude of the secular variation was substantially less than today. 

It is difficult to test this explanation in view of the scarcity of 

adequate paleomagnetic data from well-dated Ordovician rocks, most of 

which are sedimentary. From his .extensive study of Siberian rocks, 

Rodionov {1966} finds that, during the Ordovician, the amplitude of the 

secular variation may not have been substantially greater than today. 

HO\'Iever, his data are also from redbeds, and the dispersion he observed 

may be due to causes other than secular variation. 

It is concluded that, while the smoothing-out mechanism appears to 

explain best the observed low dispersion about the_ mean direction of the D-
. · th t the secular variation 

component, the two a 1 ternati ve exp lanat1 ons, 1 .e · a 

- -. 

/ 
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was either small or inadequately sampled, cannot be ruled out. Similar 

explanations would apply also to mechanisms involving a change in field 

direction during the time the Bell Island sequence was laid dN·•n · un 'l.e. 

mainly polar wandering or continental drift. Thus these processes were 

either insignificant, or the evidence has been suppressed in the magnetic 

record. 

5.3.2. Origin of the NRM 

The natural remanence (groups A and B) of the Bell Island rocks 

was shown to be composite and residing mainly in a thermally distributed 

component (possibly CRM) with a wide spectrum of blocking temperatures. 

The differenr.e in the directions of the distributed and discrete (685°C) 

components suggests that they originated at different times, the main 

component in the NRM being almo.st certainly younger. If this component was 

acquired by some process such as viscous PTRM (Briden, 1967) (Section 4.1.3), 

then a possible time of origin for this secondary magnetization is the late 

Paleozoic, at which time the rocks may have been heated during burial and 

uplifted as part of the Appalachian orogeny. However, since the Bell Island 

beds were relatively unaffected by orogenic episodes, this explanation is 

not too convincing. Irving and Opdyke {1965) in discussing the NRM of the 

Bloomsburg redbeds, considered the above possibility along with an 

alternative . explanation which is that the distributed components are of 

low-temperature chemical origin, perhaps resulting from nucleation aided 

by moderate heating during buri a 1. This may we 11 apply in the present case· 

Whatever the mechanism, a Permian age was considered likely in 

the case of the secondary component in the Bloomsburg study (Roy et al., 
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1967) because its direction corresponded to typical Pennian directions in 

the literature (Irving, 1964). Similarly, the Bell Island 11611 group pole 

in Fig. 5.11 is close to typical Permian directions, and would be 

compatible with a Pennian geomagnetic field also because of its polarity, 

since the prevailing polarity during the Ki aman magnetic interval was 

also 11 reversed11 (Irving and Parry, 1963). The opposite polarities of the 

11A11 and 11B11 group poles then might be explained by supposing that these 

groups were not coote1111oraneous (though possibly both of late Paleozoic 

origin), and that the geomagnetic field responsible for the major COI!llonent 

in the more recently magnetized group (either 11A11 or 11B11
) had reversed 

since the other group becarie magnetized. Further conclusions cannot be 

drawn from the NRM data in view of its composite nature. 

The srreared group C site-mean vectors (which incorporate an 

unknOiln proportion of the discrete group D corrponent) could perhaps be 

due to differential recrystallization at different sites, giving rise to 

the formation of secondary hematite at the outer rims of the oolites. 

That group C is of chemical origin and is stable has not been proved, but 

seems plausible as these directions prevail to beyond 600°C and the 

within-site directions are generally well grouped (Tables 4.2, 4.5). 

5.4. Comparison with other Paleomagnetic results 

For the o-component in Table 5.1, the antipoles rather than the 

· · h · ca 1 n.orth pole when one rtoles seem to correspond to an Ordov1 c1 an geograp 1 

1A pole position corresponding to the presumed ~ermian ~~~ct1onaa!r 
Bloomsburg is not sho~ms as none was computed 1n the Otlglna P P 
(Roy et a 1., 1967). 

' '\.:' 
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corrpares the data with the published polar wandering curves (Irving, 1964). 

This assurres that the D-component is stable and primary, and implies that 

th~ ambient geomagnetic field was "reversed" compared with its present 

sense. The antipole position shm~n in Fig. 5.1 is in the present area of 

the Pacific Ocean, along with the other published Ordovician poles 

inferred from sites in North Arrerica, Europe and Siberia. 

Lower Paleozoic paleomagnetic data from North Jl.rrerica are 

sparse, and the only published result from Ordovician rocks having a 

plausibly Ordovician remanence and satisfying minimum stability criteria 

is from the Upper Ordovician Juniata redbed formation (Collinson and 

Run com, 1960). HO\'Iever, the pole computed from the Juniata study 

(Fig. 5.1) is based on uncleaned NRr4 directions, unit weight being given 

to 56 specirrens from 12 samples spanning a 425-meter section. NR~I 

stability was partly indicated by the wide divergence of the mean i~RM 

direction from that of the present field. 

. Thus the pole position (28°N, 168~~) computed in the present 

study constitutes the first paleomagnetic result from laboratory-treated 

Ordovician rocks in North Alrerica. Fig. 5.1 shows that this presumed 

Ordovician pole lies far to the east not only of the pole for the Juniata 

formation (20°N, 153°E) , but also of the presumed Silurian pole for the 

Bloomsburg formation (Roy et al., 1967}, which ~s also based. on rocks 

from the Appalachian system and has bee~ plotted for comparison with the 

Ordovician results, as it appears to be the only previously published 

pole position from Lm·1er Paleozoic rocks in North America that have been 

thermally treated. 
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5.5. North Atlantic paleogeography 

Fig. 5.1 shows also that the spread of the poles calculated 

from European Ordovician data exceeds 90°. A useful comparison in terms 

of paleogeography would be between Newfoundland and Ireland; relative to 

the latter, the single published (mid-) Ordovician pole (9°N, 1460W, 

Deutsch and Somayajulu, 1970), based on 4 bands of ignimbrite from 

Killary Harbour, Eire, is shown with its associated error oval, which is 

large (dp = 12°, dm = 22°) partly because of the limited sampling. 

Despite this, the Irish result is backed by fairly good stability 

evidence, including a positive fold test. The pole positions for Bell 

Island and Killary Harbour are relatively close (compare error ovals), 

but it is easily seen that many more stability-tested results from 

opposite sides of the Atlantic are needed to interpret such results in 

terms of paleogeography. 

Since the published paleomagnetic results from Cambrian and 

Silurian rocks in North America and Europe (not shown in Fig. 5.1) tend 

to be as widely scattered as the Ordovician ones, it is premature to 

test "pre-Wegenerian11 models of the North Atlantic, e.g. Wilson's (1966) 

hypothesis of the proto-Atlantic, or the proposed rotation of Newfoundland 

(Wegener, 1966 transl.), both of which require reliable comparisons of 

Lower Paleozoic rocks. 

\... 
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SUNMARY AND CONCLUSIONS 

(1) The objective of this work was to study the natural 

remanent magnetization (NR~1) and some magnetic properties, including 

stability, of the Lower Ordovician redbeds of Bell Island, Newfoundland, 

and to interpret these paleomagnetically. 

(2) A gently dipping (~ 10°) 450-meter section was sampled, 

including non-ferruginous sandstone and shale showing no significant 

remanence. Measurements were confined to 480 specimens from 120 samples 

of o~litic hematite sandstone, spanning a 150-m section (24 sites up to 

6 km apart) of the \~abana and Airfield formations, and one site of the 

Townsquare formation 180 m, further below. 

(3) Remanence ~1as measured with a PAR model S~l-1 spinner 

magnetometer and estimated maximum errors (including sampling and 

orienting) for a single specimen were 2° in direction and ± 2% in 

intensity (J). 

(4) Stepwise thermal demagnetizations to ~ 750° were carried 

out with a non-magnetic furnace. Field-nulling 1t~ith a set of 2-meter 

Parry coils was repeatedly mcni tared during runs and was < 25y (excep­

tionally, 25- 35y), i.e. 0.1% of the uncancelled field. Temperature 

control was to ± s0c at 350°C and to ± 3°C at 600°C and higher temperature. 

(5) A pilot study of 28 ~presentative specimens showed two 

opposed sets of N RM directions, \'lith northerly (Group A) and southerly 

. (B) declinations and shallow in~linations~ except for site Wa-10, where 

the NRM's were steep. Group B directions occurred in three zones 

separated vertically by group A .sites. 

" I 

/ 
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{6) Thermal demagnetizations in air (more than 10 steps) 

showed only minor directional changes to 3S0°C, except that the site 

Wa-10 directions moved into group A positions, probably due to removal 

of a low-coercivity component. 

(7) Treatment to 550 - 600°C deflected both group A and 

group B vectors mainly SW, with moderate upward inclinations (Group C). 

Treatment in the range 600 - 695°C redirected the vectors along great 

circles into shallow, upward positions towards theSE (Group D), with 

excellent grouping. 

{8) The normalized intensity J/J20 increased significantly 

(sometimes more than twofold) to the 600°C step, then dropped sharply 

after 685°C, and increased by factors of more than 10, after 750°C. 

(9) Treating all samples (2 specimens each) to 350, 600 and 

685°C in air confirmed the pilot study results. Misalignment with the 

present field and generally low ~'lithin-site scatter indicated that the 

3 or more superimposed components are relatively stable. 

{10) One specimen each from groups A and B, and one pre-

treated to 685°C, were virtually unaffected by alternating-field 

demagnetization to 800 peak oersteds, indicating high stability for 

the NRM and the D-component. This would be consistent with hematite as 

the chief remanence carrier. 
( 11) The di rection~1 s~atter betwee!1 sites was large for 

groups A and C and small for group B. It was least for the O-component 

{precision parameter k = 160 for N = 11 zones), whe.re statisilcal tests 
. · . re mostly .insignificant 

indicated that differences of site-mean d1rect1ons a 
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over the vertical section; moreover, J685oc varied by only a few percent 

from its rrean value (3.3 x 10-5 emu/cm3). 

(12) The 0-component origin considered most likely is shallow 

marine precipitation of hematite on the gr~~ing oolites under oxidizing 

conditions favouring formation of primary iron ores, among which Hayes 

(1915) and others include the Bell Island ore. This would favour 

acquisition of a stable chemical remanence (CRf\1), with narrow blocking­

temperature range just below the Curie point of hematite, as observed 

here. Thus the D-component may be primary (Ordovician). Proving this 

is difficult, as the fold test was inapplicable. 

(13) Uni fermi ty of the D-component over the section may be due 

to: (i) an unusually small secular variation; or (ii) the component was 

acquired much more quickly than the expected time of laying d~~n a 

> 150-m sedirrentary column; or (iii) during diagenesis of the rock, field 

asymmetries, being a function of vertical position (i.e. time), were 

smoothed out, e. g. through nucleation of the hematite. No decision 

between these alternatives was reached, though (iii) is favoured. 
0 

(14) A comparison of 1-,3- and 10-step treatments to 685 C 

yielded no significant differences in direction and dispersion. It was 

concluded that heat treatment had not significantly affected the D-

component. 
(15) The thermal demagnetization curves suggest that the 

components other than D.are thermally distributed. They are thus more 

likely to be of secondary (perhaps also CRM) origin. 

(16) The NR~I may be largely cue to remagnetization through 
. · d "tl the late Paleozoic 

nndes t reheating (e.g. Briden, 196 7) connecte Wl 
1 
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Appalachian orogeny. The B-group has the same ('reversed') polarity and 

similar directions as the secondary component in the Silurian Bloomsburg, 

Pennsylvania redbeds (Roy et al., 1967), regarded as Permian by the 

authors. 

(17) The intensity rise to 600°C in the stepwise treatment was 

first attributed to preferential demagnetization of opposed components 

in the NRM of both A and B groups. In that case, J should not rise when 

powdered speci~rens are used. This was tested by heating fresh pm·sders 

in air to 700°C and cooling in a thermomagnetic balance employing 10
3 

oe. 

fields. Again the magnetic moment rose significantly to 600°C, fell 

sharply near 685°C, and rose spectacularly upon cooling from 700 - 750°C. 

(18) It was concluded that a new, intensely magnetic component 

was formed during heating, without apparently affecting the direction of 

the 0-component in whole-rock specimens. After two additional heating­

cooling cycles to 620°C in the thermomagnetic balance, the curves became 

reversible, with room temperature magnetic moments 1 - 2 orders of 

magnitude greater than NRM, and Curie point at 620°C. 

(19) The susceptibility k of three specimens was measured at 
-6 

room temperature with an a.c. bridge, before treatment (~ ~ 5 x 10 c.g.s. 

units) and after stepwise heating to T = 850°C. Above the 600°C step, k 

increased 10- to 20-fold, this trend being comparable to the high­

temperature trends observed in the J/J20-T and M-T curves. 

(20) Two fresh specimens and ·one pre-treated to 685°C were 

virtually unaffected by alternati~g~field (AF) demagnetization to 800 

peak oersteds, implying that most of the coercivity spectral range is 

above that field. Assuming further AF tests confirm these results, this 

/ 
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is as expected for hematite (i.e. in the fresh specimens), but would be 

an unlikely finding if magnetite were prominent. 

(21) Preliminary x-ray diffraction results indicate that this 

newly formed mineral (item 18) is a spinel, either maghemi .:e (y-Fe2o3) 

or magnetite (Fe3o4). However, the observed Curie point (Tc ~ 620°c) 

was significantly higher than that of magnetite (TC = 578°C), whereas 

Tc = 620°C could be consistent with maghemite, since a definite Curie 

point has not yet been established for that mineral. From (20) and (21), 

it was concluded that maghemite is more likely than magnetite to have 

been produced by the heat treatment. 

(22) However, this would be an unusual finding, in view of the 

frequently-noted high-temperature instability of maghemite and conversion 

to the a-form (hematite) at elevated temperatures. Still, in the present 

case, the relatively uncommon association of much siderite (FeC03) with 

the hematite in the rock matrix possibly offers a mechanism for 

producing maghemite in line with some observations by Rowland and Jonas 

( 1949). 

(23) For eight fresh specimens stepwise demagnetized to 700°C 

in nitrogen the intensity J decreased up to 500°C, contrary to the 
0 . 

results for air. However, after 685 C, the D- component group1ng 

became poor and J increased by up to two orders of magnitude. This 

appears · to be due to fonnati.on of a very intense component, perhaps 

magnetite through reduction of the hematite, .during heating. 

(24) Hematite-bearing sediments often exhibit crystalline 

susceptibility anisott'Opy, which may result in a departure of ~he 

remanence direction from that of the ambient field • . While the present 

,,· 

.~ 
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observations (e.g. directional changes during thermal treatment) suggest 

that this was not a significant factor, it cannot be ruled out. 

(25) Assuming 0-component is Ordovician and tilting perhaps 

mid-Paleozoic or later, mean direction for 11 equally weighted Wabana 

and Airfield zones without stratigraphic overlap was computed relative 

to bedding planes: declination, D = 126.5°; inclination, I = - 10.3°; 

ags = 3.6°. 

(26) Based on axial dipole assumption this gives a (presumably 

reversed) pole in the central Pacific Ocean: 28°N, 168°W. Despite 

conservative weighting, the error oval (dp = 1.8~ dm = 3.6°)is unusually 

small, reflecting small dispersion. 

(27) This is the first Ordovician paleomagnetic result for 

North America based on reliable tests. The 0-component pole lies 90° 

east of the pole for the Silurian Bloomsburg redbeds (Roy et al., 1967), 

which had also been studied with thermal techniques. 

(28) The few published Ordovician poles for Europe mostly fall 

in the west-central Pacific, but are too scattered to permit paleo­

geographic comparisons with eastern Newfoundland. The Lov1er Paleozoic 

evidence is still insufficient for testing continental drift models 

across the North Atlantic. 
(29) This suggests further work, some of v1hich is being started 

here; e.g. comparative paleomugnetic studies betv1een· (i) iiev1founalanci and 

stable mainland r~ortll ,.;n:erica; (ii) . Ne\'Jfouri<ilah~ and western Europe; and 

(iii) western and eastern Newfoundland. 
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(30) It is also planned to investigate more thoroughly certain 

inconclusive aspects of the present work, chiefly {a) the assumption 

that the 0-component is primary (e.g. using chemical demagnetization 

techniques); (b) the postulated production of maghemite during heating 

(further thennomagneti c and diffraction studies, f1ossbauer effect, etc.); 

(c) the possible significance of susceptibility anisotropy (see item 24). 

(31) Finally, it is proposed to make a magnetic study of 

oolitic hematites from other land masses for comparison with those from 

Bell Island. 

/ 
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TABLE A1.1 

Remanent magnetization before and after thermal demagnetization 

In the following table the values of mean direction and inten­

sity of natural remanent magnetization for all samples and corresponding 

data after three steps of thermal demagnetization will be listed. Except 

where noted othen1ise, all sample directions quoted are resultants of two 

specimen directions giving each unit weight and all intensity values 

represent corresponding arithn~tic means. 

Wabana formation 

NRM 350°C 
Sample 

J X 10-S D I J X 10·5 No. D I 

1-1 45.5 +20.3 4.7 44.4 +15.1 5.3 

1-2 27.9 +21.6 3.5 49.0 +15.6 4.3 

1-3 30.3 +23.4 3.9 44.7 +15.3 5.5 

1-4 45.2 +19.5 6.6 40.6 +13.5 9.6* 

1-5 36.2 +21.7 6.2 No measurement 

*Only from one specimen. 
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TABLE Al.l, continued 

NRM 350°C 
Sample 
No. D I J X 10·5 D I 

2-1 36.6 +24.2 5.0 44.2 +18.6 

2-2 41.5 +19.0 3.8 29.6 +26.6 

2-3 59.6 +19.6 4.7 59.1 +22.1 

2-4 39.9 +21.8 4.3 32.4 +19.9 

2-5 40.7 +22.2 4.5 39.1 +19.2 

2-6 37.2 +22.6 3.9 41.2 +28.3 

3-1 33.6 +22.4 4.5 39.6 +22.5 

3-2 55.9 +20.6 4.5 39.6 +21.7 

3-3 42.2 +22.0 5.0 43.2 +24.6 

3-4 14.2 +18.0 4.9 51.2 +25.0 

3-5 46.6 +22.5 4.3 22.7 +20.5 

4-1 43.2 +26.6 4.8 35.4 +19.8 

4-2 42.0 +25.7 5.Q 47.9 +21.9 

4-3 51.8 +19.3 3.5 23.4 +19.4 

4-4 22.9 +16 .3 4.2 62.3 +71.2 

4-5 46.2 +27.9 4.5 46.2 +16.9 

5-1 29.6 +17 .9 4.0 No measurerrent 

5-2 45.1 +18.3 3.5 52.6 +21.9 

5-3 39.2 +29.8 3.5 51.4 +26.8 

5-4 43.4· +21.6 4.3 61.3 +31.3 

5-5* 42.1 +26.2 4.0 No rreasurement 

~ .. Only from one specimen 

J X 10·5 

6.4 
5 .1* 
5.0 
5.1 
5.8* 
5.4* 

5.3 
5.5 
4.8 
5.5 
4.6 

4.5 
5.2 
4.9 
5.4* 
6.2* 

5.8* 
6.6* 
5.8* 

- , 
I 

.~ 
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TABLE A1.1, continued 

NRM 350°C 
Sample 
No. D I J X 10-S D I J X 10-S 

6-1 64.2 +34.2 4.0 59.5 +32.1 6.6* 

6-2 72.6 +23.2 4.1* No rreasurement 

6-3 77.4 +42.3 5.1 31.7 +26.4 6.0 

7-1 86.5 +41.8 4.5 80.9 +26.5 6.4 

7-2 89.9 +18.2 4.2 73.3 +26.3 6.3 

7-3 76.6 +16.1 4.0* No measurement 

8-1 186.6 -10.8 8.1 185.4 -20.1 10.7 

8-2 196.2 -18.1 ~.2 200.4 -21.8 8.0 

8-3 193.6 -18.2 9.9 183.7 -13.4 9.1* 

8-4 183.6 -20.2 9.3 200.6 -19.9 7.2* 

8-5 186.0 -23.5 6.8 198.6 -23.1 7.9* 

8-6 203.5 -16.1 7.5 208.4 -16.6 8.3* 

8-7 194.0 -18.3 6.9 200.8 -26.2 8.4* 

8-8 193.4 -22.2 7.7 212.6 -14.3 8.0* 

8-9 191.6 -23.4 8.1 181.1 -18.0 7.0 

8-10 186.1 -23.6 7.2 192.3 -13.8 7.8* 

9-1 48.5 -15.8 10.0 . 41.3 -71.6 10.0 

9-2 47.4 -26.5 8.5 70.6 -33.0 9.7 

9-3 51.5 -22.6 9.1 70.4 -19.2 8.7 

9-4 28.8 -13.5 5.1 39.0 ~34.9 8.3 

9-5 26.2 -19.8 5.2 68.8 -66.0 9.6 

9-6 28.0 . -19.6 5.1 41.5 -20.5 8.1 

9-7 49.3 -25.0 5.9 355.9 -29.5 7.7 

9-8 50.4 -29.8 . 6.0 42.2 -30.5 7.4 

*Only from one specimen. 

. \.. 
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TABLE Al.1, continued 

Sample NRM 350°C 

No. D I J X 10-5 0 I J X 10-5 

10-1 1.0 -86.9 8.9 21.0 -20.0 8.6 

10-2 1.3 -81.4 7.7 1.4 -67.8 6.9* 

10-3 0.2 -76.9 7.6 0.9 -32.7 7.5 

10-4 1.7 -64.8 7.7* 24.6 -38.2 7.7 

10-5 5.2 -80.8 7.0 4.0 -22.2 6.9 

10-6 2.2 -80.6 6.8 3.5 -20.1 6.9 

11-1 354.7 +36.1 4.6 251.0 +21.8 5.7 

11-2 353.7 +22.6 5.1 224.6 +22.5 5.9 

11-3 343.2 +48.2 6.1 203.7 +19.5 5.9 

11-4 356.3 +41.4 5.8 261.8 +27.2 6.2 

11-5 335.9 +53.1 4.8 231.2 +16.6 4.9 

11-6 310.4 +41.2 4.9 No rreasurement 

11-7 320.6 +29.6 5.0 No rreasurerrent 

*Only from one specimen. 
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TABLE Al .1, continued 

Sample 600°C 685°C 
No. D I J X 10·S D I J X 10·5 

1-1 207.8 -21.9 7.0 121.9 -21.4 3.0 

1-2 241.2 -22.4 6.9 122.2 -18.5 3.0 

1-3 229.9 .. 26.0 7.5 125.2 .. 19.6 3.0 

1-4 240.8 .. 21.0 1.23* 130.7 -17.6 2.4* 

1-5 No rreasurement 140.2 -13.2 3.3 

2-1 232.4 -24.0 7.0 123.7 .. 21.4 2.8 

2-2 197.8 .. 26.6 6.6* 121.3 -19.3 2.6 

2-3 231.3 -19.3 6.8* 133.5 -21.7 3.6 

2M4 153.7 ·20.0 6.6 131.8 -21.4 2.8 

2-5 211.3 -32.4 7.2* 125.7 -17.3 2.5 

2-6 266.4 -14.3 6.9* 117.8 -24 .2 3.1 

3-1 211.4 .. 22.2 7. 5 113.6 -17.9 2.8 

3-2 265.2 -23.3 7.0 118.1 -19.0 3.1 

3-3 220.6 .. 19.3 7.0 120.3 -19.1 3.7 

3-4 211.9 -15.5 6.6* 138.2 -20.5 3.1 

3-5 249.0 -22.1 6.3 126.5 -18.2 3.2 

4-1 241.9 -48.0 8.7 133.3 -19.0 3.2 

4-2 236.6 -24.9 7. 3 122.2 -21.8 2.9 

4-3 236.7 -20.0 7.1 120.3 -20.1 2.8 

4-4 260.8 -35 .2 6.8 130.2 -17.1 2.8 

4-5 263.1 -21.8 8.8 130.6 -18.0 2.9 

~Unly from one specimen. 
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TABLE A1.1, continued 

Sample 600°C 685°C 
No. 0 1 J X lO•S 0 1 J x w·5 

5·1 No rreasurenent 121.9 ·18.4 2.9* 

5·2 266.4 -19 .8 6.8 129.2 -20.4 2.8 

5-3 261.5 -20.5 7.0 128.8 -20.3 2.9 

5·4 249.3 -30.2 6.9 133.0 -19.5 3.2 

5-5 No rreasurement 125.3 -15.3 2.8* 

6-1 303.9 -12.9 6.9 124.0 -19.7 2.7 

6-2 No rreasurement 119.3 -26.4 3.0* 

6-3 300.3 -26 .8 6.2* 109.1 -14.6 3.2* 

7-1 301.7 -15.4 6.7 117.1 -23.8 3.1 

7-2 253.3 -22.7 6.8 123.6 -16.0 3.2 

7-3 No neasurerrent 120.7 - 7.8 3.0* 

8-1 295.1 -16.2 26.1 111.1 -16.5 4.6 

8-2 241.2 -20.6 9.3 135.1 -23.6 3.8 

8-3 No ~reasurerrent 113.3 -10.8 6.4* 

8-4 257.5 -20.8 7.0 141.8 -11.7 5.0 

8-5 267.7 -19 .5 8.5 121.7 -25.4 3.1 

8-6 257.3 -18.6 10.2* 119.1 -15.2 3.7 

8-7 256.7 -21.4 9.3* 118.5 - 8.6 3.2 

8-8 272.3 -37.1 9.9* 128.5 -23.1 2.5 

8-9 267.8 -27.2 9.9* 106.8 -16.8 2!2 

8-10 No neasurerrent No rreasurement 

*Only f rom one specimen. 
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TABLE A1.1, continued 

Sample 600°C 685°C 
No. D I J X 10·5 D I J X 10·5 

9-1 301.4 -13.8 9.7 126.2 -15.2 3.2 

9-2 288.2 -21.8 9.7 129.5 -20.0 3.5 

9-3 287.5 - 1.7 10.0 123.9 -24.4 3.5 

9-4 296.0 -18.3 9.9 123.5 -20.1 3.0 

9-5 310.8 -17.7 9.7 130.8 -16.5 2.4 

9-6 305.2 -20.2 9.7 129.4 -16.7 2.9 

9-7 304.2 -23.0 11.5 124.1 -20.3 3.2 

9-8 305.5 -18.5 9.8 125 .6 -20.4 3.1 

10-1 304.7 -36.8 9.5 135.1 -19.8 2.8 

10-2 300.8 -18.3 9.8* 140.8 -21.4 3.2* 

10-3 304.2 -35.2 10.0* 125 .5 -18.8 3.7 

10-4 300.1 -26.6 9.7 119.6 -20.3 3.1 

10-5 326.0 -20.1 10.9 124.8 -18.9 3.0 

10-6 305.1 -24.3 9.6 125.3 -14.1 2.6 

11-1 270.2 -24.3 7. 3* 140.5 -19.4 2.9 

11-2 310.4 -46.1 8.2* 137.4 -17.3 3.0 

11-3 No neasurenent 140.1 c26,4 3.2* 

11-4 296.4 -31.5 9.1 144.3 -18.1 3.4* 

11-5 207.6 -17.8 6.7 141.1 ~ 18.8 3.2 

11-6 No neasurenent 142.1 a21.3 2.8* 

11-7 No neasurenent 144.3 -18.1 3.2* 

*Only from one speci nen. 
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TABLE A1.1, continued 

Airfield formation 

Sample NRM 350°C 
No. D I J X 10-S D I J x w·5 

1-1 357.9 - 6.6 7.3 21.8 -28.5 7.3 

1-2 12.9 -17.3 6.9 13.1 -15.3 7.0 

1-3 16.8 -13.3 6.0 21.6 -21.8 7.8* 

1-4 10.3 -12.6 7.0 18.1 -15.1 7.8 

1-5 14.6 -11.6 5.0 21.8 -14.9 7.2 

2-1 182.7 -12.5 6.7 183.4 -15.9 7.5 

2-2 183.5 -13.8 7.1 182.1 -20.9 7.0 

2-3 186.2 -17.0 6.7 173.6 -18.0 5.8 

2-4 183.7 -15.0 7.0 190.5 -21.8 6.9* 

2-5 183.2 -18.4 6.6 189.2 -16.6 6.8* 

2-6 178.7 -15.1 5.0 181.2 -14.3 6.9* 

3-1 186.2 -18.1 5.5 181.2 -17.6 6.9* 

3-2 180.4 -14.8 6.2 182.6 -31.0 7.3 

3-3 173.6 -13.2 6.0 194.3 -17.2 6.6* 

4-1 192.3 -14.5 7.0 191.2 -12 .8 6.8* 

4-2 190.3 -12.3 6.5 191.6 -14.0 8.1 

4-3 161.8 ~!6 .5 6.5 171.4 -18.6 6.8* 

5-1 342.3 +15 .4 . 4.8 359.6 +19.8 6.2 

5-2 . 1.7 +31.4 4.4 10.6 . +14.8 6.2* 

5-3 330.4 +16.8 4.4~ iio neasurement 
--~-~--~ 

*Only from one specimen. 
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TABLE Al.1, continued 

Sample NRM 350°C 
No. D I J X 10·5 0 I J X 10·5 

6-1 345.9 +20.3 5.0 298.1 +20.5 7.1 

6-2 331.1 +18.6 4.9* Ho neasurement 

6-3 359.1 +24.0 4.7 1.6 +32.4 7.1 

6-4 21.0 +20.8 4.6* No measurement 

7-1 345.1 + 9.4 3.7 329.3 +19.3 5.5 

7-2 331.6 +23.8 4.3 319.1 +19.2 4.8 

7-3 10.1 +15.5 5.1 14.8 +21.3 7.2* 

7-4 351.5 +22.4 5.0 352.4 +18.4 6.0 

7-5 25.9 +19.1 4.5 1.1 +32.6 6.7 

8-1 31.8 +23.5 5.3 23.3 +18.4 7.3* 

8-2 37.7 +22.4 4.8 14.3 +21.4 7.2* 

8-3 53.6 +16.5 4.6 32.1 +26.7 7.6 

8-4 24.2 +15.6 5.0 8.0 +19. 7 7.3 

8-5 19.0 +22.5 5.0 24.8 +17 .2 7.1* 

9-1 25.6 +26.3 5.2 43.6 +21.8 7.2* 

9-2 16.4 +10.3 4.6 17.4 +21.4 7.4 

9-3 12.5 +19.2 5.7 32.8 +19.5 7.1 

9-4 19.7 +19.2 5.2 47.6 +13.1 7.1 

10~1 14.6 +32.7 4.6 14.0 +23.8 4.9 

10-2 18.2 +23.3 4.8 19.9 +23.2 5.0 

--~-

*Only from one specimen. 
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TABLE Al.1, continued 

Sample NRM 350°C 
No. 0 I J X 10-5 0 I J X 10-5 

11-1 36.1 +21.2 5.0 18.8 +39.6 6.1 

11-2 15.3 +18.1 4.9 17.3 +22.2 6.1 

11-3 19.7 +22.3 4.8 11.7 +30.3 6.1 

11·4 19.7 +13.7 5.0 21.5 +23.6 6.1 

12-1 16.1 +13.4 5.1 6.1 +21.8 5.2 

12·2 24.3 +14.5 4.8 20.8 +29.7 5.0 

12-3 28.9 +27.2 4.6 No rreasurerrent 

12-4 34.2 +26.0 4.9 26.0 +22.5 5.0 

12-5 31.9 +23.7 5.0 20.0 +16.0 5.1 

12-6 18.5 +23.3 5.1 No rreasurerrent 

13-1 21.0 +19.5 5.0 20.3 +20.6 5.1 

13-2 22.4 +25.1 4.7 15.5 +21.3 5.1 

13-3 20.3 +18.3 4.5 No rneasurerrent 

*Only from one specimen. 
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TABLE Al.1, continued 

Sa~le 
600°C 685°C 

No. D I J X 10-S D I J X 10·5 

1-1 216.4 -15.3 9.0 112.5 -13.0 4.6 

1-2 220.7 -18.3 8.1 117.7 -12.5 3.1 

1-3 193.1 -20.2 8.2* 127.4 -15.9 3.1 

1-4 205.7 -17.3 8.6 115.2 -16.3 3.2 

1-5 202.2 -18.1 9.0 129.8 -21.7 3.1 

2-1 239.2 -20.9 7.9 120.4 -19.3 3.3 

2-2 222.7 -29.6 7.8 116.4 -18.6 3.1 

2-3 223.3 -13.6 7.5 117.5 -14.9 2.8 

2-4 245.6 -17.8 7.7* 121.1 -17.7 2.9 

2-5 200.1 -17.8 7.4* 119.6 -17.7 2.9 

2-6 200.0 -12.7 7.7* 121.0 -14.1 2.7 

3-1 211.3 -21.8 7 .1* 119.5 -20.9 3.0 

3-2 210.1 -27.6 9.0 117.8 -10.7 3.0 

3-3 221.2 -21.2 7 .2* 121.1 -13.4 3.5 

4-1 231.4 -43.6 9.6* 123.5 -13.5 3.6 

4-2 229.0 -19.4 9.8 122.2 -17.4 3.4 

4-3 193.6 -14.1 7.2* 119.9 -10.4 4.0 

5-1 166.0 -15.2 7.6 125.4 -18.8 2.5 

5-2 200.6 -16.6 ' 6.6 128.5 -18.4 2.6 

5-3 No measurerrent 120.4 ..:18.'3 2.8* 

*Only from one speci men. 
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TABLE At.1, continued 

Sarnp 1 e 600°C 685°C 
No. D I J X 10·5 D I J X 10•5 

6-1 198.3 -25.3 7.0 123.2 -18.3 2.8 

6-2 No neasurerrent 124.6 -30.2 2.8* 

6-3 198.0 -27.2 7.0 132.1 -18.8 3.1 

6-4 No rreasurerrent 132.5 -18.9 3.2* 

7-1 208.1 -32.7 14.0 125.4 -16.4 2.3 

7-2 255.0 -35.7 11.4 130.0 -18.6 3.6 

7-3 233.4 -16.8 8.4* 125.7 -20 .3 3.5 

7-4 215.3 -18.1 9.3 120.1 -18.2 3.1 

7-5 235.3 -19.4 9.7 126.0 -20.0 3.3 

8-1 198.9 -21.7 9.9* 131.4 -20.1 3.1 

8-2 200.3 -20.0 9.8* 130.3 -18.8 3.1 

8-3 221.0 -18.1 10.1 131.7 -15 .9 3.1 

8-4 204.4 -23.6 10.1 128.1 -18.1 3.0 

8-5 193.3 -41.2 10.0* 123.3 -21.3 3.1 

9-1 200.8 -37.2 10.8* 126.2 -16.9 3.1 

9-2 212.4 -19.0 10.3 117.1 - 17.9 3. 1 

9-3 196.3 -19.0 9.8 129.7 - 17 .8 3.1 

9-4 235.1 -37.1 9.7 121.4 ~ 18 .9 3.0 

10-1 239.1 -17.4 7.8 113.6 -10.2 2.8 

10-2 239.3 -18.2 8.1 115.3 c13,4 2.9 

*Only from one specimen. 
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TABLE Al.1, continued 

Sample 600°C 
No. 0 I J X 10•5 D 

11-1 273.1 -22.6 9.2 117.4 

11-2 300.1 -21.6 9.1 123.3 

11-3 256.7 -24.6 9.1 118.1 

11-4 270.8 -20.7 9.4 130.6 

12-1 243.8 -38.2 6.6 121.0 

12-2 242.2 -21.4 6.8 117.8 

12-3 No rreasurerrent 110.2 

12-4 255.2 -39.3 5.1 125.8 

12-5 249.2 -18.3 6.1 129.6 

12-6 No measurerrent 125.2 

13-1 270.3 -33.2 6.1 114.5 

13-2 305.2 -19.8 6.1 117.5 

13-3 No rreasurement 106 .1 

*Only from one specimen. 

/ 

685°C 
I J X 10•5 

-10.4 2.8 
-21.2 3.0 
-17.3 3.1 
-14.4 2.8 

-16.5 3.1 
-15.7 3.0 

-16 .9 3.2 

-18.4 2.9 

-19.5 3.1 

-15.2 2.9 

-12.8 3.6 

-15.7 3.6 

-23.3 3.1 
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TABLE A2.1 

Comparison of specirren magnetizations after 685°c treatment 

from three procedures 

Wabana formation 

Sample1 1-step 3-step 10-step 

(Wa} 02 13 J4 D I J D I J 

1-2 114 -18 2.8 122 -19 3.0 129 -19 2.8 

2-4 131 -17 2.8 132 -21 2.8 127 -20 3.2 

3-4 146 -22 3.2 138 -21 3.1 130 -19 2.9 

4-4 lll -19 2.8 130 - 17 2.8 130 -15 2.8 

5-2 130 -22 2.8 129 -20 2.8 128 -19 2.8 

6-1 127 - 18 2.4 124 -20 2.7 

7-3 121 - 8 3.0 121 - 8 3.0 

8-8 115 -31 2.2 129 -23 2.5 141 -14 2.8 

9-1 121 -12 3.1 126 -15 3.2 131 -18 3.4 

10-4 129 -19 3.2 120 -20 3.1 129 -21 3.2 

11-5 141 -20 3.5 141 -19 3.2 141 -20 3.5 

1Different specirrens from the sarre sample are used in three 
procedures of deJucignetization. · 

2o = declination, degrees. 

31 = inclination, degrees . 

4 3 -5 
. J = intensity of magnetization in emu/em x 10 · 

/ 
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TABLE A2.1, continued 

Comparison of speci rren magnetizations after 685°c t reatrrent 

from three procedures 

Airfield formation 

Samp le1 1-step 3-step 10-s tep 

(Wa) rl- 13 J4 D I J D I J 

1-2 121 -12 3.0 118 -13 3.1 125 -10 3.2 

2-3 121 -16 2.8 118 -15 2.8 125 -19 3.1 

3-3 121 -12 3.8 121 -13 3.5 131 -22 2.9 

4-3 119 -12 4.1 120 -10 4.0 121 -15 3.8 

5-1 120 -18 2.8 125 -19 2.8 127 -21 3.0 

6-2 125 -21 2.9 125 -30 2.8 132 -19 3.2 

7-1 120 -22 3.8 125 -16 2. 3 121 -14 2.4 

8-2 131 -22 3. 3 130 -19 3.1 130 -19 3.3 

9-1 121 -19 3.0 126 - 17 3.1 122 -19 3.2 

10.2 118 -13 2.9 115 -13 2.9 132 -14 2.9 

11-3 122 -15 3.3 118 -17 3. 1 131 -10 3. 3 

12-6 120 -22 3.2 125 -15 2.9 132 -15 3.1 

13-1 114 -15 3.1 115 -13 3.6 125 -20 3. 1 

See footnotes, previous page. 

--. 
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