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the time of cooling and thus the asymmetry of remanence directions 
reflects either apparent polar wandering or non-dipole disturbances 
during Keweenawan time ra ther than secondary overprints. 
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Introduction 

L a t e P r e c a m b r i a n K e w e e n a w a n i g n e o u s 
a c t i v i t y took p l a c e 1.2.—1.0 G a ago in t h e 
L a k e S u p e r i o r r e g i o n of t h e S o u t h e r n P r o v -
ince of t h e C a n a d i a n S h i e l d (e.g. H a l l s 1966; 
S i l v e r a n d G r e e n 1972). I n t e r e s t in p a l e o -
m a g n e t i c w o r k in t h i s r e g i o n h a s a r i s e n f r o m 
t h e p i o n e e r i n g s t u d y of D u B o i s (1962). H e 

1 Present address: Geological Survey of Finland 
Department of Geophysics 
SF-02150 Espoo 15 
Finland 

s h o w e d t h a t t h r o u g h t h e d e t e c t i o n of m a g -
ne t i c r e v e r s a l s , t h e a p p l i c a t i o n of p a l e o m a g -
n e t i s m to K e w e e n a w a n rocks cou ld b e a 
p o w e r f u l tool in s t r a t i g r a p h i c c o r r e l a t i o n . 
T h i s conc lus ion h a s s ince b e e n c o n f i r m e d b y 
v a r i o u s a u t h o r s (e.g. Beck 1970; P a l m e r 1970; 
P e s o n e n a n d Ha l l s 1977). T h e K e w e e n a w a n 
d a t a d e f i n e a p r o m i n e n t a n t i c l o c k w i s e m o v e -
m e n t of t h e p o l e k n o w n as »The G r e a t L o g a n 
P a l e o m a g n e t i c Loop» ( R o b e r t s o n a n d F a h r i g 
1971; Fig. 10). T h e s i g n i f i c a n c e of s u c h loops 
or »ha i rp in s» ( I rv ing a n d P a r k 1972) in t h e 
d e v e l o p m e n t of P r e c a m b r i a n p l a t e t e c ton i c s 
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Fig. 1. Simplified geologi-
cal map of Thunder Bay 
district showing the Ke-
weenawn Logan intrusions 
and sampling sites. A 
simple number (e.g. 67) 
denotes normal polarity 
(N) and the letter R de-
notes reversed polarity.' 
Baked samples were col-
lected at the following 
sites: R24, R41 (Rove 
shale): R27, R28, R40, R42, 
R43, R44, R46, R47, R48 
and N67, N68 (Sibley red 
bed series). For references 

see Pesonen (1978). 

has been discussed by severa l au thors (e.g. 
P ipe r et al. 1973), w h o suggest t ha t they m a y 
be the s igna tures of Wilson- type opening and 
closing of ancient oceans (Wilson 1966). 

A m a j o r p rob lem in K e w e e n a w a n paleo-
magne t i sm is the exis tence of two asymmet r i c 
(i.e. not 180 degrees) reversa ls (Pesonen 1978): 
the reversed r emanence direct ion a lways has 
a much s teeper (upward) incl inat ion t h a n the 
no rma l (downward) one (Figs. 4—7). Of p a r -
t icular concern in the in t e rp re t a t ion of Ke-
w e e n a w a n pa leomagne t i sm is w h e t h e r the 
a s y m m e t r y is caused by a secondary m a g n e -
tization component (Pa lmer 1970), by an ap-
p a r e n t polar w a n d e r (e.g. Beck 1970; Robe r t -
son and Fahr ig 1971; Pesonen and Hal ls 1977) 
or by a f u n d a m e n t a l d i f fe rence in t h e source 
region of the geomagnet ic f ie ld b e t w e e n no r -
ma l and reversed polar i t ies (Wilson 1972; 
Pesonen 1978). P rev ious demagnet iza t ion 
s tudies of in situ K e w e e n a w a n igneous rocks 
have fai led to detect any evidence of a re -

gional secondary component which could ex-
pla in the a s y m m e t r y of the reversa l (e.g. Pa l -
mer 1970; Books 1972; Pesonen and Hal ls 
1979). 

The purpose of the p resen t paper is to 
show, t h rough the use of the baked contact 
test (Everi t t and Clegg 1962; Wilson 1962) and 
rock magnet ic proper t ies , t ha t both no rma l 
and reversed direct ions are due to TRM 
( thermo r e m a n e n t magnet iza t ion) acquired at 
the t ime of m a g m a cooling. This paper and 
a s imilar one on dikes f r o m N o r t h e r n Michi-
gan (Pesonen and Hal ls 1979) a re p a r t of a 
much la rger s tudy on the pa leoin tens i ty of 
K e w e e n a w a n dikes and the i r baked host 
rocks (Pesonen 1978; Pesonen and Halls, in 
prepara t ion) . The demons t ra t ion of a TRM is 
an essential p re requ i s i t e for pa leoin tens i ty 
de te rmina t ions . A by-p roduc t of t h e presen t 
s tudy includes a n e w pa leomagnet ic pole de-
te rmina t ion for reverse ly magne t ized Logan 
diabase dikes in the T h u n d e r Bay area. 
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Fig. 2. S impl i f ied geological m a p of Sibley P e n i n s u l a region. Baked contact samples w e r e collected 
at the fol lowing si tes: R23, R29, N58, N59, N61 (Rove shale) and R26, R38, N67 (Sibley red bed). E x -

p lana t ion as in Fig. 1. 

Geological setting 

The geological se t t ing of the T h u n d e r B a y -
Pigeon River (Ontario) a rea is shown in Figs. 
1, 2 and 3. The f la t - ly ing A n i m i k e a n Rove 
Forma t ion (2.1—1.6 Ga) and the over ly ing 
Sibley Series ( ^ 1.3 Ga) res t u n c o n f o r m a b l y 
on the Archean (Halls 1966; F r a n k l i n et al. 
1978; Wanless and Lover idge 1978). K e w e e -
n a w a n diabase sills i n t rude the Sibley series 
and the Rove fo rmat ion . The th ickness of t h e 
sills var ies f r o m a f e w mete r s to 300 meters . 
The sills a re hor izonta l or dip gen t ly to the 
south. 

The Sibley Series and Rove F o r m a t i o n a re 
also cut by p redominan t ly NE- or ENE 

t rend ing diabase dikes (Figs. 1, 2 and 3). The 
genera l s t r ike of the d ikes is para l le l to the 
K e w e e n a w a n r i f t axis in the Lake Super ior 
region (Halls 1978). The dikes a re ver t ica l or 
dip s teeply to the south and va ry in wid th 
f r o m 1 to 40 meters . Magnet ical ly these dikes 
a re of both no rma l and reversed po la r i ty in 
cont ras t to the sills, wh ich are of reversed 
polar i ty only. F r o m the point of v iew of 
pa leomagnet ic and rad iomet r ic age dat ing, it 
is impor t an t to note t h a t bo th the n o r m a l and 
reversed dikes cut all t he o ther rock types 
including the sills (DuBois 1962; Pesonen 
1978). Norma l dikes a re more a b u n d a n t in 
the sou the rn t ip of the Sibley Pen insu la and 
n e a r b y islands, whe rea s only reversed dikes 
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Fig. 3. Simplified geological m a p of the Pigeon River area showing the Keweenawan dikes. Expla-
nation as in Fig. 1. 

have been found nor th of Marie-Loise L a k e 
(Figs. 1 and 2). According to M u d r e y (1976), 
the reversed sills and dikes a re i lmeni te - r ich 
tholeii t ic in t rus ions in cont ras t to the 
younger normal ly magnet ized olivine bea r ing 
diabase dikes. Pet rological ly these Kewee -
n a w a n in t rus ive rocks (also called Logan in -
trusives) a re una l t e red or only s l ight ly m e t a -
morphosed (DuBois 1962; Rober tson and 
Fahr ig 1971; Hanson 1975). 

Age of the dikes 

Although geological re la t ionships demon-
s t r a t e t ha t the ENE- t r end ing dikes a r e 
younger t han the sills, whole rock K - A r age 
da ta do not revea l any s ignif icant age d i f f e r -
ence be tween the two rock types (see s u m m a -
ry of the age da ta in Pesonen (1978)). How-
ever, the r ange of K - A r ages is la rge (730 to 
1300 Ma), suggest ing tha t some argon has 

been lost. The most recent Ar4 0 /Ar3 9 p la teau 
ages (Hanson 1975) suggest an older age 
(1175—1147 Ma) fo r the sills t h a n for the 
dikes 1135 Ma) which is consistent w i th 
geological cross-cut t ing relat ions. This t r end 
is suppor ted by a Rb -S r whole rock age (1200 
Ma) for a Rove shale sample baked by a 
Logan reversed sill (Wanless and Lover idge 
1978). According to the avai lable age da ta 
and t ak ing into account the complex cross-
cut t ing re la t ions (Geul 1973; Pesonen 1978), it 
is possible t ha t dikes of severa l ages a re 
p resen t in both polar i ty g roups and tha t the 
igneous act ivi ty occurred th roughou t a t ime 
in te rva l 1200—1000 Ma ago. 

Sampling and laboratory studies 

Two h u n d r e d and seventy or iented hand 
samples (five to t w e n t y per site) w e r e col-
lected f r o m 18 reversed and 22 no rma l dikes 



Paleomagnetism of Late Precambrian . . . 31 

and f r o m 10 reversed sills (Figs. 1, 2 and 3). 
Field or ien ta t ion was car r ied out w i th a sun-
compass. Baked contact samples w e r e col-
lected at 13 reversed and 5 no rma l sites (Figs. 
1 and 2). In 8 cases the baked coun t ry rock 
is Rove shale whe rea s in 10 cases i t is the 
Sibley Series. Baked samples w e r e genera l ly 
obta ined f r o m the n a r r o w and o f ten a l te red 
(based on colour and t ex tu re changes) con-
tact zone to ensure t ha t t empe ra tu r e s in th is 
zone have exceeded 580°-—680°C (Curie t e m -
pe ra tu r e s of magne t i t e and hemat i te , respec-
tively). This e l iminates par t ia l ly baked rocks 
wi th mul t i component NRMs (Robertson 1973). 
However , at t h ree localit ies (R24, R27 and 
R40) samples w e r e collected along prof i les 
ex tending f r o m the igneous body th rough t h e 
baked zone into the unbaked coun t ry rock in 
order to ca r ry out a fu l ly baked contact tes t 
(Everi t t and Clegg 1962). A detai led descr ip-
tion of l abora to ry ins t ruments , measur ing 
p rocedure and pa leomagnet ic da t a processing 
is given by Pesonen (1978). 

AF demagnetization studies 

The af demagnet iza t ion character is t ics of 
Logan in t rus ives have been s tudied ear l ier by 
P a l m e r (1970) and Rober tson and Fahr ig 
(1971). They detected only a single charac-
terist ic r e m a n e n t magnet iza t ion component 
in each of the no rma l and reversed rocks. In 
this s tudy each specimen was demagnet ized 
in 50—100 oe steps up to 1000 oe. No b l anke t 
c leaning was employed in order to ca re fu l ly 
moni tor possible di rect ional changes at the 
specimen level. The s i te -mean direct ions 
were also analysed as a func t ion of demag-
netizing f ield (Robertson 1973). This method 
reduces i n s t rumen ta l noise b u t mus t be used 
wi th caut ion (Pesonen 1978). T h e pa leomag-
netic s tabi l i ty indices w e r e de te rmined fo r 
each specimen using the methods of Symons 
and S tupavsky (1974) (PSI) and Pesonen and 

Halls (1979) (063). Th ree h u n d r e d and f i f t y 
igneous and baked specimens w e r e invest i -
gated. One reversed dike (R39) and th ree 
no rma l dikes (N69—N71) w e r e excluded f r o m 
f u r t h e r analysis as t hey revea led scat tered 
paleodirect ions caused by uns tab le NRMs 
(PSI > 200). 

Results 

The m a j o r i t y of the specimens are direc-
t ional ly s table yielding a single character is t ic 
NRM component in ag reemen t wi th previous 
studies. Two examples of the dike specimens 
and ad jacen t baked contact rocks a re shown 
in Figs. 4 and 5. These examples demons t r a t e 
the high direct ional s tabi l i ty of NRMs (mini-
m u m PSI va lues less t h a n 20) and lack of 
secondary components , including tha t due to 
the presen t Ea r th ' s f ield (PEF). Note t h a t in 
both cases the reversa l r emains a symmet r i c 
t h roughou t the fu l l r ange of the coercivity 
spectra . Note also tha t the individual baked 
specimens t end to yield be t t e r pa leomagnet ic 
da ta (smaller PS I values) t han the i r igneous 
counte rpar t s . 

A close invest igat ion of the direct ional da ta 
reveals, however t ha t some of the no rma l 
specimens yield a smal l (5°---15°) di rect ional 
swing of NRM f r o m a s teep posit ive inc l ina-
tion to a shal lower one wi th wes ter ly decl ina-
tions. These swings t ake place at low or 
modera t e f ields (0 --400 oe) along a g rea t 
circle which passes n e a r the P E F direction. 
Endpoin ts a re a t ta ined at h igher fields. The 
swings of the indiv idual specimens are o f t en 
scat tered owing to i n s t rumen ta l noise bu t 
this scat ter is reduced w h e n s i t e -mean da ta 
a re invest igated (Fig. 6). In cont ras t to the 
no rma l dikes, the reversed ones show no 
evidence of such swings (Fig. 6). The reversed 
in tens i ty of NRM, on the o ther hand , o f t en 
exhibi ts an init ial increase in low cleaning 
fields. This is not the case in the no rma l da ta 
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ALTERNATING F IELD [ oe ] 
Fig. 6. Examples of the directional swings of si te-mean data upon AF demagnetization. Symbols as 
in Fig. 4. Note that the normal site shows evidence of a small directional swing presumably due to 

PEF contamination, whereas the reversed one does not. 

(e.g. Figs. 4, 5 and 6). If a r andom or se l f -
reversed component were the cause of these 
swings, the in tens i ty curves of no rma l and 
reversed da ta ought to be similar, which 
they are not. Therefore , the more l ikely ex -
p lana t ion of the direct ional swings of the 
no rma l da t a is a super imposed P E F ove rp r in t 
which is a lmost an t ipara l le l to the s teep 
reversed r emanence direct ion b u t not to the 
shal lower no rma l one. The n a t u r e of th is 
P E F ove rp r in t is p robab ly chemical r e m a -
nence (CRM) due to recent wea the r ing or 
viscous r emanence (VRM) (Pesonen 1978). 

Fig. 4. (opposite, top) Typical examples of AF 
characteristics of Logan intrusives. Left : nor-
malized intensities of NRM. Right: NRM direc-
tions on a Lambert equal-area stereonet. Open 
(closed) symbol reversed (normal) polarity, (x) 
denotes the present Earth 's magnetic field (PEF). 

Fig. 5. (opposite, bottom) Typical examples of AF 
characteristics of baked contact rocks. Samples 
taken near the dikes of Fig. 4. Symbols as in 

Fig. 4. 

Thermal demagnetization studies 

The resul ts of t h e r m a l demagnet iza t ion 
s tudies of 210 specimens are comparab le to 
those obta ined wi th af demagnet iza t ion . The 
NRMs of most igneous and baked samples 
have high direct ional s tabi l i ty . Two e x a m -
ples of baked specimens are shown in Fig. 7. 
Also emphasized in Fig. 7 is the d e t e r m i n a -
tion of the op t imum cleaning t e m p e r a t u r e 
wi th the PSI (Symons and S tupavsky 1974) 
and 0 6 3 (Pesonen and Halls 1979) methods . 
Note the super ior i ty of the l a t t e r me thod over 
the fo rmer . 

In genera l the reversa l r emains a symmet r i c 
t h roughou t the fu l l r ange of blocking t em-
pe ra tu r e s up to the hema t i t e Cur ie-poin t 
(680 C); no evidence of a regional secondary 
component was found upon t h e r m a l c leaning 
(Pesonen 1978). 

Some physical p roper t ies of the dikes 
s tudied are summar ized in Tables 1 and 2. 
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Fig. 7. Two examples of baked contact rocks upon thermal demagnetization. (A) normalized intensi-
ties of NRM, (B) directions of NRM on Lambert equal-area stereonet and (C) evaluation of the opti-
mum cleaning temperatures according to the methods of Symons and Stupavsky (1974) (PSI) and 

Pesonen and Halls (1979) (©63). Other symbols as in Fig. 4. 

An invest igat ion of these da t a reveals t h a t 
t h e r e is no corre la t ion be tween the a sym-
m e t r y of the reversa l and rock type, geo-
graphic site location or physical proper t ies . 
If a secondary component is p resen t in va r i -
able amoun t s in these rocks, one migh t expec t 
to observe a corre la t ion be tween the inc l ina-

tion and in tens i ty of NRM. No such cor re la -
tion exists. The magnet ic p roper t i es of 
no rma l and reversed rocks are genera l ly ve ry 
s imilar (e.g. Q, Hy2 and Ti/2 values) except f o r 
the t endency of the reversed dikes to have 
h igher suscept ibi l i ty (/) and NRM intens i ty 
values t h a n the no rma l ones (Tables 1 and 2). 
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Table 1. Magnetic properties of Thunder Bay normal dikes. 

Dike N <5 X NRM Q Hy, T •/. I 

Pigeon River dikes 
N50 5 2.94 689 2001 5.0 280 515 45.6 
N51 4 2.94 999 2898 5.0 230 — 41.9 
N52 3 2.97 683 1277 3.3 220 445 46.2 
N53 3 2.94 522 2687 8.1 270 459 39.4 
N54 3 2.89 792 2607 9.8 180 430 34.8 
N55 4 2.98 289 2190 12.9 50 — 44.9 
Mean 6 2.94 662 2277 7.4 205 462 42.3 

Sibley Peninsula dikes 
N56 * 4 2.74 104 168 1.3 430 460 27.2 
N57 * 3 2.76 22 2 0.2 410 — 46.1 
N58 * 5 2.87 375 2071 4.6 215 530 17.0 
N59 1 3.00 1187 2209 3.1 210 500 21.3 
N60 4 2.93 218 472 4.1 210 485 19.3 
N61 * 2 2.83 49 30 1.0 560 — 20.8 
N62 4 2.93 671 1826 4.6 205 500 40.1 
N63 * 3 2.70 33 1 0.1 570 — 42.9 
N64 4 2.89 329 904 2.0 370 485 52.0 
N65 4 2.93 1053 1147 1.8 80 365 34.6 
N66 4 3.02 598 3731 8.1 160 485 52.3 
N67 * 2 2.80 147 696 18.8 230 — 46.2 
N68 2 2.93 666 1125 2.9 215 485 39.6 
Mean 13 2.87 419 1106 4.0 297 477 35.8 
Mean of all 
normal 19 2.89 496 1476 5.1 268 473 38.0 

N number of samples 
å density (g/cm3) 
X low-field susceptibility (10"6 emu/cm3) 
NRM intensity of the Natural Remanent Magnetization (10"6 emu/cm3) 
Q Koenigsberger ratio 
Hi/. median destructive field (oe) 
Ti/, median destructive temperature (°C) 
I inclination of NRM (after cleaning) 
* denotes a low density dike 
Note: cgs units have been used throughout this work. A useful t ransformation guide f rom the cgs 

system to the SI-system is given in the Appendix 

Baked contact tests 

The ra t iona le beh ind the baked contact 
test is the fact tha t the baked coun t ry rocks 
(Rove shale and Sibley red sandstone) have 
l i thological and physical p roper t ies d i f f e r en t 
f r o m the i r igneous coun te rpa r t s (Tables 1, 2 
and 3); hence, it is unl ike ly tha t t h e two 
rock types have been af fec ted by the same 
amoun t of a secondary component , wh ich 

would resul t in a nega t ive baked contac t tes t 
(Everi t t and Clegg 1962). 

All the baked contact tes t sites (except 
sites N68, R40) a re in the Sibley Pen insu la 
(Figs 1 and 2). In one case the site consists 
of a reversed sill (R40) and a n o r m a l dike 
(N68), both in t rud ing the same Sibley un i t 
(Fig. 2). A synthesis of the baked contact 
tests is given in Table 4 (see also Pesonen 
1978). 
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Table 2. Magnetic properties of Thunder Bay reversed dikes. 

Dike N <5 / NRM Q Hi/, TI/i I 

R22 4 3.01 1510 3305 3.6 310 —66.4 
R23 3 2.94 1105 6089 10.4 120 — —79.5 
R24 2 2.89 673 3731 9.5 310 455 —70.1 
R25 4 2.85 1635 1229 6.1 160 465 —58.6 
R26 3 2.96 1136 431 2.9 260 485 —69.0 
R27 4 2.93 1144 1528 2.3 480 510 —67.1 
R28 2 2.96 873 6123 11.9 150 470 —73.2 
R29 2 2.96 426 485 1.9 260 495 —71.4 
R30 5 2.99 1201 27904 35.9 250 — —64.6 
R31 2 2.88 1218 747 1.0 75 515 —68.5 
R32 4 2.99 1103 762 1.4 130 — —78.1 
R33 4 2.95 1282 5687 7.5 350 — —60.8 
R34 3 2.98 2318 3537 3.4 275 465 —56.9 
R35 5 2.95 1616 4092 4.4 430 — —57.6 
R36 3 2.98 945 695 1.2 280 — —65.0 
R37 3 2.95 74 1885 4.0 280 — —66.5 
R38 2 2.95 1398 1795 1.9 110 — —62.9 
Mean 17 2.95 1195 4119 6.4 249 483 —68.4 

Same symbols as in Table 1. 

Normal polarity dikes 

The mean direct ion of the NRM of baked 
rocks a f t e r af cleaning (D = 291°, 1 = 31°, 
K = 32, a95 = 14°, N = 5 sites) agrees well w i th 
tha t of the corresponding dikes (D = 298°, 
1 = 27°, K = 20, «95 = 18°, N = 5). T h e r m a l de-
magnet iza t ion gives comparab le resul ts 
(Table 4). On the o ther hand, the direct ion 
of the NRM of the unbaked Sibley sed iment 
is ve ry d i f f e ren t (D = 252°, 1 = 20°), indicat ing 

tha t the baked contact test is fu l ly posit ive 
(Everi t t and Clegg 1962). 

Reversed polarity dikes 

The mean direct ion of NRM of the baked 
rocks a f t e r af c leaning (D = 116°, I = — 6 8 ° , 
K = 43, a95 = 8 J , N = 9) is not s igni f icant ly d i f -
f e r en t f r o m tha t of the igneous rocks (D = 123°, 
I = — 7 3 ° , K = 40, a95 = 8°, N = 9). T h e r m a l 

Table 3. Magnetic properties of baked and unbaked rocks. 

Unit N / n d Q H./s Ty, J200 

mean normal sites 3/5 
mean reversed sites 3/12 

unbaked rocks 1/2 

mean normal sites 2/6 
mean reversed sites 4/14 

unbaked rocks 1/1 

Baked Rove shale 
2.71 29 0.4 
2.69 11 3.9 
2.63 19 0.1 

Baked Sibley series 
2.61 13 9.6 
2.59 18 9.8 
2.63 12 4.7 

323 485 9.2 
380 575 10.8 
182 300 0.6 

730 525 115.1 
875 536 19.6 

> 1000 590 — 

N / n number of sites/samples 
J200 intensity of NRM after 200 oe af cleaning 
other symbols same as in Table 1 
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Table 4. Summary of Keweenawan baked contact tests. 

Rock units Af cleaning Thermal cleaning 
N / n D I K a95 N / n D I K a95 

normal dikes 5/13 298 27 20 18 2/3 290 28 38 42 
normal baked rocks 5/11 291 31 32 14 2/7 294 29 37 42 

unbaked Sibley 1/1 252 20 — — 1/1 245 12 — — 

reversed dikes 9/25 123 —73 40 8 5/6 117 —69 24 16 
reversed baked rocks 9/29 116 —68 43 8 5/14 119 —68 232 5 

unbaked Sibley 1/13 225 —2 12 38 — — 

unbaked Rove 1/5 254 48 3 49 

reversed sills 4/9 105 —68 46 14 3/4 121 —70 63 16 
reversed baked rocks 4/16 125 —70 181 7 3/9 127 —73 159 10 

N / n number of sites/samples 
other symbols same as in Table 1 

demagnet iza t ion gives s imilar resul ts (Table 
4). In both cases the baked rocks yield less 
dispersed pa leomagnet ic direct ions t h a n the 
igneous rocks (see K values in Table 4). This 
appears to be a character is t ic f e a t u r e of all 
K e w e e n a w a n baked contact tests (Pesonen 
1978; Pesonen and Halls 1979) and indicates 
the pa r t i cu la r su i tabi l i ty of baked rocks for 
pa leomagnet ic s tudies (see also Smi th 1965). 
The less dispersed da ta of the baked rocks 
resul ts f r o m the h igher s tabi l i ty of NRM 
(smaller PS I and 0 6 3 values) of ind iv idua l 
baked specimens t han of igneous or u n b a k e d 
specimens (Figs. 4 and 5). 

The fu l l y posit ive baked contact test in 
reversed da ta is f u r t h e r emphasized by the 
NRM resul ts of the u n b a k e d coun t ry rocks 
which a re s ignif icant ly d i f f e r en t f r o m those 
of the igneous and baked rocks (Table 4). 
The unbaked Rove specimens yield a paleo-
magnet ic direct ion (D = 254°, 1 = 48°) which 
is not s iginif icant ly d i f f e r en t f r o m t h a t of 
Books (1972) (D = 241°, 1 = 59°). In contrast , 
the unbaked Sibley specimens reveal a NRM 
direct ion (D = 225°, I = —2°) in reasonably 
good ag reemen t wi th t ha t given by Rober tson 
(1973: D = 240, 1 = 16°). 

Nature of NRM 

Magnetic proper t ies of the baked and 
unbaked rocks are compared in Table 3. T h e 
magnet ic s tabi l i t ies (HI£, Ti/2) and intensi t ies 
(J200, Q-value) of the baked rocks a re an 
order of magn i tude h igher t han those of 
the u n b a k e d count ry rocks. These results , 
along wi th the observat ion tha t the suscep-
tibili t ies (which m a r k the amoun t of magne t ic 
mater ia l ) of the count ry rock types (baked 
or unbaked) a re ve ry similar , s t rongly suggest 
t h a t an e f fec t ive t h e r m o r e m a n e n c e (TRM) 
was acquired in the baked contact zone at 
the t ime of m a g m a in t rus ion and subsequen t 
cooling (Pesonen 1978). F u r t h e r suppor t for 
this idea comes f r o m the prof i le da ta of which 
one example is shown in Fig. 8 (for f u r t h e r 
prof i le examples , see Pesonen 1978). In Fig. 
8 the NRM direct ions of the dike (width ~ 4.5 
m) and ad jacen t baked contact zone a re ve ry 
s imilar u p to a dis tance of about 0.6 d ike-
width , a f t e r which the direct ion swings 
progress ively towards the u n b a k e d Rove 
direction. The physical proper t ies (Q-value, 
re la t ive paleointens i ty ( = J200/A200) etc.) 
decrease approx ima te ly exponent ia l ly f r o m 
the contact. Thus a tota l TRM is produced 
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Fig. 8. An example of a paleomagnetic profile across a Keweenawan reversed dike (R24) and Animi-
kean Rove Formation. Bottom: relative paleointensity (J200/A200), where J200, A200 are the NRM and 
ARM (anhysteretic remanent magnetization) intensit ies af ter 200 oe of cleaning. Top: directions of NRM 
(uncleaned). The numbers refer to specimens taken progressively f rom the contact. (*) denotes the 

NRM direction of the unbaked Rove formation (Books 1972). 

only in a n a r r o w baked zone, whereas a pa leointens i ty s tudies (Pesonen 1978; Pesonen 
pa r t i a l TRM is p resen t in the ad jacen t 
w a r m e d zone. At a dis tance of about one to 
two d ike -wid ths (Fig. 8), the coun t ry rock is 
tota l ly unef fec ted by the dike in t rus ion. 

The presence of a tota l TRM in the baked 

and Halls, in prepara t ion) . 

Mean directions and pole positions 

Posi t ive baked contac t tests a l low us to 
contact rocks is an essential p re requis i t e for combine the pa leomagnet ic da t a f r o m the 
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Table 5. Paleomagnetic results of Thunder Bay normal dikes and baked contact rocks (combined). 

Site N AF PSI D I K a95 

Pigeon River dikes (Lat = 48.1°N, Long = 89.5°W 
N50 5 100—200 9 305.8 45.6 423 3.7 
N51 3 100—500 12 300.3 41.9 93 12.8 
N52 3 200—400 19 304.6 46.2 151 10.0 
N53 3 200—400 10 305.2 39.4 69 14.9 
N54 3 100—500 18 291.0 34.8 57 16.4 
N55 4 200—400 32 289.0 44.9 68 11.2 
Mean 6 17 299.1 42.3 131 5.8 

Sibley Peninsula dikes (Lat = = 48.4°N, Long = 88.7°W) 
N56 * 4 200—500 18 291.2 27.2 324 5.1 
N57 * 3 75—100 123 320.0 46.1 40 19.8 
N58 * 6 200—500 11 296.5 17.0 74 7.8 
N59 3 50—600 13 300.8 21.3 49 17.7 
N60 3 200—300 27 291.3 19.3 83 13.6 
N61 * 3 300—800 6 294.9 20.8 145 10.2 
N62 4 200—600 16 301.5 40.1 475 4.2 
N63 * 3 300—500 25 321.0 42.9 52 17.3 
N64 3 75—400 12 316.2 52.0 33 21.8 
N65 4 150—300 43 302.3 34.6 467 4.2 
N66 3 200—1000 12 302.4 52.3 78 14.0 
N67 * 5 300—600 20 280.0 46.2 65 9.5 
N68 5 100—300 14 288.9 39.6 27 14.9 

Mean 13 26 299.7 35.8 26 8.2 

Paleomagnetic pole postition LAT = 34.3°N, LONG = 172.7°E (dp = 5.5°, dm = 9.5°) 

Sibley Peninsula anomalous dikes (*) 
Mean 6 34 299.8 34.2 20 15.6 

Paleomagnetic pole position LAT = 36.1°N, LONG = 175.0°E (dp = 4.3°, dm = 7.2°) 

Thunder Bay normal dikes (all) (Lat = 48.3°N, Long = 89.0°W) 

Mean 19 23 299.5 38.0 34 5.8 

Paleomagnetic pole position LAT = 35.2°N, LONG = 174.0°E (dp = 4.1°, dm = 6.9°) 

* denotes a low-density anomalous dike (see Table 1). 
Other symbols as in Table 6. 

igneous and baked contact rocks in o rde r to 
calculate the f inal site mean paleodirect ions 
and corresponding pa leomagnet ic pole posi-
tions. The computa t ion p rocedure is the same 
as in Pesonen and Halls (1979). We no te he re 
in passing t h a t the o p t i m u m cleaning (Symons 
and S tupavsky 1974; Pesonen 1978) and the 
leas t -sca t ter me thods (Irving et al 1961) 
yielded ident ical paleodirect ions b u t t ha t the 
op t imum cleaning method gave smal le r 

scat ter (higher K values). A s u m m a r y of the 
pa leomagnet ic da t a is given in Tables 5 and 6 
and in Fig. 9. The pa leomagnet ic poles of this 
w o r k a re p lo t ted onto a revised Logan Loop 
in Fig. 10. (Pesonen 1978). 

Normal dikes and baked rocks 

The mean direct ion of NRM in the Pigeon 
River no rma l dikes (D = 299°, 1 = 42°, K = 1 3 1 , 
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Table 6. Paleomagnetic results of Thunder Bay reversed dikes and baked rocks (combined) 
(Lat = 48.4°, Long = 88.8°W) 

Site N AF PSI D I K a95 

R22 4 200—300 14 119.6 —66.4 827 3.1 
R23 4 100—600 17 113.0 —79.5 47 13.6 
R24 8 200—800 10 107.0 —70.1 473 2.5 
R25 4 200—600 28 138.0 —58.6 37 15.2 
R26 6 200—500 23 116.1 —69.0 47 9.8 
R27 8 100—600 11 110.8 —67.1 91 5.8 
R28 6 0—800 9 124.3 —73.2 150 5.4 
R29 5 200—400 16 119.2 —71.4 271 4.6 
R30 5 400—600 33 140.5 —64.6 18 18.5 
R31 6 300—1000 38 118.7 —68.5 8 24.7 
R32 4 200—500 80 111.9 —78.1 32 16.4 
R33 4 100—300 14 137.2 —60.8 998 2.9 
R34 3 200—400 10 110.0 —56.9 108 11.8 
R35 5 0—400 11 88.8 —57.6 134 6.6 
R36 3 200—400 155 50.1 —65.0 59 16.2 
R37 3 300—400 52 75.8 —66.5 130 10.8 
R38 5 200—400 34 118.0 —62.9 69 9.2 
Mean 17 33 112.3 —68.4 53 4.9 

Paleomagnetic pole position LAT = 48.0°N. LONG = 212.2°E (dp = 7.0°, dm = 8.3°) 

N number of samples 
AF range of cleaning fields of individual specimens (oersteds) 
PSI paleomagnetic stability index (Symons and Stupavsky, 1974) 
D, I declination, inclination of NRM 
K Fisherian precision parameter (Fisher, 1953) 
a95 semiangle of the cone of confidence (P = 0.95) 
LAT, LONG lati tude and longitude (degrees) of the paleomagnetic pole 
dp, dm semiaxis of the oval of confidence of the pole (P = 0.95) 

(A) AF 
cleaning 

(B) Thermal 
cleaning 

270 

180 180 

Fig. 9. Summary of paleomagnetic data of Thunder Bay dikes and adjacent baked contact rocks (com-
bined). (A) AF cleaning (B) thermal cleaning. Symbols as in Fig. 4. 
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L O G A N L O O P 

Fig. 10. Paleomagnetic poles of the Logan intrusives and baked rocks (combined) of this work plotted 
onto the Logan Loop. Data f rom this work are: TBN (Thunder Bay normal dikes). TBR (Thunder Bay 
reversed dikes) and LS (Logan reversed sills). MD is the pole for the Lower Keweenawan Marquette 
dikes of Pesonen and Halls (1979). Open (closed) symbol normal (reversed) pole. For detailed listing 

of the other symbols and data see Pesonen (1978) and Pesonen and Halls (1979). 

a95 = 5.8°, N = 6) agrees well wi th resul ts 
obta ined ear l ier (DuBois 1962; Rober tson and 
Fahr ig 1971). The incl inat ion of the m e a n 
r emanence direct ion of the Sibley Peninsu la 
dikes (D = 300°, 1 = 36°, K = 26, «95 = 8.2°, 
N = 1 3 ) d i f fe rs by 10° f r o m the previous ob-
servat ions. This d iscrepancy arises f r o m the 
fact tha t some of the Sibley Pen insu la dikes 
revea l ve ry shal low incl inat ions (Tables 1 and 
5). DuBois (1962) points out t ha t a f ew Sibley 
Pen insu la dike samples wi th anomalous di-
rect ions m a y have been h y d r o t h e r m a l l y 

al tered. Al though some of the no rma l dikes 
wi th shal low incl inat ions (10°—30°) reveal 
anomalous low densit ies (see Table 1), they 
do not appea r to be h y d r o t h e r m a l l y a l te red 
dikes. Two observat ions conf i rm this view. 
Firs t , even at these sites, the baked contact 
tests are posit ive (Figs. 4 and 5). Secondly, 
some reversed dikes come f r o m n e a r b y 
locations wi thou t showing any anomalous 
incl inat ions or densities. The n o r m a l dikes 
wi th shal low incl inat ions p re sumab ly rep -
resent a s l ight ly younger magnet ic pulse t han 
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the res t of the dikes (Pesonen 1978). This 
v iew is suppor ted by the observat ion of Beck 
(1969) t ha t t he re is ano ther g roup of no rma l 
dikes (basaltic dikes) also in Minnesota wi th 
sha l low incl inat ions (I=»31°), which cut the 
Nor th Shore lavas of both polari t ies . How-
ever, for lack of f u r t h e r rad iomet r ic age 
data, the anomalous no rma l dikes a re 
combined wi th the o ther no rma l dikes 
to yield the overal l m e a n NRM direct ion and 
cor responding pole position (Table 5; Fig. 10). 

Reversed intrusives and baked rocks 

The mean r emanence direct ion of the re-
versed dikes and baked rocks (combined) 
a f t e r af demagnet iza t ion (D = 112.3°, 1 = 
—68.4°, K = 53, «95 = 4.9°, N = 1 7 ) is ve ry 
s imilar to t ha t of t h e r m a l c leaning (D = 
118.2°, I = — 66.2°, K = 47, «95 = 5.8°, N = 14; 
Pesonen 1978). The s i te -mean direct ions do 
not show s t reak ing (Fig. 9). 

The m e a n r emanence direct ion of t h e 
Logan reversed sills and ad jacen t baked con-
tact rocks a f t e r cleaning (D = 112.6°, 1 = 
—70.3°, K = 55, «95 = 4.6°, N = 1 0 ; Pesonen 
1978) is in close ag reemen t wi th previously 
publ i shed da ta (Pa lmer 1970; Rober t son 1973). 

Discussion 

The pa leomagnet ic poles of t h e Logan in-
t rus ives s tudied in this w o r k a re shown in 
Fig. 10, which i l lus t ra tes the p resen t s t a tus 
of the Logan Loop (see detai led da ta l ist ing 
in Pesonen (1978)). The paleopole of the 
T h u n d e r Bay reversed dikes (pole TBR) 
(Lat = 48.0°N, Long = 212.2°E, dp = 7.0°, d m = 
8.3°) is v i r tua l ly ident ical to t h a t of the 
M a r q u e t t e dikes f r o m Michigan (pole MD: 
Lat = 48.4°N, Long = 213.5cE, dp = 5.2°, dm = 
6.2 ), suggest ing t h a t the two dike s w a r m s 
on the opposite side of the Lake Super ior r i f t 
axis (Halls 1978) r ep resen t the same Lower 

K e w e e n a w a n igneous act ivi ty about 1.1 Ga 
ago (Pesonen 1978; Pesonen and Halls 1979). 
On the o ther hand, the pole posit ion of the 
T h u n d e r B a y reversed dikes d i f fe r s only 
sl ightly f r o m tha t of the reversed sills (pole 
LS) (Lat = 49.3°N, Long = 215.7°E, dp = 9.7°, 
dm =11.2°) . When both poles a re plot ted onto 
the Logan Loop (Fig. 10), the pole of t h e dikes 
(TBR) appears in the a p p a r e n t polar w a n d e r 
in t e rp re t a t ion to be s l ight ly younger t han the 
pole of the sills, consistent wi th geological 
cross-cut t ing re la t ions (DuBois 1962; Pesonen 
1978). The pole for the normal ly magne t ized 
dikes (pole TBN) is, however , m o r e t h a n 30° 
f u r t h e r along the Loop ( towards i ts younge r 
end) t han the reversed poles. The lack of 
evidence of regional secondary components 
in detai led cleaning and the posi t ive baked 
contact test resul ts (Table 4) demons t r a t e t ha t 
the a s y m m e t r y of the reversa l (R N) is not 
caused by regional secondary overpr in ts . 

On the o ther hand , the dispersion of the 
NRM direct ions of the reversed dikes (K = 53) 
and sills (K = 55) a re smal le r t han tha t of t h e 
normal dikes (K = 34) (Tables 5 and 6) a f t e r 
both af and t h e r m a l cleaning. Moreover , the 
same t rend is a p p a r e n t in baked contact 
rocks, the reversed baked rocks yielding less 
dispersed (higher K) paleodirect ions t h a n the 
no rma l ones (Table 4). These resul ts a re con-
sistent wi th the incl inat ional (paleolat i tude) 
d i f fe rence be tween the two groups of dikes 
as it is wel l known tha t the d i rec t ional sca t te r 
decreases when the incl inat ion (paleolat i tude) 
increases (e.g. Creer 1962). Since it has been 
demons t ra t ed in this work tha t bo th no rma l 
and reversed magnet iza t ions a r e p r i m a r y 
TRMs acquired du r ing cooling, the a sym-
m e t r y of the reversa l m a y ref lect an or iginal 
d i f fe rence in the incl inat ions of the paleo-
field dur ing no rma l and reversed polar i ty 
epochs. Such a d i f fe rence m a y be caused by 
e i ther appa ren t polar w a n d e r or by non -
dipole geomagnet ic f ield d i s turbances du r ing 
K e w e e n a w a n igneous act ivi ty. To dis t inguish 
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between these two alternatives, f u t u r e work 
will be focused on paleointensity and 
paleosecular variation studies of Keweena-
wan normal and reversed rocks (Pesonen 
1978; Pesonen and Halls, in preparation). 
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APPENDIX 

Conversion of units f rom the cgs to the SI system 
(see also Pesonen (1978)). 

Symbol Quantity Units f rom cgs to SI 

y magnetic susceptibility 1 cgs = 1/4.t SI units 
j , NRM intensity of remanence 1 emu/cm 3 = 103 A /m 
H magnetic field 1 oe = A/m 
B magnetic f lux density 1 Gs = 10"4T 
Q Koenigsberger ratio ( = NRM/^H) 1 cgs = 1 SI unit 
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