
ELSEVIER Tectonophysics 285 (1998) 1-19 

TECTONOPHYSICS 

Paleomagnetic constraints on Siluro-Devonian Laurentian margin 
tectonics from northern Appalachian volcanics 

E.V. Meyers, Rob Van der Voo *, Ben A. van der Pluijm 

Department of Geological Sciences, Universi O' of Michigan, Ann Arbor, M148109, USA 

Received 3 July 1996; accepted 19 June 1997 

Abstract 

Paleomagnetic analyses of Silurian mafic volcanics from the overstep sequence of sedimentary and volcanic rocks 
deposited over the Central Mobile Belt of the northern Appalachians provide insight into the mid-Paleozoic tectonic history 
of the Laurentian margin. Stepwise thermal demagnetization of the subaerial mafic volcanics of the Ludlovian Fivemile 
Brook Formation of northwestern Maine reveals two ancient high-temperature, dual-polarity remanences. A tilt-corrected 
mean direction yields an inclination of 41 ° (~rl = 3.9 °, N = 4 sites) and the magnetization is interpreted as a near-primary 
magnetization acquired well before the end of Early Devonian deformation. An in situ mean direction (D = 165 °, 1 = 35 °, 
~gs = 6 °, k = 65, N = 10 entries from 8 sites), is interpreted as a secondary overprint with a pole (22°S, 306°E) near the 
Early Carboniferous segment of the North American apparent polar wander path (APWP). Conglomerate and fold tests of 
the high-temperature characteristic remanence preserved in Wenlockian subaerial mafic volcanics of the Bryant Point For- 
mation and a red bed of the South Charlo Formation, both of the Chaleur Group of northeastern New Brunswick, constrain 
paleolatitude and deformational age. The inclination-only fold test peaks at 50% unfolding with a mean inclination of -35  ° 
(~ = 8.5 °, n = 148). Synfolding acquisition of magnetization is Wenlockian, based on a negative conglomerate test at the 
base of the section and a positive conglomerate test at the top of the section. Clockwise streaking of site mean directions 
away from a predominantly northerly declination is consistent with post-middle Wenlockian dextral shear in the Chaleur 
Bay region. Comparison of a locus of paleomagnetic pole positions with the North American APWP supports a Silurian 
age of the magnetization of the Chaleur Group. The age and synfolding nature of this remanence furthermore requires that 
deformation associated with the Acadian orogeny in New Brunswick began by mid-Silurian times. Moreover, inclinations 
from these units indicate that, within paleomagnetic resolution, there has been no significant latitudinal displacement with 
respect to stable North America since the Silurian. © 1998 Elsevier Science B.V. All rights reserved. 
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1. Introduct ion  

Subduction and collisions along the Laurentian 
margin associated with closure of the ancient Iapetus 
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and Rheic oceans between Laurentia and Avalon, 
and Avalon and Gondwana, respectively, resulted in 
the Appalachian orogen (e.g., Wilson, 1966; Dewey, 
1969; Bird and Dewey, 1970; McKerrow and Ziegler, 
1972; Van der Voo, 1988, 1993). With subduction 
of the Iapetan sea-floor, tectonic elements such as 
island arcs were swept up against the margin of Lau- 
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rentia, followed by Silurian collision of the Avalon 
microcontinent (e.g., van der Pluijm et al., 1993a). 
Late Paleozoic closure of the Rheic ocean culmi- 
nated in the continent-continent collision of Laurus- 
sia and Gondwana. The effects of this late Paleozoic 
Alleghenian orogeny in the northern Appalachians 
were minimal, so this region provides an optimal 
setting for examining mid-Paleozoic tectonics. 

In the last decade the northern Appalachians 
have been intensely studied to unravel the details 
of the closure of the Iapetus ocean. The northern 
Appalachians have been subdivided into the au- 
tochthonous Laurentian margin, the Humber zone; 
allochthonous elements compressed into the Cen- 
tral Mobile Belt; and the Avalon zone represent- 
ing an ancient microcontinent with lower Paleozoic 
Gondwanide affinity (Williams, 1979; Williams and 
Hatcher, 1983; van der Pluijm and van Staal, 1988) 
(Fig. 1). 

Silurian closure of Iapetus is indicated by pale- 
omagnetic and tectonostratigraphic studies in New- 
foundland, as well as sediment dispersal patterns in 
Britain (Soper and Woodcock, 1990; van der Pluijm 
et al., 1993a). Agreement between the apparent polar 
wander paths (APWP) for Laurentia, Avalon, and 
Baltica support mid-Silurian closure of both the Ia- 
petus ocean, between Laurentia and Avalon and Lau- 
rentia and Baltica, and the Tornquist sea, between 
Avalon and Baltica (Mac Niocaill and Smethurst, 
1994). Upper Ordovician to Middle Devonian units 

in the northern Appalachians are generally brack- 
eted by Taconic and Acadian unconformities (Malo 
and Bourque, 1993). The Taconic orogenic pulse 
is associated with island arc accretion; the Silurian 
Salinic disturbance is associated with Avalonian col- 
lision and Iapetan closure; and the Acadian orogeny 
correlates with Devonian approach of Gondwana to 
Laurentia (van der Pluijm et al., 1993a; Van der Voo, 
1993). 

The Silurian and Devonian rocks of the north- 
ern Appalachians form part of an overstep sequence 
deposited over the Central Mobile Belt. Silurian sed- 
imentary rocks form a southeast thickening wedge 
of shallow marine sedimentary rocks that grade from 
platformal carbonates in the northwest to central 
basinal shales and non-marine sandstones in the 
southeast (Keppie and Dostal, 1994). Silurian sed- 
iments were mainly derived from Laurentia to the 
northwest, whereas Lower Devonian flysch was 
derived from Avalon to the southeast. The Pis- 
cataquis and Tobique volcanic belts cross-cut the 
general structural trend of the northern Appalachi- 
ans (Fig. 1). Geochemical characteristics of the vol- 
canics, including the Fivemile Brook Formation and 
the Chaleur Group of this study, indicate a continen- 
tal intraplate environment (Keppie and Dostal, 1994). 
Bedard (1986) recognized that the Siluro-Devonian 
volcanics of the Gasp6 Peninsula should not be di- 
rectly related to subduction, and suggested a model 
incorporating a local tensional environment. A few 

Fig. I. Subdivision of the northern Appalachians showing the Humber Zone (Laurentian margin), Central Mobile Belt (vestiges of 
the Iapetus) and overstep sequence, Avalon Zone (Avalonian microcontinent), and Meguma Zone. Dark areas indicate volcanics of the 
Piscataquis and Tobique volcanic belts across Maine and New Brunswick-Quebec respectively. Boxes indicate sampling localities of 
Silurian volcanics of the Fivemile Brook Formation (Sf) and Chaleur Group (So). 
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recent studies suggest that initiation of volcanic ac- 
tivity coincides with a reversal in shear sense along 
the Laurentian margin, indicating an origin within 
a pull-apart setting (Dostal et al., 1993; Keppie and 
Dostal, 1994). 

Origin within a pull-apart rift can cause rotation, 
and transpression can cause translation. Oblique con- 
vergence and transpressional motion associated with 
closure of the Iapetus has the potential for producing 
large latitudinal displacements along the Laurentian 
margin: therefore, paleomagnetic study of Silurian 
units of the northern Appalachians can be used to 
document the nature and timing of such displace- 
ments and rotations. In this context, previous pale- 
omagnetic studies of Newfoundland's Silurian units 
have produced conflicting results for coeval units, 
generating a Silurian paleolatitude controversy. In- 
termediate inclinations are reported for volcanics 
from both the Botwood and Springdale groups (La- 
pointe, 1979; Gales et al., 1989; Potts et al., 1993). 
Shallow paleomagnetic inclinations are reported for 
Newfoundland's King George IV Lake area, and 
Botwood and Springdale red beds (Buchan and 
Hodych, 1989, 1992; Potts et al., 1993). Although 
consistently shallower remanence directions reported 
for red beds could reflect inclination shallowing 
(Buchan and Hodych, 1993; Potts et al., 1993; van 
der Pluijm et al., 1993b), this has been attributed 
more recently to incompletely isolated characteristic 
directions incorporated into the mean (Stamatakos 
et al., 1995). The tectonic significance of these dis- 
crepancies prompted us to investigate other northern 
Appalachian Silurian units. This study examines the 
paleomagnetism of the Fivemile Brook Formation 
of northwestern Maine and the Chaleur Group of 
northeastern New Brunswick. 

2. Geologic setting 

The Ludlovian Fivemile Brook Formation in 
northwestern Maine is part of the Piscataquis vol- 
canic belt of the sedimentary and volcanic over- 
step sequence. Exposed in the northwestern portion 
of the Connecticut Valley-Gasp6 Synclinorium, the 
Fivemile Brook Formation is structurally part of a 
homocline younging to the southeast (Fig. 2). 

Northeast structural trends dominate in north- 
western Maine. The northeast-southwest trend of 

the Connecticut Valley-Gasp6 Synclinorium and the 
Notre Dame Anticlinorium is mimicked by the strike 
of major structural lines such as the Baie Verte- 
Brompton Line and the Rocky Mountain Fault. 
The bedding parallel Rocky Mountain Fault was 
active during the Middle Devonian and is marked 
by Devonian flysch thrusted over the Upper Sil- 
urian Fivemile Brook Formation, connecting with the 
LaGuadaloupe fault to the southwest (Roy, 1989). 

The Upper Silurian Fivemile Brook Formation is 
part of a package of southeasterly-younging units 
between the Dead Brook Fault, which was active 
in the Late Ordovician, and the Middle Devonian 
Rocky Mountain Fault (Roy, 1989). The lower con- 
tact, with Middle Ordovician to Lower Silurian De- 
pot Mountain Formation flysch, is inferred to be 
disconformable (Roy, 1989) and is associated with 
a mid-Silurian hiatus from the Salinic disturbance 
that is well documented above the upper Llandove- 
rian Point-aux-Trembles Formation to the northeast 
(Lajoie et al., 1968). The upper contact with Lower 
to Middle Devonian Seboomook Formation flysch 
may be gradational (Dubois, 1986; Roy, 1989). The 
Ludlovian age of the Fivemile Brook Formation is 
based on corals in crinoidal-coralline limestone at 
the base of the type section (Boudette et al., 1976). 

The Fivemile Brook Formation is 300 to 1800 
m thick and composed of interlayered volcanics and 
shallow water sediments. The majority of flows is 
subaerial although a few with pillow structures have 
been reported (Roy, 1982). The igneous members are 
up to 1000 m thick and include alkali basalt flows 
and sills as well as pyroclastic rocks and rhyolites in- 
terlayered with the basalt. The stratigraphic sequence 
suggests that Late Silurian volcanism died out while 
this shallow-water basin evolved into a deep-water 
basin in the Devonian (Roy, 1989). 

Occurring within the Chaleur Bay Synclinorium, 
the Chaleur Group is part of the Tobique volcanic 
belt of the overstep sequence deposited over the Cen- 
tral Mobile Belt (Fig. 1). Chaleur Group formation 
names differ across the bay between Quebec and 
New Brunswick and have evolved as workers have 
studied the stratigraphy in greater detail (Alcock, 
1935; Greiner, 1966, 1967; Noble, 1976; Lee and 
Noble, 1977; Irrinki, 1990; Walker and McCutcheon, 
1995). This paper follows the recent nomenclature 
of Walker and McCutcheon (1995) (Fig. 3). In the 
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Fig. 3. Stratigraphy of the Chaleur Group, northeastern New Brunswick (Walker and McCutcheon, 1995; ages from Palmer, 1983). 

central and western study region (Fig. 4) the Upper 
Ordovician Matapedia Group underlies the Chaleur 
Group. In this heavily sampled region, the Chaleur 
Group includes the Upsalquitch, LaVieille, South 
Charlo, Bryant Point, New Mills, and Benjamin 
formations (Fig. 3). In the southeast study region 
(Fig. 4) a basal unconformity underlies the Chaleur 
Group; here the Chaleur Group includes the Weir, 
LaVieille, South Charlo, Bryant Point, and Simpsons 
Field formations (Fig. 3). The two formations within 
the Chaleur Group sampled for this study are the 
Bryant Point and South Charlo formations. 

Previous studies have documented the structural 
complexity of the Chaleur Group including evidence 
for at least three generations of folding in the area, a 
region of dominantly transcurrent dextral shear (van 
Staal, 1988). Within the Chaleur Group the subaerial 
mafic volcanics of the Bryant Point Formation and 
clastic sediments of the South Charlo Formation are 
middle Wenlockian lateral equivalents (Walker and 
McCutcheon, 1995). The underlying LaVieille lime- 
stone provides the lower time constraint: fossils are 

dated as Llandovery C6 (Costistricklandia gaspen- 
sis and Paleocyclus) to lower or middle Wenlockian 
(Cyrtia exporrecta at the top of the formation) (No- 
ble, 1976; Lee and Noble, 1977). The upper age 
constraint is provided by a U-Pb age of 423 4- 3 
Ma in the overlying Benjamin Formation felsic vol- 
canics (Walker et al., 1993, via M. Bevier, written 
communication, 1992). The low metamorphic grade 
is shown by rocks in the prehnite-pumpellyite facies 
(Bedard, 1986). 

Composed of subaerial green to maroon basaltic 
flows and a few intraformational conglomerates, the 
Bryant Point Formation was heavily sampled at the 
type section along the coast of Chaleur Bay. Some 
flows are massive; others are highly porphyritic with 
up to 40% phenocrysts. The intraformational con- 
glomerates are clast-supported pebble to boulder 
conglomerates with an occasionally calcareous ma- 
trix. The clasts are lithologically identical to those 
within the South Charlo Formation conglomerates. 
One conglomerate site (Sc16) sampled for this study 
is to the west near Pointe LaRoche, where it is 

Fig. 2. Simplified geologic map(s) of northwestern Maine including Fivemile Brook Formation sampling localities (Roy et al., 199l). 
The detailed maps are enlargements showing the locations of individual sites. 
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Fig. 4. Simplified geologic map of Chaleur Bay, New Brunswick, including Chaleur Group sampling localities (Irrinki, 1990; Walker and 
McCutcheon, 1995). 

hematitic with less well-rounded clasts and a brec- 
ciated matrix. The second conglomerate site (Sc2) 
is to the east near Belledune where it contains 
well-rounded clasts in a sandy quartzose matrix. 
The clasts in this site are predominantly mafic vol- 
canics, likely derived from the underlying flows, 
but a few limestone clasts have also been observed. 
This conglomerate is thought to be syntectonic, de- 
posited while deformation proceeded (J.A. Walker, 
pets. commun., 1993). 

3. Field and laboratory  methods  

The forests of northern Maine limit suitable out- 
crop to stream sections and roadcuts. After visit- 
ing all probable outcrops (Roy, 1988; Roy et al., 
1991), drilling sites for paleomagnetic study of the 
Fivemile Brook Formation were selected (Fig. 2). 
Paleohorizontal was determined from contacts with, 
and bedding within, the limestones and tufts. 

In northeastern New Brunswick exposure is ex- 

cellent along the coast, and a recent roadcut for 
TransCanada Highway 11 provides some inland site 
locations (Fig. 4). The dense cluster of sites at ap- 
proximately 47°57'N, 66°10'W is in the type section 
of the Bryant Point Formation. Pateohorizontal of the 
Bryant Point Formation volcanics was determined 
from vesicular and oxidized flow tops, intraforma- 
tional conglomerates, South Charlo red beds, and 
inferred contact with the LaVieille limestone. Young- 
ing was determined from flow tops, intraformational 
conglomerates and the relationship with stratigraphi- 
cally adjacent units. 

Customary drilling and orientation techniques 
were used. Standard 2.5 cm paleomagnetic cores 
were bored with a portable drill. The lack of deflec- 
tion of the magnetic compass needle by the basalts 
demonstrated that magnetic intensities did not signif- 
icantly affect the compass readings. Cores were ori- 
ented with an inclinometer and a Brunton compass. 
In northwestern Maine, 135 cores were collected 
from 10 sites in the Fivemile Brook Formation (Sm); 
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in northeastern New Brunswick, 224 cores were col- 
lected from 21 sites in the Chaleur Group (Sc). 

All laboratory work was performed in the Univer- 
sity of Michigan Paleomagnetic Laboratory. Samples 
were trimmed to standard length (21 to 22 mm) pa- 
leomagnetic specimens and stored in a magnetically 
shielded room with a rest field of less than 200 nT. 
Anisotropy of magnetic susceptibility (AMS) mea- 
surements were made using a Kappabridge KLY-2 
susceptibility bridge with each specimen being mea- 
sured in 15 orientations. Comparisons of the in- 
tensity of the susceptibility at room temperature 
with that at 77 K were made for four represen- 
tative samples to examine the source of suscep- 
tibility in Fivemile Brook specimens (Richter and 
van der Pluijm, 1993). Natural remanent magnetiza- 
tion (NRM) directions and intensities were measured 
with a triple-axis 2G superconducting magnetometer. 
Alternating field demagnetization of a few specimens 
revealed a high coercivity and, therefore, did not suc- 
cessfully separate the components. The majority of 
the specimens were thermally demagnetized in an 
ASC TD-48 thermal demagnetizer, using typically 
one specimen per sample, but occasionally two. Both 
demagnetization and measurement were done in the 
magnetically shielded room. After visual inspection 
of orthogonal vector endpoint diagrams (Zijderveld, 
1967), principal component analysis was used to cal- 
culate component directions (Kirschvink, 1980) and 
the results are summarized in Tables 1-3. 
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Fig. 5. Minimum axes (circles) of weakly oblate susceptibility 
ellipsoids determined for Fivemile Brook Formation specimens 
plot near-perpendicular to cleavage. (Sites Sml, Sm2, and Sm4). 
Intermediate and maximum axes of the susceptibility ellipsoids 
are shown by triangles and squares, respectively. 

(293 K) in the Fivemile Brook specimens ranged from 
3.1 to 3.9, indicating a paramagnetic contribution. In 
the Chaleur Group specimens, AMS revealed a very 
low anisotropy with no apparent magnetic fabric. 

4.2. Demagne t i za t ion  

4. Results 

4.1. Aniso tropy  o f  magne t ic  suscept ibi l i ty  

AMS measurements showed that bulk suscepti- 
bility ranged from 2×10 -4 to 28x10 -4 (SI units) 
in Fivemile Brook specimens, and from 1×10 -4 
to 1133×10 -4 SI in Chaleur Group specimens. 
The specimens generally revealed a low degree of 
anisotropy. In the Fivemile Brook specimens, AMS 
revealed weakly oblate susceptibility ellipsoids with 
minimum axes nearly perpendicular to cleavage. The 
preferred orientation of the minimum axis of the 
susceptibility ellipsoid displays a mean direction of 
D = 104 °, I = 12 ° with an 0/95 = 4 ° (Fig. 5); how- 
ever, this fabric is not present in all sites. The ratio of 
bulk susceptibility at 77 K to that at room temperature 

NRM intensities ranged from 0.3 to 501 mA/m in 
the Fivemile Brook specimens, from 3 to 103 mA/m 
in Chaleur Group red bed specimens (Scl), and from 
3 to 9736 mA/m in the Chaleur Group volcanic spec- 
imens. In general the demagnetization trajectories 
were well behaved (Figs. 6 and 7). Mean angular de- 
viations typically ranged from 2 ° to 10 °. Site mean di- 
rections and their associated radii of 95% confidence 
and precision parameters are listed in Tables 1-3. 

As shown in Fig. 6, Fivemile Brook specimens 
revealed a number of discrete directions that have 
been divided into a-, b-, and c-components. In 
some samples (e.g., Fig. 6al) a low temperature 
a-component close to the present-day geomagnetic 
field was revealed, suggesting a viscous remanence 
overprint. A southerly b-component (e.g., Fig. 6al,b) 
was typically removed between 200 and 500°C or 
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Table 1 
Characteristic directions from the Chaleur Group of northeastern New Brunswick 

Site Nc S/D In situ 50% TC Nu Nd k a95 
D/I D/I 

Sc I 14 294/93 360/08 355/-34 7 9 56.3 8.1 
Sc2 18 097/79 (Conglomerate test) ( 11 ) l 1 1.4 65.8 
Sc3 10 210/82 359/-04 008/-  23 5 6 19.1 18.0 
Sc4 11 210/82 345/-14 002/-39 11 15 73.5 5.4 
Sc5 9 030/16 038/ 34 033/-35 7 8 16.0 15.6 
Sc6 1 l 197/79 335/ 12 089/-25 10 l0 145.4 4.0 
Sc7 10 274/28 Uninterpretable 0 9 
Sc8 10 090/33 097/-24 089/-25 5 5 62.9 9.7 
Sc9 11 120/16 357/-54 002/ 47 8 8 56.1 7.5 
Scl0 10 330/65 065/11 065/-21 10 11 35.8 8.2 
Sc 11 4 296/115 359/16 354/-  35 4 4 28.9 17.4 
Sc 12 10 296/115 007/07 358/ 47 6 8 55.3 9.1 
Sc 13 10 196/79 037/-48 063/-25 11 11 50.1 6.5 
Sc14 11 018/06 006/ 34 004/-33 10 10 71.0 5.8 
Sc 15 10 O18/06 358/-34 356/-33 10 10 109.3 4.6 
Sc 16 15 091/37 127/-37 113/-46 8 10 39.7 8.9 
Sc17 12 099/38 137/ 19 130/-30 6 9 12.9 19.4 
Scl 8 I 1 098/67 106/-40 079/-37 8 8 53.0 7.7 
Sc 19 9 091/32 301/-53 3 l 5 / -  30 7 7 55.4 8.2 
Sc20 10 118/42 357/-49 005/ 30 8 8 113.6 5.2 
Sc21 8 209/101 347/-29 029/ 50 7 8 18.7 14.3 

Sum Nc = 224 Nu = 148 Nd = 185 

Mean of 19 sites (019/-34) 2.8 24.6 
Mean of 19 sites (026/-43) 4.9 16.9 
Mean inclination -35  

The S/D column indicates strike and dip of bedding and primary surfaces (down dip to the right of strike). D/I are the declination and 
inclination in degrees of the site mean direction. TC indicates degree (%) of tilt-correction. Brackets about a site mean direction indicate 
exclusion from the computation of the formation mean. The N~. column indicates the numbers of samples (cores) collected, NL, indicates 
the number of specimens used in the statistical analysis for site-means and the formation mean, and Nd is the number of specimens 
demagnetized, k and a95 are the precision parameter and the radius of the 95% confidence cone about the mean direction in degrces 
(Fisher, 1953). Standard deviation of tilt-corrected inclination = 8.5 °. 

occasionally between 300 and 600°C. As observed 
in specimen SmlJ (Fig. 6al),  many specimens dis- 
playing the southerly b-component became spurious 
after 500 or 600°C, and some did not decay to the 
origin suggesting the presence of  an unresolvable 
high temperature component in those specimens. In 
some of these specimens successive demagnetization 
datapoints show trajectories on a stereonet head- 
ing to a north and up direction (e.g., Fig. 6a2). A 

northerly b-component was typically removed be- 
tween 600 and 680°C (e.g., Fig. 6c) but between 200 
and 580°C in a few specimens. In specimen Sm2Ca 
(Fig. 6d) both a southerly and a northerly direction 
were preserved. As shown in Fig. 6b,e, a westerly 
c-component was revealed at high temperatures, typ- 
ically between 600 and 680°C, although occasionally 
it began to decay by 450 or 500°C. A high tempera- 
ture easterly c-component was preserved as a single 

Fig. 6. Representative in situ orthogonal vector endpoint diagrams (Zijderveld, 1967) of thermal demagnetizations that display 
characteristic directions from the Fivemile Brook Formation. Closed/open symbols represent projection onto the horizontal/vertical plane. 
Numbers refer to temperature of demagnetization steps in °C. The first three or four digits of the sample numbers before the dash 
represent the site number. 
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(c-component) directions from the Fivemile Brook Formation in northwestern Maine 

Site N~. S/D In situ D/I 100% TC D/I Nu Nd k a~5 

Sm I 14 033/85 0 19 
Sm2 36 033/69 0 16 
Sm3 8 033/69 0 9 
Sm4 14 034/83 0 17 
S m5 13 033/85 0 20 
Sm6 14 034/89 264/30 173/42 5 15 
Sin7 9 037/79 260/19 201/44 8 8 
Sin8 5 038/89 258/29 182/34 4 5 
Sin9 10 037/79 0 6 
Sm 10 12 037/79 079/-28 009/-43 6 6 

Sum Nc = 135 Nu = 23 Nd = 121 

Mean of 4 sites (260/27) 
Mean of 4 sites 186/41 
Mean of 23 specimens (260/26) 
Mean of 23 specimens 189/42 

39.2 12.4 
82.4 6.1 
18.5 21.9 

317.7 3.8 

211.7 6.3 
69.5 I 1. I 
46.2 4.5 
36.2 5.1 

Conventions as in Table 1. The precise locations of the four sites that preserve the c-component are: Sm6 at 47°02'08"N, 69°28'47"W, 
Sm7 at 47°01'56"N, 69°29'23"W, Sm8 at 47°02'10"N, 69°28'45"W. and Sml0 at 47°00'30"N, 69°31'52"W. Standard deviation of 
tilt-corrected inclination=3.9 °. 

c o m p o n e n t  in all spec imens  f rom site S m l 0  that was 

r e m o v e d  be tween  600 and 680°C (Fig. 6f). Di rec -  

t ions revea led  in tufts were  consis tent  with those 

r evea led  in the basalts.  

The  Cha leur  Group  spec imens  were  wel l  behaved,  

revea l ing  one  or  two components .  A low tempera -  

ture c o m p o n e n t  observed  in some  spec imens  (e.g., 

Fig. 7a) is c lose  to the present -day  g e o m a g n e t i c  field, 

sugges t ing  a v i scous  r e m a n e n c e  overprint .  The  high 

tempera ture  c o m p o n e n t  was r e m o v e d  be tween  500 ° 

and 680°C with  many  spec imens  d isp lay ing  a dou- 

b le - shou lde red  intensi ty  decrease  (e.g., Fig. 7b,c). 

Fig. 7 i l lustrates the wide  range o f  in situ direc-  

t ions observed  in Cha leur  Group  spec imens .  Site Sc7 

spec imens  were  uninterpretable .  Di rec t ions  revea led  

in the red bed ( S c l )  were  s imi lar  to those r evea led  in 

nearby basalts  ( S c l  1 and Sc12) (Table 1). 

U n b l o c k i n g  tempera tures  o f  680°C and high coer-  

c iv i ty  ev idenced  by a l ternat ing field demagne t i za t ion  
o f  the pi lot  spec imens  indicate  that the magne t i za -  

tion is carr ied  dominan t ly  by hemat i t e  in both the 

F ivemi l e  Brook  Fo rma t ion  and the Cha leur  Group.  

rect ions  are i l lustrated in Fig. 8a,b: wes ter ly  shal- 

low to in te rmedia te  down direct ion,  an easter ly  in- 

t e rmedia te  up direct ion,  a south-southeas ter ly  inter- 

media te  down direct ion,  and a nor ther ly  up direc-  

tion. The  eas t -wes t  di rect ions  cor respond to the bi- 

polar  c -componen t ,  and the nor th-south direct ions  

cor respond  to the bipolar  b -component .  The  direc-  

t ion (D  = 57 °, I = - 6 1 )  ° p rese rved  in an ox id ized  

zone  o f  site Sm2  ( label led S m 2 a  in Table 3) cannot  

be unambiguous ly  ass igned to any one  of  these four  

groups;  the d i rec t ion  does,  however ,  fall near  the great  

c i rc le  be tween  the b -componen t  and c - c o m p o n e n t  and 

may  be an unresolvable  mix ture  o f  the two. The  mean  
in situ di rect ion o f  the c - c o m p o n e n t  site means  is 

D = 260 ° , I = 27 °(o!gs = 6 ° , k  = 212, based on 
the mean  of  4 s i te -means)  and the t i l t -corrected mean  

is D = 186 °, 1 = 41 °(~95 = 11°, k = 70; stan- 

dard devia t ion  o f  inc l ina t ion  cyr = 3.9 °) (Fig. 8c). The  

b - componen t  site means  yie ld  a m e a n  di rec t ion  in situ 
o f  D = 165 °, I = 35 ° (or95 = 6 °, k = 65, based on ten 

entr ies;  see Table  3) and t i l t -corrected of  D = 164 °, 

I = - 3 1  ° (~95 = 10°, k = 23). 

4.3. Fivemile  Brook  in situ and  t i l t -corrected means  4.4. Fivemile  Brook reversal test 

In situ s tereoplots  o f  site mean  di rect ions  show 

tour  dis t inct  groups o f  direct ions.  These  four  di- 

The  approx ima te ly  ant ipodal  di rect ions  suggest  

preserva t ion  o f  reversals .  The  c - c o m p o n e n t  passes 
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Fig. 7. Representative in situ orthogonal vector endpoint diagrams of thermal demagnetizations that display characteristic directions from 
the Chaleur Group. Conventions as given in Fig. 6. 

N N 

Fig. 8. (a) In situ Fivemile Brook c-component site means. The overall formation mean is D = 260 °, I = 27 °, ff95 = 6 °, k = 212. (b) In 
situ Fivemile Brook b-component site means. The overall formation mean is D = 165 °, 1 = 35 °, ~95 = 6 °,  k = 65. (c) Fivemile Brook 
c-component site means in tilt-corrected coordinates. The overall formation mean is D = 186 °, 1 = 41 °, o~95 -- 11 °, k = 70. Closed/open 
symbols represent projections onto the lower/upper hemisphere. 
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Fig. 9. Fivemile  Brook reversal tests. (a) Tilt-corrected c-component  mean northerly (D = 009 °, l = - 4 3  °) and southerly directions 
(D = 185 °, l = 41°). (b) In situ b-component  mean northerly (D = 355 °, 1 = 40 °) and southerly directions (D = 161 °, l = 32°). 

McFadden and McElhinny (1990) c o m m o n  kappa 
reversal test and is assigned an A - I  classification. 
In tilt-corrected coordinates the means (D = 009 °, 
I = - 4 3  ° and D = 185 °, I = 41 ° ) display a de- 
viation g = 4 ° (Fig. 9a). The b-component is a bit 
more complex.  The northerly and up in situ mean 
site-mean direction (D = 355 °, I = - 4 0  °) is about 
antipodal to the south-southeasterly and down mean 
direction (D = 161 °, I = 32 °) (Fig. 9b). With devi- 
ation y = 16 °, this passes the common kappa test, 
giving a C classification; however, when a simula- 

tion is run, the null hypothesis of  a c o m m o n  mean 
direction is rejected. 

4.5. Chaleur Group conglomerate tests 

R e s u l t s  o f  t h e  t w o  c o n g l o m e r a t e  t e s t s  ( W a t s o n ,  

1956) for the Chaleur Group have important impli- 
cations. As shown in Fig. 10 the conglomerate test at 
the base of  the section (Sc16) is negative. If all ten 
samples are used, the results (N  = 10, R = 8.845, 
R0 -- 5.03; R > R0) imply rejection of  the null hy- 

Table 3 

Characterist ic (b-component)  direct ions from the Fivemile  Brook Formation in northwestern Maine 

Site Nc S/D In situ D/I 100% TC D/I Nu Nd k a,~5 

Sm 1 14 033/85 171/39 1 6 4 / -  27 18 19 128.2 3.1 
Sm2a 36 033/69 ( 0 5 7 / - 6 1 )  ( 3 3 4 / - 3 0 )  (7) 16 114.8 5.7 
Sm2b - 033/69 004/- -40 346/07 5 - 8.9 27.1 
Sm2c - 033/69 165/36 159/ -21  2 126 22.4 
Sin3 8 033/69 3 5 6 / - 4 5  338/08 8 9 84.1 6. I 
Sm4a 14 034/83 3 4 7 / - 3 4  346/32 9 17 38.6 8.4 
Sm4b - 034/83 155/29 1 6 2 / - 4 4  5 - 26.3 15.2 
Sin5 13 033/85 164/31 1 6 7 / - 3 7  13 20 35.5 7.1 

Sm6 14 034/89 155/29 161/51 8 15 35.1 9.5 
Sin7 9 037/79 0 8 
Sm8 5 038/89 164/31 1 8 2 / - 3 4  4 5 26.3 18.2 
Sin9 10 037/79 150/29 1 4 8 / - 4 8  5 6 31.6 13.8 
S m l 0  12 037/79 0 6 

Sum Nc = 135 Nu = 77 Nd = 121 
Mean of 10 entries (without 2a) 165/35 65 6.1 
Mean of 10 entries (without 2a) ( 164/-31 ) 23 10.2 

Conventions as in Table 1. Samples  from the same site that show similar  directions (for instance, either normal or reversed) have been 
grouped together as sub-sites (e.g., sites Sm2a, 2b or 2c); for additional sub-sites, dashes are placed in the Nc and Nd columns. 
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Fig. 10. Chaleur Group conglomerate tests. (a) Negative conglomerate test at the base of the section (Sc 16). (b) Positive conglomerate 
test at the top of the section (So 2). 

pothesis of randomness. The direction used hereafter 
(Sc 16 in Table 1) is based on the eight best-grouped 
directions. Conversely the conglomerate test at the top 
of the section in site Sc2 is positive (N = 11, R = 
4.088, R0 = 5.29; R < R0), indicating that there is 
no reason to reject the null hypothesis of randomness. 

4.6. Chaleur Group tilt-correction 

In situ site mean directions for the Chaleur Group 
are widely scattered (Fig. 1 la), indicating the need for 
structural corrections to find a meaningful magnetic 
direction. The inclination-only fold test (Fig. l lb) 
shows a seven fold increase in k, peaking at 50% 
unfolding to yield a mean inclination of - 3 5  ° with 
a standard deviation (or1) of 8.5 °. Site means at 50% 
unfolding show significant streaking in declination 
(Table 1, Fig. 1 l c) that cannot be caused by tilt. Al- 
though map patterns are suggestive of plunging folds, 
bedding plane intersections, where we could measure 
them, are within a few degrees of horizontal. 

5. Discussion of  paleomagnetic  results and 
tectonic implications 

5.1. Fivemile Brook results 

AMS results indicate a low degree of anisotropy, 
indicating minimal probability of remanence deflec- 
tion. The ratios of bulk susceptibilities at 77 K to 

those at room temperature (293 K) indicate involve- 
ment of a paramagnetic mineral phase that is proba- 
bly chlorite. Moreover, the magnetic fabric observed 
in a number of Fivemile Brook sites is roughly 
cleavage parallel. 

Based on high unblocking temperatures it is in- 
ferred that both the c- and b-components are carried 
by hematite. In view of the extremely high tem- 
peratures required to thermally reset hematite grains 
(Pullaiah et al., 1976), both the c- and b-components 
are presumably chemical remanent magnetizations 
(CRMs) resulting from hematite replacement of orig- 
inal magnetite. Subaerial weathering may account 
for initial oxidation of the magnetite in these vol- 
canics; a later CRM may be associated with fluid 
circulation (Dorobek, 1989). 

The approximately antipodal directions are in- 
terpreted as a record of geomagnetic field rever- 
sals. The c-component clearly passes the common 
kappa reversal test. Although the b-component rever- 
sal shows a deviation V = 16°, the evidence suggests 
that this represents a field reversal. Plotted on a 
stereonet, successive directions with treatment above 
300°C in many specimens from sites Sml and Sml2 
appear to lie along a great circle path trending to- 
wards a north and up direction (e.g., Fig. 6a2). The 
b-component magnetization in the Fivemile Brook 
Formation is similar to dual-polarity, post-deposi- 
tional red bed magnetizations observed elsewhere 
(e.g., Roy and Park, 1974; Channell et al., 1982) and 
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Fig. 11. (a) Scattered Chaleur Group in situ mean directions. (b) Chaleur Group inclination-only fold test peaks at 50%+ corresponding to 
an inclination of -35  °. (c) Clockwise streaking of Chaleur Group site mean directions observed at 50% tilt-correction. 

to remagnetization by oxidation of  volcanics in Nova 
Scotia (Johnson and Van der Voo, 1989). 

The magnetic directions in the Fivemile Brook 
samples clearly suggest two diachronous compo- 
nents. Although the ot95 of  the c-component increases 
after unfolding, this is not statistically significant at 
the 95% confidence level, because of  the low num- 
ber (4) of  site means. If we compare the statistical 
parameters based on the means of  the 23 specimen 
directions, the corresponding G95 values are 4.5 ° and 
5.1 ° before and after tilt correction, respectively, with 
a kl/k2 ratio of  1.27, which is also not statistically 
significant (Table 2). The in situ c-component direc- 

tion is unlike any North American direction since 
the Silurian, so its magnetization must be older than 
much of  the folding which is Early Devonian in 
Maine. When an early syn-tilting origin is consid- 
ered for the c-magnetization, the possible range of  
inclination values is between +41 ° and +50  ° . The 
tilt-corrected inclination of  41 ° (cq = 3.9 °) corre- 
sponds to a paleolatitude of 24 ° ± 3 ° which fits 
the North American reference path values for either 
the Middle to Late Silurian or the Early Devonian 
(Fig. 12). An early syn-tilting origin of  the magne- 
tization would typically yield a steeper inclination 
(around + 5 0  °) and, hence, an even higher paleolat- 
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Fig. 12. Paleolatitude plot illustrating agreement of Fivemile 
Brook c-component (Sm) and Cbaleur Group (Sc) results with 
North American reference values. Flagging about data points 
represents potential error. 

itude, possibly implying a latest Silurian to earliest 
Devonian age for the magnetization. As already dis- 
cussed, the deviating in situ westerly direction makes 
it very unlikely that we are dealing with a post-tilting 
or late syn-tilting magnetization. 

As illustrated in Fig. 13a, a locus of paleomag- 
netic pole positions corresponding to an inclination 
of 41 ° crosses the North American APWP along 
the Early Devonian segment and near the Middle 
to Late Silurian reference pole. In view of current 
northern Appalachian tectonic models that incorpo- 
rate oblique convergence and transpressional motion 
along the Laurentian margin, the possibility of rota- 
tions must be considered. In tilt-corrected coordinates 
the c-component mean direction (D ---- 186 °, I = 41 °) 
yields a pole at 19°S, 285°E near the Early Devonian 
segment of the North American APWP, whereas a 
syn-tilting origin for the magnetization also yields a 
best estimate of (latest Silurian to?) Early Devonian 
for the magnetization age. Thus the paleomagnetic re- 
sults constrain acquisition of the c-component magne- 
tization in these Upper Silurian rocks to be older than 
the end of the Early Devonian folding, but without fur- 
ther details of the length of time involved in the acqui- 
sition of the Fivemile Brook Formation c-component 
magnetization, our data cannot further constrain tec- 
tonic models on the basis of rotations. If the magneti- 
zation is Late Silurian in age, or if it is of syn-tilting 
origin and acquired during the Early Devonian, then 
our results would suggest clockwise rotation. If the 
magnetization is pre-tilting, but late Early Devonian 

in age, then these results support tectonic models with 
little or no rotation of northwestern Maine (e.g., Malo 
et al., 1995). We interpret the Fivemile Brook For- 
mation c-component magnetization to be an ancient 
magnetization that is older than Early Devonian tilt- 
ing which may have been acquired during subaerial 
weathering of magnetite to hematite during either the 
Late Silurian or Early Devonian. 

The b-component is observed in 77 specimens 
from 8 sites in the Fivemile Brook Formation. The 
mean is based on 10 entries, counting normal- and 
reversed-polarity mean directions separately. The tilt- 
corrected b-component direction (D = 164 °, I = 
- 3 1  °) corresponds to a typical Jurassic direction for 
North America, but this is nonsensical because tilt- 
ing occurred much earlier, that is, during the Early 
Devonian Acadian orogeny in Maine. The pole cal- 
culated from the in situ b-component mean direction 
(D ---- 165 °, I = 35 °) is at 22°S, 306°E or near the 
Early Carboniferous corner of the North American 
APWP (Fig. 13b). Although the ~9~ error circle sur- 
rounding the in situ b-component pole includes the 
mid-upper Silurian reference pole, this magnetization 
could not have been acquired in the Silurian because 
a Silurian magnetization would predate deformation. 
We interpret the b-component to be a post-deforma- 
tional direction acquired during the Early Carbonifer- 
ous as a CRM remagnetization event. 

5.2. Chaleur Group results 

The Chaleur Group results indicate a single an- 
cient magnetization with its age constrained by the 
ages of the two conglomerates. Chaleur Group con- 
glomerate tests indicate that magnetization must post- 
date deposition of the conglomerate at the base of the 
section (Sc16) and predate deposition of the syntec- 
tonic conglomerate at the top of the section (Sc2). 
Furthermore, the inclination-only fold test indicates a 
syndeformational magnetization, and the wide range 
of declinations suggests that substantial rotations oc- 
curred during later deformation, as will be discussed 
below. The sequence of events therefore must be: the 
initial extrusion of subaerial volcanics and early de- 
position of the lower conglomerate (Sc 16), partial de- 
formation, acquisition of magnetization, followed by 
deposition of conglomerate (Sc2) during protracted 
deformation that includes folding or tilting, as well as 
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Fig. 13. (a) Locus of paleomagnetic pole positions corresponding to an inclination of 41 ° at the site (black dot) of the tilt-corrected 
Fivemile Brook Formation, plotted with the south apparent polar wander path for North America. Intersections are found near the 
Middle to Late Silurian and Early Devonian segments. (b) Fivemile Brook Formation in situ b-component pole plots near the Early 
Carboniferous corner of the path. (c) [,ocus of paleomagnetic pole positions corresponding to an inclination of 35 ° at the site (black dot) 
of the 50% tilt-corrected characteristic component of the Chaleur Group. 

rotations. In fact, structural features such as fiber pat- 
terns traced elsewhere are continuous through sharp 
bends in rocks from southern Gasp6 and provide evi- 
dence for continuous deformation rather than discrete 
deformational stages (Kirkwood et al., 1995; Kirk- 

wood and Malo, 1993). 
We have examined the large spread in declinations 

at all levels of unfolding. Regardless of the applica- 
tion of partial or lull tilt-corrections, the declina- 
tion distribution persists. Corrections for estimated 
plunges of some of the folds are minor and do not 
result in significantly better grouped declinations. 
Given the results of the inclination-only fold test, we 
analyze the spread in declinations of the site means 
at 50% unfolding only. The observed pattern indi- 

cates vertical axis rotations, an interpretation that is 
also suggested by structural map patterns. A detailed 
analysis of the rotations implied by these directions 
and comparisons with the geometry of the structures 
is not possible without much further work, not in the 

least because it requires more accurate mapping than 
is now available, or even possible, due to limited 
exposure in the area. Clearly, the region has under- 
gone complex polyphase deformation, including the 
effects of anastomosing shear zones. 

A mid-Silurian inclination of - 3 5  ° (Crl = 8.5 °) 
corresponds to a paleolatitude of 19°+5° / -4  ° in 
agreement with North American reference values 
(Fig. 12). Because the inclination indicates a pale- 
olatitude closely matching North American reference 
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values for mid-Silurian times, this is evidence that 
these rocks have been a part of North America since 
early acquisition of the magnetization, and that they 
have not undergone significant latitudinal displace- 
ment within paleomagnetic resolution. Note that fault 
displacements reported in the Gasp6 Peninsula, such 
as the 155 km total displacement reported by Malo 
and BEland (1989) or even the 300-400 km dex- 
tral offset of equivalent tectono-stratigraphic zones of 
the northern Appalachians (van Staal and Williams, 
1988), are not within paleomagnetic resolution. 

The clockwise streaking of site mean direc- 
tions away from a dominantly northerly declination 
(Fig. 1 ic) is consistent with post-middle Wenlockian 
dextral shearing. Deformation of the Chaleur Group 
has been interpreted as a polyphase deformation in- 
cluding dominantly transcurrent dextral shear (van 
Staal, 1988, F3-related deformation). The reversal 
from sinistral to dextral transpression in the northern 
Appalachians is not well understood because struc- 
tural complexities obscure reliable indicators that 
could constrain the timing of this shear-sense rever- 
sal. Many recent studies suggest that, most likely, Sil- 
urian transpression was due to sinistral shear, which 
changed abruptly to early Devonian dextral faulting 
(e.g., de Roo and van Staal, 1994; Hibbard, 1994). 

Given the uncertain effects of rotations, a forma- 
tion-mean declination for the Chaleur Group remains 
uncertain so that only a small circle about the sam- 
pling site can be used to determine the locus of 
paleomagnetic pole positions (Fig. 13c). The locus 
of poles corresponding to an inclination of - 3 5  ° 
crosses the south APWP for North America near 
the Middle to Late Silurian reference pole, consis- 
tent with a Silurian age of the magnetization for 
the Bryant Point volcanics. Whereas this locus could 
suggest that an Early to Middle Devonian age of the 
magnetization is also possible (Fig. 13), the positive 
conglomerate test and U-Pb age from the overlying 
felsic volcanics constrain the age of magnetization to 
be older than 423 -4- 3 Ma. Thus a Devonian age can 
be excluded, and the age of the Chaleur Group mag- 
netization is considered to be middle Wenlockian. 

mid-Paleozoic tectonic evolution of the Laurentian 
margin. Previous studies indicate that subduction of 
Iapetan crust and collision of island arcs and other 
vestiges of the Iapetus with North America during 
the Ordovician and Silurian provided a northwest- 
erly source for sediments of the ensuing Siluro- 
Devonian overstep sequence. This study indicates 
that Early Devonian Acadian deformation in north- 
western Maine largely postdates the Late Silurian 
or Early Devonian acquisition of the c-component 
by the Fivemile Brook Formation. Chaleur Group 
results indicate that the age of the magnetization 
of the Bryant Point Formation is mid-Wenlockian. 
Given that its inclination indicates a paleolatitude 
closely matching the North American reference val- 
ues for mid-Silurian, we conclude that these rocks 
have been a part of North America since their for- 
mation, and have not undergone paleomagnetically 
significant latitudinal displacement. Some sites in 
the Chaleur Bay region have undergone large local 
rotations, consistent with post-middle Wenlockian 
dextral shear. If the inclinations from these northern 
Appalachian units indeed do represent the Silurian 
geomagnetic field, then they make an important con- 
tribution to the Silurian paleolatitude controversy 
because they do not show a large discrepancy in in- 
clination with Laurentian reference poles. Hence, we 
conclude that, within paleomagnetic resolution, there 
have been no significant latitudinal displacements of 
the Siluro-Devonian overstep sequences or underly- 
ing Ordovician units with respect to stable Laurentia 
since the Middle Silurian. 

In addition to contributing to the Silurian paleo- 
latitude controversy, paleomagnetic results from the 
Chaleur Group provide constraints on the timing 
of mid-Paleozoic deformation in the northem Ap- 
palachians. A middle Wenlockian synfolding magne- 
tization in the Chaleur Group requires that deforma- 
tion associated with the Acadian orogeny in northern 
New Brunswick began no later than mid-Silurian 
times. 
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