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Abstract 

In many mobile belts, paleomagnetic directions from elastic sedimentary rocks are typically shallower than directions 
from associated igneous rocks. This discordance raises questions about the reliability of sedimentary rocks and can lead to 
controversial paleogeographic reconstructions. In Newfoundland, the controversy over Silurian paleogeography arises from a 
difference between results from elastic redbeds (with anomalously shallow directions that place Newfoundland at the 
paleoequator in the Silurian) and coeval epicontinental volcanics (with steeper directions that place Newfoundland at a more 
southerly paleolatitude). This study tests the possibility that the anomalously shallow redbed directions are the result of 
internal strain or inclination error related to deposition. We specifically compare coarse- and fine-grained lithologies under 
the assumption that such remanence-altering effects will be different in rocks with differing mechanical competence. 

We show that inclinations correlate with lithologic variations, but in a manner opposite to that predicted for the 
accumulation of internal strain. Based upon a strict set of demagnetization criteria, clearly defined single-component 
characteristic directions are only observed in the finer grained sandstones. These well-determined directions yield a 
pre-folding and pre-rotational dual polarity magnetization that places Newfoundland at a paleolatitude of 23”(S) f 9” in the 
Silurian. This revised paleolatitude is consistent with the volcanic results and with the paleolatitude predicted for 
Newfoundland from the North American reference path. In contrast, coarse-grained sandstones yield shallower directions 
that appear to be composites of opposite polarity magnetizations or weakly defined directions with strongly contaminating 
overprints. Because the shallow magnetizations in the coarser grained samples may have originated as a depositional 
remanence, we also suspect inclination error related to deposition. The degree of inclination error is consistent with values 
predicted for redbeds from previously published experimental results. These observations suggest that grain-size considera- 
tions are important in assessing the reliability of redbed magnetizations. Recognition of the relationship between grain size 
and remanence acquisition allows us to resolve the Silurian paieolatitude controversy for Newfoundland. 

1. Introduction 

Recent paleomagnetic studies of coeval volcanic 
and red elastic rocks from the Atlantic Provinces in 

Canada yield seemingly inconsistent results that have 
triggered a controversy over the Silurian paleolati- 

tude of Newfoundland and possibly Laurentia. Paleo- 
magnetic directions from volcanic units (mainly pil- 
low basalts) of the Botwood Group [1,2] and the 
Springdale Group 131 show intermediate inclinations 
that place Newfoundland at a moderate southerly 
paleolatitude ( - 25” ) in the Silurian. This paleolati- 
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tude is similar to that predicted for Newfoundland 
from the North American apparent polar wander 
(APW) path [4] and supports the conclusion based on 
geologic data that there was no significant displace- 
ment between North America and the accreted frag- 
ments of Iapetus after middle Silurian time [S]. 

In contrast, paleomagnetic directions from silici- 
elastic redbeds of the King George IV Lake area [6], 
the Wigwam Formation of the Botwood Group [1,7] 
and the Springdale Group [3,8] reveal a range of 
shallower inclinations that place Newfoundland at or 
near the equator in the Silurian. Unlike the paleolati- 

tude estimates from the volcanic rocks, an equatorial 
paleolatitude for Newfoundland is difficult to recon- 
tile within geological constraints or established Sil- 
urian paleogeography and requires either a dextral 
offset up to 2500 km between central Newfoundland 
and Laurentia or a modification of the North Ameri- 
can APW reference path that would keep Laurentia 
near the paleoequator throughout much of the Paleo- 
zoic [8]. Until this controversy is resolved, Silurian 
paleogeographic reconstructions for Newfoundland 
and possibly for Laurentia remain in doubt. 

At the core of the controversy are questions about 

New World Island 

Fig. 1. Map of the north-central part of Newfoundland showing the outcrop pattern of the Silurian Bohvood and Springdale rocks. Locations 
of Sphgdale (Ss) and Wigwam (SW) sampling sites are indicated by encircled numbers with the corresponding strike and dip of bedding. 

Inset map shows the location of the sampling area within the tectonic domains of Newfoundland. 
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the reliability of the magnetizations from the two 
rock types. Fold, reversal and conglomerate tests 
suggest that both volcanic rocks and redbeds carry 
primary magnetizations. Yet, because the two rock 
types are at least partially interbedded, the discordant 
nature of these apparent primary magnetizations is 
improbable and has suggested that one of the rock 
types does not accurately record the Silurian geo- 
magnetic field. Proponents of the reliability of the 
redbeds have argued that the volcanics may not fully 
average secular variation or that structural correc- 
tions in pillow basalts are too imprecise to accurately 
define the paleohorizontal[8]. Such concerns do not 
generally hinder paleomagnetic investigations of sed- 
imentary lithologies. However, unaveraged secular 
variation or inaccurate paleohorizontal seems un- 
likely given the dual polarity of the volcanic direc- 
tions and the consistency of these directions from 
sites between widely spaced flows. Because of these 
internal consistencies and because the volcanic re- 
sults yield paleolatitudes that agree with those de- 
rived from the North American APW path as well as 
those from paleofacies and paleoclimate data [9], we 
have argued that the volcanic directions more accu- 
rately record the ancient field and that the redbed 
directions are anomalous [3,10,11]. 

Problems of discordant directions from similar 
age igneous and sedimentary rocks are not unique to 
Newfoundland. In other erogenic belts, like those in 
southern Alaska [12] or in the British Isles [13], 
discrepancies between directions from volcanic and 
elastic rocks have been explained by several mecha- 
nisms, including selective remagnetization of the 
sedimentary rocks, inclination error during deposi- 
tion, inclination shallowing or remanence rotation 
due to compactional or tectonic strains, and incom- 
plete demagnetization of one or more overprinting 
magnetic components. Thus, our re-examination of 
the paleomagnetism and magnetic susceptibility fab- 
ric of the Silurian Wigwam and Springdale Forma- 
tions of Newfoundland may have important applica- 
tions for other redbed studies too. 

2. Geological setting and sampling 

Both the Springdale and Wigwam redbeds consist 
of subarea1 red siliciclastic rocks deposited on top of 

thick sequences of epicontinental mafic and felsic 
volcanic rocks [14,15]. Contact with the underlying 
volcanics is conformable and occasionally the 
redbeds and volcanics are interbedded. Radiometric 
dates on the underlying volcanics and on cross-cut- 
ting dikes [16-191 as well as fossil data [14,20] 
indicate that both the Springdale and Wigwam 
redbeds were deposited in the Llandoverian to Wen- 
lockian. Radiometric results from undeformed dikes 
indicate that folding of the redbeds is also Silurian in 
age [18]. Concurrent with and preceding regional 
folding are episodes of both sinistral and dextral 
strike-slip faulting [21], that are thought to result in 
local rotations about vertical axes. 

Paleomagnetic samples were collected from four 
Wigwam (SW) and four Springdale (Ss) sites (Fig. 
1). These 8 sites are sufficient for our purposes 
because a large number of previous studies have 
already produced paleomagnetic results [1,3,7,8]. One 
inch diameter cores were drilled in the field and 
oriented using a standard orienting device and mag- 
netic compass. Between 6 and 18 samples were 
collected per site (94 samples in total). The sampling 
scheme was designed to collect from both relatively 
fine- and coarse-grained lithologies in order to test 
for possible strain or grain-size dependent effects. At 
sites SW-~, SW-~, Ss2 and Ss-4 approximately equal 
numbers of fine-grained and coarse-grained sand- 
stones were collected. Sites Ss-1 and SW-~ consist of 
moderate to coarse sandstones. Site Ss-3 consists of 
medium-grained sandstone. Site SW-~ consists al- 
most entirely of fine-grained sandstones with minor 
amounts of interbedded mudstone. 

3. Methods 

Progressive thermal demagnetization was per- 
formed on all samples using Schonstedt TSD-1 
(maximum internal field of 10 nT1 and ASC TD-48 
thermal demagnetizers. Each sample was subjected 
to between 10 and 25 thermal demagnetization steps 
up to a peak temperature of 685” C. Remanence 
measurements were made on a three-axis cryogenic 
magnetometer (2G). Both demagnetization and mea- 
surement were performed in a magnetically shielded 
room at the University of Michigan with a rest field 
of less than 200 nT. Remanence components were 
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Fig. 2. Orthographic projections in in-situ coordinates of vector end points during progressive thermal demagnetization [%I. Black/white 
symbols represent projections on the horizontal/vertical plane. Demagnetization steps are in degrees Celsius. Insets show the relative 

intensity decay of the remanent magnetization normalized to the initial intensity with temperature. (a) and (b) Type I demagnetizations. 6) 

and (d) Type II demagnetizations showing a dual-polarity characteristic magnetization. 
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Fig. 3. Orthographic projections in in-situ coordinates of vector end points during progressive thermal demagnetization for (a) Type III, (b 
and c) Type IV and (d) Type V demaguetizMiona. Symbols are the same as in Fig. 2. In (b) and (c) the equal-angle projections show 
progressive change in the resultant direction during demagnetization. Black/white symbols indicate projections onto the lower/upper 
hemisphere of the projection. The shaded region in (a) shows the range of demagnetization steps used to define the characteristic direction. 
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determined from a least-squares analysis [22,23] on 
linear segments of the orthogonal vector trajectories 
[24] or from stable end points. Mean directions and 
their statistical parameters were determined follow- 
ing the method outlined in Fisher [25]. 

The anisotropy of magnetic susceptibility @MS) 
was measured on a KLY-2 susceptibility bridge us- 
ing a twelve-position measurement procedure. The 
source of susceptibility was determined by compari- 
son of the intensity of susceptibility at room temper- 
ature compared with that at 77 K [26,27]. AMS and 
paleomagnetic results were also compared with opti- 
cal observations made from the paleomagnetic cores 
and from thin sections cut from representative sam- 
ples. 

4. Paleomagnetic results 

Samples from the Wigwam Formation yield a 
natural remanent magnetization (NRM) with moder- 
ate intensity (5-20 mA/m) compared with slightly 
weaker NRM intensities in the Springdale Formation 
(l-10 mA/m). Thermal demagnetization produced 
several types of demagnetization behavior including 
what appear to be single-component magnetizations 
and several distinct patterns of overlapping, multi- 
component magnetizations. For clarity we have sub- 
divided the demagnetization behavior of the samples 
into five types. 

4.1. Type I: Stable demagnetization with a single, 
ancient characteristic component 

Type I demagnetizations are characterized by high 
unblocking temperatures and relatively square- 
shouldered intensity decay (Figs. 2a and b), in which 
most of the magnetization vector is removed above 
620” C. In some cases, Type I behavior shows uni- 
vectorial decay toward the origin with unblocking 
temperatures up to 680” C (Fig. 2a). However, sev- 
eral samples show initial removal of a steeply down- 
ward and northerly component that is parallel to the 
present Earth field in in-situ coordinates (Fig. 2b). In 
some samples, this present-day field (PDF) overprint 
is easily removed at moderate demagnetization tem- 
peratures (400” C in Fig. 2b) but in other samples 
this component is stable to higher unblocking tem- 
peratures in excess of 600’ C. 

In geographic (in-situ) coordinates, Type I charac- 
teristic directions yield either north to east-northeast 
or south-southeast to south-southwest declinations 
with scattered shallow to moderate upward or shal- 
low downward inclinations. Unblocking tempera- 
tures well above 585” C suggest thatboth the charac- 
teristic and PDF components are carried by hematite. 

4.2. Type il. Antipodal characteristic components 

Type II demagnetizations are characterized by 
two antipodal components with slightly different un- 
blocking temperature spectra in the same sample 
(Figs. 2c and 2d). Typically, these demagnetizations 
show stable directions to moderately high unblock- 
ing temperatures ( N 650” C) followed by removal of 
an antipodal characteristic direction with discrete 
unblocking temperatures between 650 and 685“ C 
(Fig. 2~). Occasionally, however, the lower tempera- 
ture component is removed over a broad range of 
unblocking temperatures followed by unblocking of 
an antipodal characteristic magnetization with dis- 
crete unblocking temperatures (Fig. 2d). Type II 
directions are similar to Type I, and both types are 
characteristic of finer grained samples, as we discuss 
below. 

4.3. Type III: Multi-component demagnetization 

Type III behavior is characterized by complex 
multi-component demagnetizations (Fig. 3a) and is 
typical of the coarse-grained sandstones. Demagneti- 
zations are noisy and linear components typically 
have large mean angular deviations (MAD) greater 
than 20”. Characteristic directions (when they can be 
defined) are scattered, although site Ss-2 produced a 
set of consistent directions with northerly declina- 
tions and shallow upward and downward inclinations 
in tilt-corrected coordinates. Comparison of these 
directions with Type I and II directions from the 
fine-grained samples of this site show that the direc- 
tions from the coarse-grained samples are signifi- 
cantly shallower (Fig. 4). 

4.4. Type IV: Reactive demagnetization 

Type IV behavior is characterized by the growth 
of new magnetic minerals during thermal demagneti- 
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Paleomagnetic results from the Springdale and Wigwam Formations 

Site Bedding 
DD/D 

N/n In Situ 

DdllC 

Tilt Corrected Strike k a95 
Corrected 

DdllC DecAl-lC 

SW-1 315/78 
SW-2 288J?4 
SW-3 307167 
SW-4 086148 
G-1 15oJ20 
ss-2 305/l 5 
ss-3 356/66 
ss-4 330168 

Mean * 

Meant 
Mean $ 

ss-2 305/l 5 

SW-1 315J78 
SW-2 288174 
SW-3 307167 
SW-4 086148 
SS-1 150/20 
ss-2 305/I 5 
ss-3 356166 
SS-4 33Oi68 

Mean * 
Mean t 

Maf 

SW-1 315/78 
SW-2 288/74 
SW-3 307J67 
SW-4 086148 

Mean * 
Mean t 

Twe IS. 8t V Demagnetization 

18Jl2 187.5J10.7 229.2138.6 
13J9 161.1/06.2 193.6/3?.1 

12JlO 007.7J14.5 010.8L19.8 
13110 191.3144.2 146.7137.3 
12/l (227.2J32.2) (216.5J25.9) 
12J6 037.3L48.7 053.5J-46.0 
614 056.8JO1.7 071.5/-25.7 
8J4 017.3/-18.7 064.71-45.7 

8/7 195.607.1 
817 212.9/41.1 
817 

229.2J38.6 30.5 08.0 
220.6137.1 12.6 15.1 
023.8/-19.8 21.3 10.7 
195.7137.3 13.8 13.5 

(210.5/25.9) -.- -.- 
063.5U6.0 27.7 13.0 
030.5/-25.7 21.6 20.2 
049.7J-45.7 91.1 09.7 

217.2136.7 

06.3 26.0 
07.1 24.4 
24.5 12.4 

Twe III Demagnetization 

1216 014.0/-0.0 016.5/-12.6 

Twe I & II Demaanetization only 

026.5/-12.6 09.9 22.3 

1815 193.9116.3 236.8J32.9 
1316 155.5/-1.2 182.3/40.1 
12/o -.-l-.- I -.- _.- 

1316 193.6148.7 142.0/40.6 
12/l (227.2J32.2) (216.5125.9) 
12/6 037.3kl8.7 053.5L46.0 
614 056.8/01.7 0?1.5/-25.7 
814 017.3Ll8.7 064.71-45.7 

816 197.9L23.6 
816 218.3142.3 
816 

236.8132.9 24.9 15.6 
209.3J40.1 12.6 19.6 

-.-/-.- -.- -.- 
191.OJ40.6 17.3 16.6 
(201.5/25.9) -.- -.- 
063.5k46.0 27.7 13.0 
030.5/-25.7 21.6 20.2 
049.?/-45.? 91.1 09.7 

219.2139.9 

05.8 30.5 
07.1 24.3 
23.1 14.2 

Twe V Demaanetization only 

18/? 183.U6.6 223.1142.2 
13J3 1?1.?/20.1 212.4J29.7 
12J10 00?.7/14.5 010.8/-19.8 
1314 168.8J27.8 150.4/13.3 

814 177.5JlO.2 
8J4 191.9/29.1 
814 

223.1142.2 53.4 08.3 
239.4J29.7 96.8 12.6 
023.8/-19.8 21.3 10.7 
199.4Jl3.3 14.8 24.7 

15.7 23.9 
06.9 37.7 

M-f 213.5n7.3 13.9 25.5 

Site numbers (SW for Wigwam Formation and Ss for Springdale Formation) refer to the site locations shown in Fig. 1. DD and D are the 
dip direction and dip of bedding. N and n are the number of samples demagnetized and the number used in the analysis. Dee and Znc are 
the declination and inclination of the site-mean directions. k and a95 are the precision parameter and the 95% confidence region around the 
mean directions as defined by Fisher 1~1. Site directions converted to a common polarity when the mean directions were computed. The 
diions of site Ss-1 are placed ln parentheses and have not been included in the means. * In-situ coordinates; t stratigraphic coordinates; 
$ bedding strike correction in which directions are rotated about a vertical axis so that bedding strikes are all northeast-southWest. 
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zation (Figs. 3b and 3~). In these samples the inten- 
sity of magnetization increases exponentially after 
heating, usually at oven temperatures above 600” C. 
This sudden increase in intensity then masks isola- 
tion of the characteristic magnetization. In some 
samples this sudden intensity increase occurs during 
unblocking of what appears to be antipodal compo- 
nents (Fig. 3b, in which a northeast and upward 
direction was removed from a southerly and down- 
ward direction). In other samples, the intensity in- 
crease occurs during or after removal of a strong 
PDF component (Fig. 3~). No characteristic direc- 
tions were obtained from Type IV behavior. 

4.5. Type V: End points 

Type V demagnetizations appear stable over a 
broad range of unblocking temperatures between 20 

N 

G-2 (stratigraphic) 

Fig. 4. Equal-angle projection showing the sample (small circles) 
and mean directions (larger circles) and associated og5’s (largest 
circles) for the coarse-grained and fine-grained samples of site 
Ss-2. Symbols are the same as in Fig. 3. 

and 620” C (Fig. 3d). Unblocking occurs over a 
narrow temperature range above 620” C followed by 
the removal of what is either a component or possi- 
bly an antipodal component. As such, these demag- 
netizations may represent either a Type II direction 
in which the antipodal direction is not clearly re- 
solved or a Type IV magnetization in which the 
magnetizations become spurious at high unblocking 
temperatures. Because these directions do not decay 
linearly toward the origin, stable end points were 
used to define the characteristic directions. Type V 
results are roughly similar to Type I and II results 
with north and upward or south and downward direc- 
tions, although there appear to be important differ- 
ences between the Type V and the Type I and II 
results, as we discuss below. 

4.6. Mean directions and fold test results 

For our initial computation of mean directions we 
have use only Type I, II and V results (Table 1). The 
complex patterns of Type III and IV demagnetiza- 
tions make it likely that single-component, character- 
istic magnetizations are not clearly defined in these 
samples, which may also be true for the Type III 
directions of site Ss-2 (Table 1). Mean directions 
were calculated for 7 of the 8 sites (55 samples). Site 
Ss-1 had only one reliable direction and, although 
this sample direction is consistent with our other 
results, it was not included in the calculation of the 
final mean directions. In geographic coordinates, site 
means directions yield either southerly declinations 
with shallow to moderately downward inclinations or 
north to northeast declinations and moderately up- 
ward to shallow downward inclinations (Fig. 5a). 
Upon tilt correction, the declinations remain scat- 
tered but the inclinations appear to cluster at either 
intermediate upward or downward angles (Fig. 5b). 
Because we suspect significant vertical axis rotations 
associated with strike-slip faulting across Newfound- 
land, we use an inclination-only tilt test to quantify 
the paleomagnetic fold test [27,28]. Results from this 
test show a seven-fold increase in k, indicating that 
the magnetization is pre-folding (Fig. 5d). Correcting 
for bedding strike by rotating the site-mean direc- 
tions about a vertical axis until all bedding strikes 
coincide along a northeast-southwest direction also 
indicates that this magnetization is pre-tectonic in 
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age (Fig. SC). Although the overall mean declination 
is unconstrained in this test because the reference 
strike was arbitrarily taken as northeast-southwest, 
the resulting distribution of site mean directions 
shows a moderately well clustered, two-polarity 
magnetization. The mean inclination for all Type I, 
II and V directions of 37” f 12” corresponds to a 
paleolatitude of 21’ 61 f 8” . We interpret the gener- 

ally north and up/south and down directions as 
normal/reverse polarity southern hemisphere mag- 
netizations, which yields the southern (negative) 
hemisphere paleolatitude. Because Type V demagne- 
tizations did not decay to the origin, it is possible 
that these end-point directions are not single compo- 
nent but composite magnetizations with overlapping 
thermal unblocking spectra. Separation of the lines 

i 

In-situ 

d) 

kappa 

Percent Unfolding 

Fig. 5. Equal-angle projections showing the sample and site means in in-situ (a), tilt-corrected (b) and strike-corrected (c) coordiuat~. 
Symbols are the same as in Figs. 3 and 4. Bedding strikes are indicated in (b) with their corresponding site names. (d) Ibe Fisher [Z] 
precision parameter kappa (k), based on inclination-only statistics, plotted as a function of percent unfolding. 
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and end points (24 Type V directions and 32 Type I 
or II directions) shows that although not statistically 
distinct the Type V directions are shallower and have 

@Type 1 & II (D = 219.2’, I = 39.9’, k = 23.1) 

q Type III (D = 206.5”, I = 12.6O, k = 9.9.) 

+Type V (D = 213.5’, I = 27.3’, k = 13.9) 

b) 

15 -- 

Number 
of 

Samples 

10 -- 

5 -- “A 
tine fine- I 

- 
nedium medium- coarse 

medium coarse 
(CO.2 mm) 4=--w (0.2-1.0 mm) M r>l.O mm) 

Grain Size 

Fig. 6. (a) Equal-angle projection showing the site-mean direc- 
tions and overall mean directions with shaded cones of 95% 
confidence using either all Type I and II results (shaded circles) or 
the Type V results (diamonds). Type III results from Ss-2 are 

shown as a square. All directions converted to reverse polarity. 

Symbols are the same as in Figs. 3 and 4. (b) Histogram of the 
number of samples showing a given demagnetization behavior as 

a function of grain size of the sample. 

a larger scatter than the Type I and II directions 
(Table 1 and Fig. 6a). Based solely on the more 
reliable Type I and II directions, the mean inclination 
of 40” f 14” corresponds to a paleolatitude of 
23” (S) f 9”. The type of demagnetization behavior 
depends in large part on the grain size of the samples 
(Fig. 6b). The most reliable directions (Type I and 
II) are primarily found in the finest grained sand- 
stones. Type V directions, which yield slightly shal- 
lower directions with larger scatter, are found in the 
fine- to medium-grained sandstones. In contrast, Type 
III and IV directions, which produced the very shal- 
low mean direction at site Ss-2, are generally found 
in the medium- to coarse-grained samples. 

5. AMS results 

Susceptibility measurements show distinctive pat- 
terns between the redbeds of the two formations. 
Bulk susceptibility values for the Springdale samples 
range between 9.0 X 10e5 @I) and 4.5 X 10e4 (SI). 
Susceptibility values for the Wigwam samples are an 
order of magnitude stronger and range between 9.5 
X 10e4 (SI) and 2.5 X 10m3 @I). The ratio of the 
bulk susceptibility at room temperature to that at 77 
K is between 1.3 and 1.7 for the Wigwam samples 
and between 3.2 and 3.5 for the Springdale samples. 
These results indicate that the susceptibility is pri- 
marily carried by a ferromagnetic phase (hematite) in 
the Wigwam Formation and by a paramagnetic min- 
eral phase (chlorite) in the Springdale Formation. 
Optical observations from oriented thin sections sup- 
port these observations. The Wigwam samples show 
framework grains of quartz, feldspar and mafic miu- 
erals surrounded by a hematite cement. The Spring- 
dale samples show quartz and feldspar with both 
crenulated detrital and secondary phyllosilicates. The 
magnetic fabrics recorded by the AMS measure- 
ments also show distinct differences between the two 
formations. In the Wigwam samples, AMS results 
reveal bedding-controlled (sedimentary) fabrics char- 
acterized by weakly ablate susceptibility ellipsoids 
with minimum axes perpendicular to bedding (Figs. 
7a-d and i). In contrast, AMS results from the 
Springdale samples show what appears to be a com- 
posite tectonic-bedding fabric characterized by both 
prolate and oblate susceptibility ellipsoids with mini- 
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mum axes subperpendicular to cleavage and maxi- primary. The paleolatitude of 23” (S) f 9” is similar 
mum axes near the intersection of bedding and the to that predicted for Newfoundland from the North 
foliation plane of the AMS ellipsoid (Figs. 7e-h and American APW path (Fig. 8) and to paleolatitudinal 
j). Unlike the remanence data, we find no relation- estimates from coeval volcanic rocks [l-3], but is 
ship between AMS fabrics and the grain size of the significantly different from previous paleolatitudinal 
samples. estimates derived from these same redbeds [3,6-81. 

6. Discussion 

The characteristic directions from the Springdale 
and Wigwam redbeds yield a pre-folding and pre-ro- 
tational magnetization with antipodal directions. Be- 
cause deformation occurred soon after deposition in 
the early Silurian, this magnetization is most likely 

The range of paleolatitudinal estimates from the 
redbed studies compared with the consistent results 
from the volcanic studies illustrates the systematic 
bias of the previous redbed results toward anoma- 
lously low paleolatitudes (Fig. 8). This bias was first 
pointed out by Potts et al [3] for the Springdale 
redbeds. Our observations of the relationship be- 
tween remanence and grain size indicate that this 
bias is most pronounced in the coarse-grained sand- 

s 

Fig. 7. (a-h) Lower hemisphere, equal-area projections showing the orientation of principle axes of the AhfS ellipsoids. Squares are the 
maximum axes; triangles are the intermediate axes; shaded circles are the minimum axes. (i and j) Modified Flint diagrams plotting the 
ratios of the lengths of principle axes. 
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stones and that only the finest grained sandstones 
yield reliable Silurian magnetizations for Newfound- 
land. 

6.1. Demagnetization effects 

The most likely explanation for the observed 
grain-size effect is incomplete isolation of a primary 
characteristic direction in the coarser grained sam- 
ples. Based on our detailed analyses of the demagne- 
tization characteristics, it appears that incomplete 
demagnetization of overlapping components may, at 
least in part, explain the anomalous redbed directions 
from previous studies. We see evidence for contami- 
nation due to a strong present-day field component 
and mixing of normal and reversed polarity compo- 

nents, whose composite directions are generally shal- 
lower than a single-component characteristic direc- 
tion defined by a linear decay toward the origin. This 
effect is most evident in the comparison of the Type 
I and II results derived from lines compared with 
Type V directions derived from stable end points or 
Type III directions derived from the complex demag- 
netization trajectories (Figs. 4 and 6a). 

Previous results from these redbeds [3,6-81 in- 
cluded directions from both line and end-point analy- 
ses. As a result, cones of 95% confidence around the 
site mean directions were large, with an average 
value of 18” and some over 25”. In contrast, and 
even with fewer samples per site, the 95% cones of 
confidence from our analyses average around 14”. 
This improvement in precision highlights the impor- 

10 
Carboniferous 1 Devonian 1 Silurian 1 Ordovician 

Paleolatitude of 
Newfoundland based upon 
North American APW path 

320 360 400 

Age (Ma) 

440 480 

Fig. 8. Paleolatitude estimates for Newfoundland from redbed studies (circles) and volcanic studies (squares). The paleolatitude reference 

curve for Newfoundland is based on the mean poles of Van der Voo [4]. The error region was calculated from the A, of the mean poles. 
Numbers in the symbols refer to the numbered citations in the reference list (r for redbed result and u for volcanic result). ‘Ike star is the 

paleolatitude from this study. 
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tance of using only the highest quality demagnetiza- 
tion data (those showing well-defined linear decay 
toward the origin) in the computation of the charac- 
teristic site-mean directions. 

6.2. Inclination error 

Inclination error associated with deposition of the 
coarse-grained lithologies may also have contributed 
to the observed shallow inclinations. As it was origi- 
nally defined, ‘inclination error’ was used to de- 
scribe the shallower than expected inclinations of a 
depositional remanent magnetization (DRM) due to 
settling of platy or elongate magnetic grains within 
bedding [29,30]. More recent work has extended the 
meaning to include post-depositional processes such 
as compaction. In this discussion, we adhere to the 
original definition. 

King’s [30] model quantified inclination error ac- 
cording to the equation: 

tan(Z,) =f* tan(1,) 

where 1, is the resulting inclination, I,, is the inclina- 
tion of the ambient field, and f is fraction of spheres 
to total grains (plates and spheres). Experimental and 
natural results on hematite-bearing fluvial sandstones 
confirm inclination errors according to this model 
and give values of f between 0.40 and 0.55 [31,32]. 

As is the case for many redbeds, there is no direct 
evidence in the Springdale and Wigwam rocks to 
indicate whether the characteristic remanence is a 
DRM or a chemical remanent magnetization (CRM) 
that was acquired during diagenesis, within a few 
million years after deposition. Based on optical ob- 
servations from thin sections, Hodych and Buchan 
[8] noted what they considered to be detrital hematite 
grains in the Wigwam Formation. However, distin- 
guishing CRM from DRM is problematic given the 
similarity of CRM- and DRM-carrying hematite and 
the inability to detect which are the important rema- 
nence-carrying grains solely from optical observa- 
tions. One possibility is that there are elements of 
both DRM and CRM in these rocks, perhaps to the 
extent that the dual polarity characteristic magnetiza- 
tion (Type II) represents a DRM overprinted with a 
slightly younger CRM of opposite polarity. 

Substituting the previously reported redbed incli- 

nations [1,3,6-g] for I,, and using 40“ , based on the 
North American APW path 141, for Zb, Eq. (1) yields 
f values of 0.66, 0.43, 0.09, 0.37 and 0.31 respec- 
tively. In a similar fashion, the f ratio determined 
from the mean directions of the coarse sandstones 
(1,) and fine-grained mudstones (I,) samples at site 
Ss-2 is 0.21. Except for the low f ratio from site 
Ss-2 and the very low f ratio from the King George 
IV Lake 161, these f values are reasonably consistent 
with those from the experimental results [31,32]. The 
slightly lower values for f for site Ss-2 and King 
George IV Lake possibly indicate a greater fraction 
of platy hematite in these rocks. Based on these 
results, we suggest that inclination error may at least 
partially explain the shallow inclinations previously 
observed in these rocks. As expected, the effect is 
most pronounced in the coarsest grained samples 
because these rocks were deposited in relatively 
higher energy environments. Both contamination by 
overprints and inclination error produce similar devi- 
ations of remanent directions in the coarser grained 
rocks, and therefore, the two effects cannot be distin- 
guished from each other from the directional data 
alone. Moreover, because only the fraction of rema- 
nence-carrying hematite and not the entire popula- 
tion of ferromagnetic and paramagnetic grains may 
be affected, AMS, and by analogy anisotropy of 
remanence [ll], may prove ineffective in detecting 
inclination error. 

6.3. Strain effects 

Previous studies of redbeds have shown that both 
compaction and internal strains associated with de- 
formation can cause a significant deflection of the 
remanent magnetization [33]. In both cases the de- 
gree of remanence rotation appears to be controlled 
in part by the grain size of the rock’s matrix grains, 
simply because the finer grained rocks are less com- 
petent and tend to absorb a greater proportion of 
internal deformation. Unlike inclination error associ- 
ated with deposition where the bulk magnetic fabric 
may be unrelated to the magnetic fraction that carries 
the stable remanence [lo], compaction or other 
strain-related effects should show a distinct telation- 
ship between the development of the magnetic fabric 
and the orientation of remanence [33]. 
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We do not find any evidence that post-deposi- 
tional strain, either compaction or tectonic, has sig- 
nificantly affected the magnetization in these rocks. 
In this study, the steepest directions are found in the 
finest grained samples, opposite to what is predicted 
for the accumulation of internal strain in fine- and 
coarse-grained rocks. Moreover, the AMS results 
suggest that the Wigwam samples preserve a sedi- 
mentary-related fabric whereas the Springdale sam- 
ples show the development of a tectonic fabric. Yet, 
despite these differences in fabric development, the 
grain-size effects on remanence appear to be similar 
in both formations. The progressive development of 
these fabrics does not appear to have affected the 
orientation of remanence, and we observe no correla- 
tion between remanence directions and the degree of 
magnetic anisotropy. 

7. Conclusions 

Detailed thermal demagnetization of the Silurian 
Springdale and Wigwam redbeds of Newfoundland 
yield a pre-folding and pre-rotational magnetization 
that appears to contain elements of both a deposi- 
tional (DRM) and diagenetic chemical (CRM) rema- 
nent magnetization. Unlike previously reported re- 
sults for these rocks, which place Newfoundland 
near the paleoequator in the Silurian, our analyses 
yield a paleolatitude for Newfoundland of 23” 6) f 
9”) consistent with that from coeval volcanic rocks 
and with the paleolatitude predicted for Newfound- 
land based on the reference North American APW 
path. Our results also suggest significant vertical axis 
rotations in the region after remanence acquisition. 

Based on our observations, the most likely expla- 
nations for the anomalous redbed directions previ- 
ously reported from these rocks are the incorporation 
of incompletely isolated characteristic directions into 
the overall mean and possible inclination error re- 
lated to the acquisition of a DRM. We do not find 
evidence for significant deflection of remanence due 
to compaction or subsequent tectonic strains. These 
results suggest that, in these redbeds, the finer grained 
sandstones are the more accurate recorders of the 
ancient geomagnetic field. 
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