
lable at ScienceDirect

Journal of Structural Geology 30 (2008) 1466–1488
Contents lists avai
Journal of Structural Geology

journal homepage: www.elsevier .com/locate/ jsg
Late Proterozoic reconstructions of North-West Scotland and Central Canada:
Magnetic fabrics, paleomagnetism and tectonics

Graham J. Borradaile*, Ieva Geneviciene
Faculty of Science, Lakehead University, Thunder Bay, Ontario P7B 5E4, Canada
a r t i c l e i n f o

Article history:
Received 1 January 2008
Received in revised form 23 July 2008
Accepted 25 July 2008
Available online 6 August 2008

Keywords:
Paleomagnetism
AMS
Torridonian
Scotland
Laurentian
Rodinia reconstruction
* Corresponding author. Tel.: þ1 807 683 0680.
E-mail address: borradaile@lakeheadu.ca (G.J. Bor

0191-8141/$ – see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.jsg.2008.07.009
a b s t r a c t

Red-beds dominate the Stoer Group and the unconformably overlying Torridon Group, having accu-
mulated between w1400 and w1000 Ma, in a rift of the Hebridean foreland. The sequences were weakly
strained and shortened E–W, and each underwent successive diagenetic changes which altered their
magnetic properties and caused their different characteristic post-depositional magnetizations. Anisot-
ropy of magnetic susceptibility (AMS) reveals an N–S vertical tectonic foliation superimposed on the
bedding-planar AMS sub-fabric. The tectonic AMS sub-fabric was isolated by comparing normalized and
non-normalized mean tensors of multiple specimens. The N–S vertical AMS tectonic foliation postdates
warps of bedding; thus the high-susceptibility minerals, including those carrying palaeomagnetic signals
re-oriented or recrystallized after deposition and diagenesis. Thus characteristic remanence vectors
(ChRM) were acquired long after deposition, first in the Stoer Group, then in the Torridon. ChRMs were
isolated for 143 Stoer specimens and 94 Torridon specimens using two cycles of low-temperature
demagnetization followed by at least 12 steps of thermal demagnetization. For the Stoer Group, two
structurally integral groups of sites yield mean magnetizations of 317.0/þ43.1 a95¼11.3 (n¼ 49) and
309.9/52.1 a95¼10.6 (n¼ 23). Some Stoer specimens bear a Torridon age overprint 133.3/þ525 a95¼ 9.6
(n¼ 19). The younger Torridon Group yields 138.4/þ52.2 a95¼7.4 (n¼ 42); 134.9/þ45.5 a95¼16.0
(n¼ 15) and 134.4/þ55.1 a95¼11.3 (n¼ 19) from three structurally integral clusters of sites. These late
chemical magnetizations postdate bedding warps, faults and tectonic AMS fabrics; they do not warrant
local ‘‘rigid-body’’ tilt corrections. However, we restored the ChRM directions for the regional post-
Cambrian eastwards tilt which affected the entire foreland from the Lewisian basement to the overlying
Proterozoic strata. Paleopoles calculated from the strata’s restored vectors were rotated into Laurentian
coordinates for comparison with Canadian Proterozoic palaeopoles. The Stoer Group was magnetized in
a normal polarity geomagnetic field whereas the Torridon Group was magnetized in a reversed polarity
epoch. However, both sequences include at least one polarity transition, indicating long duration
chemical magnetizations successfully averaging secular variation. At a minimum, red-bed magnetization
processes exceeded 0.1 Ma and may have encompassed several million years. During Stoer Group
magnetization, the Hebridean craton was at paleolatitudes of 26–44�N; when the Torridon Group
magnetized it was at 23–27�S. Accepting published ages, this defines a minimum southward latitudinal
displacement rate of 27–40 km/Ma. Restored Stoer Group paleopoles lie in the present-day north-central
Pacific Ocean (w190E/25N); corresponding to the Laurentian APWP dated at between 1090 and 1109 Ma.
Torridon Group paleopoles lie in the south-central Pacific (w210E/25S) near the poorly documented
(<900 Ma) southernmost part of the Laurentian APWP.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The commonly accepted Proterozoic reconstruction of the Lau-
rentian, SW Greenland (Gardar) and Hebridean cratons is shown in
Fig. 1 (Buchan et al., 1996, 2000, 2001, 1993; Irving and McGlynn,
1981; Piper, 2000; Stewart and Irving, 1974; Thomas and Piper,
1992; Weil et al., 1998; Stewart, 2002). Consider the areas north of
radaile).

All rights reserved.
the Grenville mobile belt, which cooled from its metamorphic
climax at w1000 Ma. There the craton(s) show continental rifts 80–
120 km wide with relatively undisturbed Mesoproterozoic rift
sequences valuable for paleomagnetic reconstruction (Halls and
Pesonen, 1982; DuBois, 1960; Robertson, 1973; Robertson and
Fahrig, 1971; Symons et al., 1994; Weil et al., 1998). Stewart (2002)
is the most authorative single source on these rocks in the Hebri-
dean craton (NW Scotland); for the Superior craton rifting see
Green (1983) and Franklin et al. (1980). In Canada, the rift
sequences overly Archean metamorphic basement (>2500 Ma) but
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Fig. 1. Present-day landmasses referred to an approximate restoration of Late Archean and Early Proterozoic cratons (Canadian Superior Province and Greenland-Hebridean). These
Precambrian Shields lie north of the w1100 Ma Grenville Mobile Belt. At that time, the principal tectonic effects we discuss are the formation of continental rift sequences along the
NW Scottish Foreland (Stoer and Torridon Groups) synchronously with the Gardar Rift, and the triple-junction rift now located in the Lake Superior region. Proterozoic regional
geology for the Superior rift sequences is described by Franklin et al. (1980) and Green (1983); and for Hebridean rift by Stewart (2002).
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in the Hebridean craton the Archean (Scourian) is mostly reworked
by the Inverian and Laxfordian events (1900–1700 Ma). The
northern and southern margins of the Superior craton were re-
activated in approximately the same time interval by the Hudso-
nian and Penokean tectono-thermal events, respectively. Recently,
Kinnaird et al. (2007), challenge the view that the Torridonian, and
perhaps Stoer Groups are preserved in ancient rifts although the
nature of their arguments is not clear.

In central Canada and USA, a triple-rift junction formed on the
Superior craton between approximately 1500 and 900 Ma (Green,
1983; Franklin et al., 1980; Paces and Miller, 1993; Sutcliffe, 1991),
providing a deep basin for shallow water continental deposits,
especially red-beds, thick volcanic sequences and sub-volcanic
igneous rocks, overlying older Proterozoic sequences (Franklin et
al., 1980; Holm et al., 1998). In NW Scotland, thick deposits of
shallow water sediment accumulated (w1200 to 990 Ma) in
a paleo-rift that approximately follows the course of the Minch
channel along the NW Scottish coast. In both regions these depo-
sitional basins are bounded by normal faults, although in NW
Scotland, the eastern margin of the rift is obscured at the surface by
the Caledonian orogenic front, in particular end-Silurian Moine
over-thrusting (w430 Ma). In both regions, Proterozoic sedimen-
tary rocks are characterized by lacustrine and fluvial environments
featuring red-beds. Fortunately for paleomagnetic study both
regions essentially escaped penetrative tectonic deformation
(Fig. 1). In NW Scotland, the Proterozoic red-bed sequences
escaped Caledonian orogenesis (�420 Ma) although its tectonic
front lies only w10 km east of the Proterozoic paleo-rift. Absence of
significant penetrative deformation permits the red-bed strata to
be de-tilted and thus the original orientations of their characteristic
magnetizations (ChRMs) to be retrieved. Although restorations for
tilts are commonplace, some caution is still required since any
history of significant stress or even sub-cleavage finite strains (<8%
shortening; Borradaile, 1997) may demagnetize or remagnetize.

The NW Scottish Proterozoic rift basin approximately occupies
the Minch Strait between the mainland and the Outer Hebrides.
Principally, and specifically in the area we examine, two successive
shallow water sedimentary Groups are dominated by red sand-
stone, unconformable upon the Lewisian gneissic basement. For the
Stoer Group, old detrital zircon (3.0–2.55 Ga; Rainbird et al., 2001)
was derived from the Lewisian basement, and does not help
constrain a maximum depositional age. However, Downie (1962)
found Mesoproterozoic nannofossils (‘‘Riphean’’ 1350–1050 Ma)
and Turnbull et al. (1996) suggest a minimum Pb–Pb limestone
depositional age of 1199� 70 Ma. For example, Stewart (2002)
shows that the Stoer Group is overlain with angular unconformity
by the Torridon Group. The latter yields a minimum Rb–Sr age of
997�39 Ma from diagenetic phosphate (Turnbull et al., 1996) and
a maximum depositional age of 1060�18 Ma from detrital zircon
(Rainbird et al., 2001). The radiometric ages are possibly consid-
erably younger than deposition U–Pb Concordia ages (precision
�0.3%) serendipitously provided by more suitable lithologies for
the Later Proterozoic Canadian and Gardar cratons (Davis and
Sutcliffe, 1985; Green, 1983; Paces and Miller, 1993; Piper, 1987,
1992a,b). As in Central Canada, the Scottish rift system appears to
have acted as a repository for continental sediment from
w1400 Ma to the onset of the Grenville tectonic event (w1000 Ma).

2. Microstructure and tectonics relevant to paleomagnetism

Field and micro-structural investigations of the Stoer and Tor-
ridon Group sedimentary rocks of the Stoer peninsula (Fig. 2) fail to
find convincing macroscopic cleavage. However, pressure solution
and strain-shadowing of clasts indicate E–W shortening about



Fig. 2. Principal sampling area and type localities for the Stoer and Torridon Group red-bed sequences and the Stac Fada ash flow, within the Stoer Group (Stewart, 2002). Inset:
orientation distribution of bedding planes.
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a vertical plane. (Grains with inherited fabrics from the Lewisian
basement were obviously excluded.) Quartz grain contacts are
sutured due to incipient pressure solution and pressure solution
overgrowths occur, both in orientations compatible with E–W
layer-parallel shortening. Bedding-parallel mica and chlorite is
kinked to be shortened along E–W axes, feldspar clasts show
deformation-twinning initiated at grain contacts whereas quartz
clasts show sub-grain development around their margins. From our
experience of field strain analysis and laboratory experimental
deformation, finite strains associated with these micro-structural
features are compatible with a shortening of <10%. However, such
strains are quite sufficient to trigger remagnetization of magnetite
or hematite in the contemporary geomagnetic field, as shown by
field and laboratory studies (Borradaile, 1991a,b, 1993, 1996, 1997;
Borradaile and Jackson, 1993; Jackson et al., 1993; Robion and
Borradaile, 2001; Werner and Borradaile, 1996). The effects of
stress-remagnetization are largely unpredictable since small finite
strains or ephemeral stress selectively removes specific remanence
components of different coercivity in different minerals (op.cit.).
Only rarely does a remanence vector spin, controlled only by strain,
as would a passive or rigid marker predicted by continuum
mechanics (Borradaile, 1993, 1997). Remanence is carried at the
submicroscopic level in domains whose stability is dictated by
crystal defects; it is not uniformly distributed nor locked inside
freely rotating grains (Borradaile, 1997; Dunlop and Özdemir, 1997).

3. Stoer and Torridon Group magnetic mineralogy

Magnetic fabric interpretation is rarely straightforward and is
commonly over-simplified; thus some preface is warranted. The
response of material to induced magnetization is quantified by the
property susceptibility (k). All materials possess a weak diamag-
netic susceptibility component (usually near �14�10�6 SI or
�14 mSI). Diamagnetic magnetization is induced antiparallel to the
applied field during its application and unless a rock only comprises
pure diamagnetic minerals (e.g., quartz, feldspar, calcite), it may be
ignored in comparison to the paramagnetic magnetization which is
large and in the same direction as the applied field. Paramagnetic
magnetization thus yields a positive value for susceptibility, several
hundred mSI for pure clay minerals and micas, ranging up to
2000 mSI for some pure mafic silicates. In practice these rock
forming minerals are not pure and have much higher positive
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susceptibilities due to the presence of iron oxides, especially
inclusions or exsolutions of magnetite (k w 2.5 SI) and hematite
(k w 0.01 SI). Magnetite and hematite are the most common
remanence-bearing minerals (RBM); a subgroup within the para-
magnetic group in which magnetic ordering is retained after the
removal of a moderate applied field. To measure susceptibility in
a reproducible manner, avoiding any permanent remagnetization,
we use a low applied field similar to the magnitude of the earth’s
field. Much use is made of the anisotropy of low field magnetic
susceptibility (AMS) in structural geology because this provides
a very sensitive measure of the degree of preferred orientation of
minerals. Of course, this is complicated when there are mineral
species of very different bulk susceptibility, of different anisotropy
or of different orientation distribution (Borradaile and Jackson,
2004).

Bulk susceptibility (k) was determined by averaging the seven
different susceptibility measurements along different axes during
AMS measurement (Fig. 3a). The Stoer Group, being most directly
derived from the high-grade metamorphic basement is 10 times
more susceptible than the Torridonian group due to the enrichment
of less weathered magnetite. Despite large susceptibility-differ-
ences between hematite (w0.01 SI) and magnetite (w2.5 SI), giving
a ratio ratio 1: 2500, one must consider their relative abundances.
Nevertheless, the bimodal distribution of k, within each group also
indicates magnetite–hematite contrasts, probably due to palae-
oclimate (Fig. 3a).

Obviously, remanence-properties isolate and characterize the
response of RBMs. We studied the acquisition of isothermal rema-
nence using a Sapphiremagnetics SI-6 pulse magnetizer (to 1.2 T)
and then studied its decay due to alternating field demagnetization
using a Sapphiremagnetics SI-4 AF demagnetizer (maximum peak
AF 180 mT) (Fig. 3b). Magnetite very quickly saturates its remanent
magnetization as shown by the Stac Fada Ash Flow in the Stoer
Group; however, failure to saturate also indicates the presence of
hematite. AF demagnetization curves show the characteristic
manner by which remanence decays for different minerals. Hematite
dominates in the Stoer and Torridon Group sandstones, slowly but
incompletely AF demagnetizing to 180 mT. Magnetization, which
proceeds to higher fields than is possible by AF demagnetization due
to technical feasibility, reveals that no saturation is possible below
1000 mT. This is typical for hematite.

The temperature at which a saturation remanent magnetization
is lost also characterizes RBMs. For this we used a Sap-
phiremagnetics horizontal-translation Curie balance to define
critical or Curie-temperatures (TC) (Fig. 3c–e). All specimens show
the presence of hematite (TC w 670 �C). However, magnetite
(TC w 580 �C) dominates in the Stoer Group sandstones and in its
Stac Fada Ash Flow. Magnetite may be barely detected in the
specimens of Torridon sandstone that we selected. Lower temper-
ature inflexion points near 200 �C and near 320 �C may be due to
titanomagnetite and pyrrhotite respectively, or to oxidized
titanomaghemites.
4. Magnetic fabrics

Anisotropy of magnetic susceptibility (AMS) measured in a low
alternating field merges the induced magnetization contributions
of all minerals. This incorporates responses of different minerals,
their abundances, their bulk susceptibility and their mineral-
anisotropy (Hrouda, 1982; Borradaile and Henry, 1997; Borradaile
and Jackson, 2004; Borradaile, 1988). The interpretation requires us
to at least qualitatively balance the abundance of different
minerals, considering their different bulk susceptibilities and
anisotropies and, in more complex cases, different minerals may
possess different orientation distributions (op.cit.) (Fig. 4).
Some low technology approaches permit us to isolate the fabric
contribution of different mineral species with different k (Borra-
daile, 2001a; Borradaile and Gauthier, 2003). AMS is visualized as
a magnitude-ellipsoid for which the radii define the susceptibility
value along that axis. The ellipsoid is representation of a second-
rank tensor, with principal axes, kMAX� kINT� kMIN. kMAX defines
magnetic lineation and, where the ellipsoid shape is appropriate
(kINT–kMIN) fixes the magnetic foliation. These values are usually
positive, since the most rock forming minerals (k> 500 mSI) and
iron oxides (k> 200,000 mSI) are paramagnetic at low fields.
Although it does not concern us here, it must be noted that some
important rock forming minerals, if pure, such as quartz, feldspar
and calcite have a small negative susceptibility (w�14 mSI) but
their fabric contribution is usually swamped by the paramagnetic
minerals (Rochette, 1988; Rochette et al., 1992). Because of these
complicating factors, it is widely accepted that principal suscepti-
bility axes may define kinematic or strain axes, but it is highly
improbable that they ever define strain magnitudes (Borradaile,
1991b).

Standard AMS specimens (25.4 mm diameter; 22 mm high)
typically comprise several hundred mafic silicate grains with
k� 500 mSI so that they dominate specimen-AMS. However,
depending on their abundance, accessory RBM may pose inter-
pretative problems (Fig. 4). For example, traces of magnetite
(k w 2.5 SI) as independent grains or inclusions may suffice to
swamp the anisotropy signal from a paramagnetic matrix. More-
over, magnetite’s high susceptibility causes its AMS to be shape-
controlled, not crystallographically controlled as with all other
minerals. Since the shape-orientation distributions of magnetite
grains and silicate crystals may differ, their blended contribution in
the rock-AMS signal may not faithfully represent either mineral
fabric. Blended sub-fabrics may be isolated (on separate stereo-
grams) by comparing AMS orientations for sub-samples of different
k (bulk susceptibility) (Borradaile and Gauthier, 2003) or by
comparing normalized and non-normalized mean tensors (Borra-
daile, 2001a). Of course, laboratory techniques of varying sophis-
tication also permit one to physically isolate different sub-fabric
contributions from different minerals (Borradaile et al., 1987;
Jackson, 1991). Unfortunately, they are not appropriate for all rocks,
including those studied here.
4.1. Some principles of interpretation of magnetic fabric

The AMS of most rocks blends contributions of susceptibility
anisotropy of different minerals, in some cases with different
orientation distributions (subfabrics). The degree to which each
mineral and each subfabric influences the net rock AMS depends on
the mean susceptibility of each mineral species and on its abun-
dance (Borradaile et al., 1990; Borradaile, 1987; Borradaile and
Jackson, 2004; Henry, 1989; Rochette, 1987, 1988; Rochette et al.,
1992). Consider the range of AMS ellipsoid shape for a specimen
blending high anisotropy matrix silicates and lower anisotropy
but high-susceptibility magnetite (Fig. 6a). Using Jelinek’s (1978)
parameters, Pj ranges from 1.0 (sphere) upward on a logarithmic
scale whereas shape is represented by Tj (þ1, oblate; �1, prolate).
Fig. 6b models the AMS of a rock dominated by two highly
susceptible minerals of different anisotropy; magnetite and
phlogopite are shown over an extreme range of mixing values.
More importantly, changes in the concentration, susceptibility and
mineral-AMS of different minerals affect the overall specimen’s
AMS axial directions. For example, the maximum susceptibility
(kMAX) due to two different orientation sub-fabrics of magnetite
traces in a phlogopite matrix may be parallel to the phlogopite
alignment for 1 ppm magnetite but effectively parallel to the
magnetite alignment if its concentration rises to 100 ppm (Fig. 4).
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Laboratory techniques may non-destructively, isolate the
orientation distribution of magnetite (or other RBM) from the
orientation distributions of matrix paramagnetic/diamagnetic
minerals which is commonly necessary in strained or metamorphic
rocks (Nakamura and Borradaile, 2001a,b; 2004). The techniques
AARM (anisotropy of anhysteretic remanence; Jackson, 1991) or
AIRM (anisotropy of isothermal magnetization; Daly and Zinsser,
1973) are demanding laboratory techniques limited to RBM of
suitable coercivity ranges. For example, these Scottish Redbeds are
unsuitable for the study of remanence anisotropy because the
coercivity of hematite is too high to permit the removal and reap-
plication of experimental remanences in different directions.

The alternative, data-processing approaches are moderately
effective at isolating different orientation distributions if the
minerals have sufficiently different k. The simplest approach plots
and compares separate orientation distributions for high-suscep-
tibility (magnetite-rich) versus low susceptibility specimens
(magnetite-poor) (Borradaile and Gauthier, 2003). More rigorously
one may compare the mean AMS tensor of the specimens and its
confidence regions for a single data-sample, with the same sample
after normalization (Borradaile, 1993, 2001a, 2003). The normalized
mean tensor is simply recalculated by assigning unit-weight to the
bulk susceptibility of each specimen. Each specimen thus has ‘‘unit-
susceptibility’’ and specimens of high susceptibility do not deflect
the mean tensor axes. Suppressing the outlying effects of anoma-
lously high-susceptibility sub-fabrics, or anomalously oriented sub-
fabrics has merits and disadvantages, depending on whether one
wishes to emphasize the contribution of a certain sub-fabric or
suppress it. For example, the Borrowdale Slate AMS is primarily
controlled by high anisotropy and moderate susceptibility chlorite,
whereas its magnetite traces have low anisotropy and high
susceptibility. Fig. 5a reveals the sub-fabric differences from
normalized and non-normalized tensors. Two further examples,
from the Canadian Shield, reveal how the contribution of magne-
tite-rich specimens is subdued by normalization, better revealing
the orientation and symmetry of the matrix (Fig. 5b, c).

Another interpretation problem concerns the significance of
principal axes wherever the AMS fabric is not a saturation fabric.
Non-saturation fabrics retain some vestige of a primary AMS fabric
overprinted with the secondary (tectonic) fabric. Progressive
development of the overprinting AMS may cause a switching of the
orientations of the principal susceptibility axes during fabric
development. This is not caused by (but may accompany) some
physical rotation of the axes relative to the material. It is better to
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conceive of the principal susceptibility axes (KMAX, etc.) shrinking
or growing as the fabric evolves. At some point, the relative
magnitudes of pairs of principal axes are exchanged, e.g. Fig. 6a. For
example, weakly deformed sedimentary rocks possess a bedding-
defined AMS foliation (bedding h kMAX� kINT) which commonly
transforms into one where kMAX is parallel to a bedding–cleavage-
intersection (Fig. 6b) or parallel to a fold axis (Fig. 6c) (Borradaile
and Tarling, 1981; Borradaile and Sarvas, 1990). Rochette et al.
(1992) and Ferré (2002) studied this more systematically (Fig. 6d).

5. AMS fabrics Stoer peninsula

The Torridonian Applecross Group forms the younger sequence
of Proterozoic sandstones on the Stoer peninsula. For low suscep-
tibility sandstones (mean k¼ 92 mSI), the most common magnetic
petrofabric defines a depositional-controlled fabric with kMAX–kINT

parallel to bedding (Fig. 7a). The 95% confidence regions for kMAX
and kINT trace out the bedding plane, indicating the importance of
the bedding-parallel fabric and the scatter of mineral long axes in
bedding. Their confidence regions are so elongate that the bedding
AMS fabric is of the S-type and the actual kMAX direction is too
vaguely defined to imply any clear depositional or later tectonic
influence. Seven of the 184 specimens shown have anomalous
inverse fabrics with kMAX steeply oriented, near the pole to bedding
(Fig. 7a). Such examples are probably due to SD magnetite which
although aligned parallel to bedding yields an inverse AMS fabric
(Potter and Stephenson, 1988). AMS ellipsoids are commonly quite
eccentric (i.e., large Pj) in depositional fabrics (Fig. 7b) since the
primary preferred grain alignment commonly exceeds that in early-
stage tectonism (Borradaile and Jackson, 2004; Tarling and Hrouda,
1993). However, AMS fabric shapes are generally neutral (Tj w 1),
midway between the prolate and oblate end-members.

Stoer and Torridon Group AMS data have been regrouped
according to mean susceptibility, and also to whether the fabric is
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bedding-dominant or with some tectonic element (Figs. 8–11). The
more susceptible (mean k¼ 118–380 mSI) Torridon sandstones
show well-defined subhorizontal kMAX–kINT bedding-foliation with
a nearly N–S kMAX from the raw measurements (Figs. 8, 9).
However, after normalization, the high-susceptibility specimens
that distort the sample towards a bedding-dominant sub-fabric are
suppressed. Thus, an NW–SE vertical AMS foliation is revealed with
kMAX (lineation) horizontal (wbedding–cleavage-intersection,
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Fig. 6) and kINT vertical (Fig. 8). The Stoer sandstones have a well-
defined bedding fabric both without and after normalization (Figs.
8, 9). Their AMS ellipsoid shape distributions are slightly skewed
toward oblate but nearly neutral (Fig. 9). A higher susceptibility
sub-sample (k¼ 570 mSI) is also unaffected by normalization due to
the strong alignment of high-susceptibility magnetite parallel to
bedding. A further sub-sample of Stoer sandstones is identified on
the basis of AMS orientation and lower mean susceptibility
(k w 270 mSI) (Fig. 9). Non-normalized data reveal an N–S foliation
with kMAX horizontal and kINT vertical, typical of a transitional
bedding-to-cleavage fabric with kMAX parallel to the intersection
lineation. It is notable that the ellipsoid shapes are bi-modally
distributed (Fig. 9e), a feature that commonly arises during fabric
transition and axis-switching (cf. Fig. 6).

Although it is of limited geographical extent, the Stac Fada Ash
flow, within the Stoer Group is of great significance, being the only
volcanic rock in the entire rift sequence. On the Stoer peninsula, it is
about 10 m thick with clear flow banding and aligned volcanic
clasts commonly reaching 30 cm in maximum dimension. Bulk
susceptibility is dominated by magnetite but later it will be seen
that hematite is equally important to paleomagnetism. AMS fabrics
as measured directly (Fig. 10a), define a bedding-parallel kMAX–kINT

foliation, with a flow lineation defined by the E–W kMAX axis. This
direction concurs with the conclusions of Stewart (2002) on sedi-
mentological and field-geology grounds. Of course, if we process
the same directions by normalizing specimen principal suscepti-
bilities by their mean value, the orientation fabric may differ, giving
insight into the roles of depositional versus tectonic fabrics
(Fig. 13b; Borradaile, 2001a). First, confidence regions for the
normalized mean tensor axes are less well defined because the
presence of magnetite-rich specimens strongly weighted the mean
tensor in (a). In that case, as found in many other volcanic rocks
(Tarling and Hrouda, 1993), primary magnetite is probably a good
flow-axis indicator. After normalizing (Fig. 10b), the magnetite
contribution is subdued and the more scattered (and lower
susceptibility) matrix silicates weaken the sense of preferred
orientation. Also, the confidence regions of the normalized sample
(Fig. 10b) are asymmetric, confirming that two orientation distri-
butions were present.

East of the Stoer peninsula, near Loch Assynt, the Torridon
Group sandstones are closer to the Caledonian tectonic front and
possibly even lie just east of the eastern paleo-rift margin. The raw
AMS orientation distribution and the normalized AMS distribution
show consistent tensor-mean orientations (Fig. 11a, b). Orientation-
consistency verifies the equal dominance of the high and low
susceptibility sub-fabric components and also their similar orien-
tations. However, the symmetry of the tensor-mean confidence
regions is somewhat reduced by normalization, indicating some
disorientation due to a magnetite sub-fabric was present in the
non-normalized mean tensor. Normalization preserves the bedding
component (Fig. 11a) but it is defined by kMAX–kMIN, and not by
kMAX–kINT, indicating a partial tectonic overprint (cf. Fig. 6a). Thus,
the vertical kMAX–kINT foliation defines an embryonic tectonic
fabric, a feature recognized in many weakly deformed sedimentary
rocks (cf. Fig. 6).

Thus, Stoer and Torridon Group AMS fabrics retain bedding
(kMAX–kINT) sometimes with a depositional lineation (kMAX).
However, AMS mean tensor normalization may also reveal a partial
tectonic overprint in which kINT is nearly perpendicular to bedding
with kMAX parallel to bedding, defining an embryonic vertical N–S
foliation. This is transitional to some sites where a complete
tectonic fabric has a vertical N–S kMAX–kINT foliation. Variations on
this sequence have been documented elsewhere (Fig. 6).

6. Paleomagnetism

The techniques of palaeomagnetism and the interpretation of
palaeomagnetic data in a structural context are most conveniently
described by McElhinny and McFadden (2000). Paleomagnetic
investigations of the Scottish Proterozoic Torridon and Stoer Group
sedimentary rocks have a long and distinguished history (inter alia
Irving, 1957; Irving and Runcorn, 1957; Stewart and Irving, 1974;
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Torsvik and Sturt, 1987; Darabi and Piper, 2004; Dulin et al., 2005;
Piper and Poppleton, 1991). The most appropriate text to introduce
structural geologists to palaeomagnetism is by McElhinny and
McFadden (2000). The underlying gneissic basement, Stoer sand-
dike penetrations and conglomerate tests of pre-Stoer, Stoer, and
post-Torridon clasts have all helped to bracket the two fundamental
ChRM directions predominantly as post-depositional chemical
remanence in specular hematite. We will show that the ChRMs are
accompanied by antiparallel examples due to reversed polarity
magnetization. Thus hematite magnetization must considerably
postdate deposition and have been acquired over intervals long
enough to include polarity transitions of the paleofield (�0.1 Ma to
several Ma.) This verifies the stability and antiquity of the ChRMs
(van der Voo, 1993; Table 1). Less than 10 km east of the Stoer
peninsula, the Caledonian front yields late Silurian post-tectonic
and syntectonic magnetizations with directions that cannot be
confused with the directions in the Stoer and Torridon Groups (e.g.,
Darabi and Piper, 2004; van der Voo, 1993, Table A2). Thus, Cale-
donian remagnetization is not detected in the Stoer and Torridon
rift sequence red-beds. However, Proterozoic rift-fault compres-
sions and dilations have imparted a feeble tectonic AMS with N–S
or NW–SE foliation in the Stoer and Torridon Groups as already
discussed. Clastic dikes and faults indicate that N–S or NW–SE
extension occurred after Stoer deposition and again after Torridon
deposition (Dulin et al., 2005).

The paleogeographic importance of the Stoer and Torridon
Groups lies in the fact that they are a relatively undisturbed cover
sequence on reworked Archean foreland (2200–1700 Ma) that
maybe restored within a late Proterozoic paleogeography between
the Shields of Laurentia and Baltica. Few such undisturbed and
readily restored continental fragments area available. For example,
Mesoproterozoic rift sequences in the Laurentian craton (Fig. 1) are
tectonically suitable but they are commonly remagnetized by
a widespread Keewenawan (w1000 Ma) hydrothermal event.

Together, the Hebridean craton, the Laurentian craton and the
intervening Gardar craton of SW Greenland may be satisfactorily
restored using known Euler rotation axes, to reconstitute an
important part of the late Proterozoic supercontinent known as
Rodinia (Buchan et al., 2001; Piper, 1991, 2000). One of the most
vexing problems with the paleomagnetism of ancient rocks is due
to the effects of later tectonic deformation. Where this merely
causes rigid-body tilting, restorations may be possible (MacDonald,
1980). However, it is rarely possible to restore for the effects of
finite strain (Borradaile, 1993, 1997; Borradaile and Mothersill,
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Table 1
Quality criteria paleomagnetic pole (Modified from van der Voo (1993))

1 Geochronological Age¼Magnetization Age. Most important but rarely perfectly satisfied. A limiting age or age-brackets may be
almost just as useful.

2 For single site n> 24 & k� 10 & A95�16� .a Less stringent criteria may suffice from a group of sites or where several of the
following criteria enhance the quality of the data.

3 Complete incremental demagnetization of every specimen. One or more techniques appropriately selected (Schmidt, 1993).
4 Stability test to bracket or limit magnetization age, relative to a depositional or cooling

age.
Fold, conglomerate, baked contact tests (Graham, 1949; Everitt and Clegg, 1962).

5 Presence of intra-formational antiparallel reversals of the paleofield (as represented by
ChRMs isolated by consistent demagnetization technique).

Almost as powerful as a stability test (#4 above).

6 Paleopole location differs from younger paleopoles. Not required but helps.
7 No tectonic strain, and preferably no rigid-body tilting. Magnetization directions cannot be restored after strain although de-tilting is

commonly possible (Borradaile, 1997, 2001b; MacDonald, 1980).
8 Duration of magnetization process: longer processes average effects of secular

variation.
Requires petrographic considerations and rock-magnetic work in laboratory.

9 Presence of secular variation within a formation; must correlated with stratigraphy at
multiple sites.

Requires well-bedded and correlated strata between sites.

Item l: only perfectly satisfied in rapidly acquired thermal magnetizations, e.g., lava. However, in this case a ChRM samples secular variation and defines a VGP (virtual
geomagnetic pole). One must average ChRM directions from many lava flows to cancel secular variation and define a true paleopole. Items 2, 3: these are within the control of
the researcher and should always be achievable, given sufficient effort and resources.
ChRM, characteristic remanent magnetization: a stable vector (¼straight and defined by �4 demagnetization steps).

a A5 is a 95% confidence region about a Paleopole on the surface of the globe. However, the confidence region is more precisely described by an elliptical area on the globe’s
surface. The angular dimensions of its axes are (dP and dM, e.g., Table 2 for our paleopoles). Approximately, A95¼O(dM� dP).
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1989, 1991) since the RBM do not behave as passive markers freely
spinning in the straining rock matrix (Borradaile, 1991a,b). More-
over the remanence may be partly demagnetized, and remagne-
tized, during ephemeral stresses at very small shortening stains
(<8%) (Borradaile, 1996; Borradaile and Jackson, 1993; Jackson et al,
1993). Fortunately, the Stoer and Torridon groups show negligible
penetrative strain although AMS identified a cryptic N–S vertical
embryonic tectonic foliation (Figs. 7–9). AMS fabrics, which align
RBMs as well as matrix minerals postdate flexures of bedding in the
Stoer and Torridon Groups. Clearly, the magnetizations carried by
the RBMs must postdate deposition, diagenesis and the vertical N–S
tectonic microfabric. Other authors emphasized that the paleo-
magnetic signals are largely carried by secondary specular hematite
(Irving, 1957; Torsvik and Sturt, 1987) and it is well known that in
red-beds of any age, hematization may be much later than depo-
sition (Butler, 1992).

7. Demagnetization experiments

Differently oriented components of magnetization, of different
age sum to yield a mostly useless direction, referred to as the
Natural Remanent Magnetization (NRM). Some suitable laboratory
strategy is adopted for isolating and determining the relative
historical value of the differently oriented magnetic vectors that
constitute NRM (Schmidt, 1993). Stewart (2002) noted that a full
paleomagnetic interpretation of this area awaited sufficient
samples with full demagnetization experiments. NRM often, as
here, includes a young viscous component due to the present
earth’s field during the Bruhnes’ epoch; e.g. northward-seeking or
Normal polarity over the last 0.7 Ma, inclined appropriately for
the site. Even less relevant spuriously oriented weak magnetic
components are acquired during handling and transport. Low-
temperature demagnetization (LTD), in which the sample is
cooled in liquid Nitrogen and allowed to warm back to room
temperature inside a magnetic shield (Dunlop and Özdemir, 1997),
usually removes any such vectors that have no geological impor-
tance. Subsequently, careful progressive thermal demagnetization
experiments isolate earlier vector directions known as the char-
acteristic remanence (ChRM) directions. The pre-treatment by
low-temperature cycling is beneficial here because it will enhance
the resolution of turning points between different ChRMs due to
overlapping coercivity spectra between the grains that carry
different vector components (Hoffman and Day, 1978; Dunlop,
1979; Halls, 1979). Commonly, pre-treatment by LTD cycling
usually clarifies the distinction between vector components and
sharpens turning pints on vector plots (Borradaile et al., 2001a,
2004).
Table 2
Summary of paleomagnetic results from this work

n ChRM vectors Raw (in situ)
mean ChRM
vector

Decl. Incl.

Torridon Gp.
(Applecross Fm.)

Applecross 42 138.4 52.2
Culkein N. 15 134.9 45.5
Balchl. N. 19 134.4 55.1

Stoer Group Stoer Gp. 49 317.0 43.1
Stoer Gp. 23 309.9 52.1
Stoer Gp.
(‘‘Torridon’’ overprints)

19 133.3 52.5

StacFada Asha 9 292.2 62.3
Balchl. S 43 314.6 44.5

Values in italics are for data with NW trending vectors (normal polarity paleofield). Values
of Fisher (1953) confidence region in degrees; dm, dP, radii of confidence region (A95) for
Scottish paleopoles into Laurentian coordinates uses Bullard rotation axis at Longitude/L

a Low paleomagnetic significance since secular variation may be poorly averaged at th
Ten to 14 steps of thermal demagnetization were performed
between 150 and 675 �C or 700 �C. After each step, remanence was
re-measured and interactive vector plots permitted identification
of unblocking temperatures (TUB) that separated ChRM vectors (e.g.,
Fig. 12a–e). Whereas, the minerals’ Curie/Néel temperatures dictate
the ultimate (TUB), geological history determines lower TUBs, the
general frequency distribution for which is shown in Fig. 12f. These
locate the end-point of ChRM vectors which define ancient
geomagnetic field directions.

Changes in vector orientation during demagnetization corre-
spond to significant orientations of the paleofield with respect to
the specimen. Two important directions are found; NW-down in
the Stoer Group (Fig. 12a–c) and SE-down in the Torridon Group
(Fig. 12d). Some Stoer Group rocks contain both vectors, with the
SE-down component as a stable ‘‘Torridon age’’ overprint on the
NW-down component (Fig. 12e). These concur with earlier
predictions, though here we have fully demagnetized every spec-
imen and the sample sizes are much larger than previously used
and our precision is higher (Table 2). Both components show an
equal range of unblocking temperatures in different specimens and
presumably correspond to different ages of remagnetization or
hematite neocrystallization. Both directions may be found equally
overprinting the underlying gneissic basement where they are
usually carried by magnetite and, as one would expect for imprints
in complexly recrystallized rock, they are not always chronologi-
cally distinct (e.g., Piper, 1987, 1992a,b). However, Piper and Pop-
pleton (1991) suggested a pre-Stoer age for similar ChRM directions
in the basement. The characteristic NW-down magnetization for
Stoer deposition, and the subsequent SE-down for the Torridonian
deposition reside in chemically precipitated specular hematite
(Irving, 1957) which may be produced during notoriously long
post-depositional neo-mineralization events, broadly termed
chemical remanent magnetization (CRM Butler, 1992). We shall see
below that both directions, while dominant in each of the Stoer and
Torridon Groups, is accompanied also by reversed magnetization
directions. Before proceeding to evaluate the geological importance
of the ChRM vectors from paleomagnetic data, we should recall that
the AMS fabrics, which include RBM minerals, postdate the undu-
lations of Stoer and Torridon strata, defining an N–S vertical folia-
tion. Thus, the RBM mineral fabric postdates the buckling and
diagenesis of the strata.

If ChRM vectors are not dispersed by the differently inclined
parts of a fold, the magnetization postdates folding and cannot be
primary. However, by definition, any fold involving limb-curvature
or variation in layer thickness has also suffered (heterogeneous)
finite strain. We may correct for the effects of rigid-body tilting
(MacDonald, 1980) but it is impossible to correct for the effects of
Tilt-corrected
mean vector
(Scot. Coord.)

a95 Rotated into Laurentian coordinates Paleopole
confidence
region

Paleopole Paleo-latitude

Decl. Incl. Latitude Longitude dm dP

124.7 43.8 7.4 �30.2 213.1 �25.6 6.8 3.9
124.4 36.8 16 �25.1 213.9 �20.5 15.1 8.2
129.2 45.8 11.3 �31.4 208.3 �27.2 10.2 5.8

331.8 43.5 11.3 29.5 191.1 29.5 9.6 5.8
330.0 58.6 10.6 36.6 194.1 39.3 7.7 5.5
120.4 43.2 9.6 �30.0 217.7 �25.1 9.1 5

320.7 72.2 9.2 53.6 206.2 57.3 5.1 4.7
330.1 50.4 7.4 20.9 206.7 31.1 6.4 3.8

in roman for data with SE trending vectors (reversed polarity paleofield). a95, radius
paleopole; Regional un-tilting is about axis 015/00, 12� clockwise; Euler rotation of
atitude 088/27 with anticlockwise rotation of 36�; Balchl, Balcladdich.
is site.
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Fig. 13. ‘‘Tilt-tests’’. In each stereogram, the Fisher mean for the dominant group of characteristic (ChRM) vectors is shown surrounded by its 95% confidence region. In each
stereogram a few vectors are approximately antiparallel to the main ChRM direction (close to the mirror image of the Fisher confidence region on the opposite hemisphere,
indicated with a broken line). These vectors represent magnetizations by reversed polarity paleofields. (a–b) Near Culkein (Fig. 2) adjacent sites on opposite flanks of an open warp
of bedding yield ChRM vectors; mean bedding planes shown. The mean ChRM directions from the two flanks are indistinguishable using the test (Fisher et al., 1987, p. 208); this
indicates that the magnetizations postdate the tilting and warping of the red-beds. (c–d) At Balcladdich (Fig. 2) oppositely tilted Stoer and Torridon Group red-beds yield mean
ChRM directions parallel to those found elsewhere in differently and less steeply dipping Stoer and Torridon red-beds, respectively (e.g. Figs. 18, 19). This further supports the late
chemical magnetization of both Stoer and Torridon red-beds, during the burial of each Group respectively, long after deposition.
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strain (Borradaile, 1997) so that the ‘‘fold test’’ must be viewed with
some caution. We tested open folds (actually round-hinge warps,
not chevrons) of Torridon sandstone (Fig. 13a–b). They possess
a well-defined SE-down direction, with some reversed magneti-
zation vectors due to paleofield reversal(s). The vectors are not
convincingly deflected in accordance with the fold flanks. There-
fore, the ChRMs appear to postdate tilting (it fails the tilt-test) and
they were acquired over a long interval, including at least one
palaeofield polarity transition.

At Balcladdich Bay, opposed dips of the Stoer Group and Tor-
ridon Applecross Group occur due to tilting on either side of a SW–
NE fault (Fig. 2). NW-down vectors in the Stoer Group (Fig. 13c) and
SE-down vectors in the Torridon Group, on the other side of the
fault, retain the same directions as elsewhere in the region,
regardless of the dip of their host beds. Thus the typical NW-down
Stoer direction and SE-down Torridon direction are clearly post-
tilting magnetizations. Again, both were acquired slowly enough to
trap paleofield reversals (Fig. 13c–d).

For the Stoer Group on the Stoer peninsula, uniformly tilted
sandstone strata yield consistent normal polarity (Fig. 14a) and
reverse-polarity (Fig. 14b) Stoer-directions. These high precision
mean direction agree well with the other mean vectors for the Stoer
Group (Table 2). The Stac Fada Ash Flow within the Stoer Group
yields a small sample of ChRM vectors (Fig. 14c). Ash flow magnetite
is unlikely to average secular variation, hence the scatter and slight
disagreement with the Stoer NW-down ChRM direction (Fig. 14c).

Torridon Group ChRM vectors are presented for sites with
uniformly inclined bedding (Stoer peninsula Fig. 15a) and for the
Stoer Group (between Clachtoll and Culkein; Fig. 15b). These
replicate the NW-down Stoer vector and SE-down Torridon Group
vector, with quite large samples (23 and 42 sites). Both samples
show some sites with reversed polarity confirming the slow
magnetization process and the consistency of the paleofield’s mean
direction. For regional comparison, 11 sites in the Torridon Group
along the coast from south of Stoer to Cape Wrath at the NW tip of
Scotland verify the SE-down vector for the Torridon Group
(Fig. 15c). (Regional comparisons cannot be made for the Stoer
Group because of its much more limited geographic distribution.)
All of the paleomagnetic data are documented in Table 2 which
indicates rather high precision and consistency for mean vectors of
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a Bingham (1963) rather than a circular-normal Fisher (1953) distribution. A few antiparallel vectors indicate magnetization during a reversed polarity epoch, indicating the long
duration of the magnetization processes. (b) For the Stoer Group, the dominant ChRM vectors point SE-down, again with some reverse field vectors indicating long duration
chemical magnetization. (c) Like the rest of the Stoer Group, the Stac Fada ash flow shows wNW-down ChRM vectors but this direction differs significantly from the Stoer red-beds;
this is attributed to the remanence being borne mainly by rapidly cooled magnetite which failed to average out paleosecular variation. Thus, this direction will locate a virtual
geomagnetic pole (VGP), rather than a reliable time-averaged paleopole.
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both the Stoer and Torridon Groups. Intra-group agreement of
Fisher means is satisfactory at the 95% level using the test of Fisher
et al. (1987, p. 208).

Red-beds have the ability to record remanence over a long
period of time, as shown by the presence of reversed polarity
signals in every sample of each Group, general knowledge of
remanence carried by specular hematite and specific earlier
observations here (Butler, 1992; Irving, 1957; Torsvik and Sturt,
1987). In contrast, sampling the Stac Fada Ash flow, within the Stoer
Group, yields a slightly discordant paleofield direction since it has
less successfully averaged palaeosecular variation.

The Stoer and Torridon Group sandstones provide consistent
high precision mean directions (Table 2), suggesting the magneti-
zation process successfully averaged secular variation. Thus,
meaningful paleopoles should be defined from the Stoer and Tor-
ridon Group ChRM directions. The fundamental question is of
course, are these ChRMs primary, i.e. syn-depositional? van der Voo
(1993) reminds us that primary age is the most fundamental
criterion for establishing the value of a paleopole (Table 1);
however, this is invariably the most difficult criterion to satisfy.
Usually and at best, one or both age limits may be bracketed by field
tests (Graham, 1949; Everitt and Clegg, 1962). Here, our strongest
argument for the diagenetic age of the ChRM is that they include
paleo-reversals. In each sample of the Stoer and Torridon Groups,
a few vectors are antiparallel to the prominent vector mean (Figs.
13–15). Antiparallel vectors in all cases lie in the mirror image of the
sample’s 95% confidence region, indicating reasonable symmetry of
the reversals. Although the number of reversals is convincing in
itself, their precision is inadequate to determine if the paleofield
reversal(s) were symmetric or not. Asymmetry has been detected
in this and other Proterozoic intervals (Pesonen and Halls, 1983;
Schmidt and Williams, 2003). For our purposes, it suffices to note
that chemical magnetization processes endured for long intervals;
post-dating bed-warping, during burial and diagenesis, and
sampling geomagnetic field reversals. Our sample sizes and preci-
sion satisfy van der Voo’s (1993) quality requirements and provide
circumstantial support for the longevity of the magnetization
process: the high precision (worst a95 is <16�; Table 2) indicates
that the variance of secular variation was successfully suppressed.
By Phanerozoic standards this would require an interval of much
more than 0.1 Ma and probably several Ma.

Laboratory storage tests exclude the possibility of any important
viscous magnetization (Irving and Runcorn, 1957). However, the
magnetizations may be at least co-diagenetic for the following
reasons. First, the classic ‘‘conglomerate’’ field test (Graham, 1949)
verifies the stability of the Stoer and Torridon remanences since
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Fig. 15. ChRM directions from further samples of Stoer and Torridon Group red-beds. From the Stoer peninsula, the mean ChRM vectors are precisely defined; (a) NW-down for the
Stoer Group; (b) SE-down for the Torridon Group. In each case, palaeoreversals are represented by a few antiparallel vectors, testifying to a long post-depositional chemical
magnetization. The Torridon Group vectors postdate and overprint the Stoer Group vectors in some Stoer sites. (c) Beyond the Stoer peninsula, 11 sites along the NW Scottish coast,
close to the eastern boundary fault of the Proterozoic rift all yield SE-down ChRMs for the Torridon Group (Applecross Formation) red-beds. These sites also bear NW–SE vertical
tectonic AMS sub-fabrics.
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their clasts have scattered remanences when re-deposited in
Permian conglomerate (Irving and Runcorn, 1957; ‘‘positive
conglomerate test’’). Second, Proterozoic intra-formational clasts
scatter retain scattered Proterozoic remanence vectors (Torsvik and
Sturt, 1987). Third, although surprisingly overlooked, since Stew-
art’s discovered that the Stoer Group is unconformably overlain by
the Torridon Group, the difference in their principal ChRM direc-
tions indirectly implies a primary age for Stoer Group magnetiza-
tion. Fourth, one of the simplest arguments that the ChRMs are
ancient and enduring occurs where samples are sufficiently large,
as here. These sample sizes are sufficient to record reversals of the
paleofield for both the Stoer and Torridon Groups. Since the
stability of geomagnetic polarity is measured in millions of years
this is as powerful as a classic field-test of ChRM stability (van der
Voo, 1993; here Table 1). The magnetization processes were long
enough to span at least one polarity transition since antiparallel
ChRM vectors were found in both Stoer and Torridon Groups.
Moreover, the presence of antiparallel vectors in the same strati-
graphic Groups and even the same sites provides strong evidence
for a ‘‘nearly’’ primary age. Fifth, Stoer and Torridon Group
magnetizations are retained in clastic dikes causally associated
with paleo-rift faulting (Dulin et al., 2005), again implying their
primary age.

Before proceeding, we emphasize that primary in paleomagnetic
sense, is less specific than in structure or sedimentology. Chemical
remanent magnetization (CRM) is generally regarded as a long
duration process, especially in red-beds where hematite may
crystallize over a large interval of the diagenetic and burial history
(Darabi and Piper, 2004; Torsvik and Sturt, 1987).

8. Paleomagnetic interpretation

Fortunately, penetrative strain does not appear to have affected
the Torridon and Stoer ChRMs. Of course, there are embryonic
tectonic overprints revealed by the vertical N–S AMS foliation; this
is more severe near the Caledonian front, just 20 km to the east.
Fortunately, there is no possibility of confusion the Proterozoic
ChRMs with syntectonic Caledonian remagnetization (End-
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Silurian, w420 Ma) since the palaeopole positions are quite
different (Fig. 16; after van der Voo, 1993, Table A2).

Stoer and Torridon ChRMs postdate the local fold or fault-
induced tilting and therefore local tilt corrections are inappropriate.
However, the entire foreland has been significantly tilted on
a regional scale shown by the dip of the Cambrian erosion surface. It
is not clear if this correction has been applied in earlier studies. We
back-rotated the characteristic paleomagnetic vectors using this
regional tilt-axis, re-computing modern locations of paleopoles
gives relative to NW Scotland (Fig. 17a).

For comparison with other parts of the Laurentian superconti-
nent (Rodinia) the Scottish paleopoles are rotated into Laurentian
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Mediterranean. If we assume these were produced during a reversed polarity epoch, their pa
other data (Fig. 18) for the Laurentian Shield.
coordinates using the accepted Euler rotation axis (Fig. 17b). In
Laurentian coordinates, the Stoer paleopoles lie in the NW Pacific
and in Torridon poles lie in the eastern Mediterranean (Fig. 17b).
The Torridon Group SE-down vectors are anomalous, unless we
accept that they were acquired in a reverse palaeofield. In that case,
their paleopoles lie more appropriately in the Pacific, compatible
with other Laurentian Proterozoic rocks (Fig. 17b).
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Fig. 18. Published paleopole positions, some with ages that permit the definition of an apparent polar wander path (APWP). (a) Symons et al. (1994) widely accepted track, with the
Logan ‘‘hairpin bend’’ near w1100 Ma due to the Grenville tectonic event (Fig. 1) which caused a change in the direction of terrain/microplate motion. (b) APWP due to (Buchan
et al., 2000). (c) Certain recent precise data suggest the Laurentian APWP track should have the hairpin bend located in western North America, closer to Symons’ synthesis in (a).
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Supercontinent Rodinia. Thus, Stoer and Torridon paleomagnetic
data are compared with Canadian data in the Canadian reference
frame. Most Superior craton paleopoles of the Canadian Shield have
coeval, precise radiometric ages (Costanzo-Alverez and Dunlop,
1988; Symons et al., 1994; Buchan et al., 1996, 2000, 2001, 1993;
Middleton et al., 2004). However, the NW Scottish Proterozoic has
a paucity of geochronologically suitable rocks. Younger Proterozoic
Laurentian data, from the Superior craton are summarized along
a dated apparent polar wander path (APWP) in Fig. 18. Buchan et al.
(2000) also provides a more precisely dated partial APWP for the
older Proterozoic. Most relevant is the Middle and Late Proterozoic
APWP to which some adjustments due to recent palaeomagnetic or
geochronologic data. For example, recent findings locate the
northern hairpin bend in the APWP loop closer to Alaska at
w1000 Ma (Fig. 18c). The poorly defined, youngest part of the
APWP (w800 Ma) may turn northward toward the central Pacific at
w700 Ma (Weil et al., 1998; Piper, 1991, 1992a,b, 2000).

Our Stoer and Torridon paleomagnetic data differ slightly from
earlier studies and agree more closely with the Laurentian AWP.
First, every specimen has been subject to at least 10 steps of
incremental thermal demagnetization, providing very stable ChRM
vectors. Second, every specimen was exposed to �2 cycles of low-
temperature demagnetization (LTD, Dunlop and Özdemir, 1997).
This pre-treatment sharpens the turning points between important
paleomagnetic vectors in subsequent thermal demagnetization.
Third, we did not apply local tilt corrections since we have shown
that magnetic fabrics (expressed by RBM) and paleomagnetic
vectors postdate the gentle dip variations and open folds. However,
did restore the obvious regional eastward tilt shown by the
Cambrian erosion surface.

Paleopoles for the Stoer and Torridon Groups are distinct
from those acquired in the Caledonides, <10 km to the East
(Fig. 16b). However, Caledonian orogenic remagnetization or
overprinting (420–440 Ma) is known in the region and Blumstein
et al. (2005) found some Paleozoic magnetizations in the
Torridonian.

ChRM vectors are NW-down for the Stoer Group and SE-down
for the Torridon Group. If both directions were due to Normal
polarity paleofields, the uncorrected paleopoles lie in western
North America and the Eastern Mediterranean, respectively
(Fig. 17b). Correcting these ChRMs for the post-Cambrian regional
tilt of the Stoer and Torridon Groups displaces paleopoles south-
ward and northward, respectively (Fig. 17b). This gives different
locations from those determined by others using local (site-
specific) tilt corrections. Of course, to interpret these paleopoles in
a suitable paleogeographic frame of reference, the Hebridean
craton and its paleopoles must be rotated into contiguity with the
Laurentian craton (Fig. 17b) using the Euler pole for the
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Fig. 19. The principal APWP literature from the data is shown for the (a) Early and (b) Later Proterozoic of the restored Rodinian supercontinent (Fig. 1), in Laurentian coordinates.
The most rational interpretation of the Torridon Group paleopoles requires their generation in a reversed field, giving present paleopole locations in the south-central Pacific. The
Stoer paleopoles lie in the north-central Pacific. Locations on the APWP, using dates for other paleopoles imply ages of w1100 and 900 Ma for the late chemical magnetizations of
the Stoer and Torridon Groups, respectively. Paleolatitude differences indicate therefore that latitudinal displacement rates were in the range 27–40 km/Ma.
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reconstruction of these parts of the Rodinia Supercontinent (Piper,
1987). Thus, the corrected Stoer paleopoles now lie in the present-
day Pacific w190�E/25�N whereas the Torridon paleopoles lie in the
eastern Mediterranean. The latter location is untenable with any
paleogeographic reconstruction unless we accept that the Torridon
paleopoles were generated during reversed geomagnetic polarity.
Thus, their paleopoles lie more logically in the south-central Pacific
at w210�E/25�S.

10. Conclusions and paleomagnetic interpretation

Both the Stoer Group and overlying Torridon Group show a range
of magnetic fabric orientations, carried both by matrix forming
minerals and remanence-bearing accessory minerals. AMS principal
axes may define depositional fabrics when plotted in bedding
coordinates with kMAX and kINT parallel to bedding. However, both
Stoer and Torridon Group red-beds show a transitional tectonic
fabric with an NS or NW–SE cryptic tectonic foliation, in which kMAX

trends N–S. The tectonic imprint is better developed east of the Stoer
peninsula where it is enhanced by proximity to the Caledonian
orogenic front. However, in the Stoer peninsula, the AMS crypto-
tectonic fabrics are apparently Proterozoic since they are accompa-
nied by pre-Caledonian remanent magnetization. As in the Mid-
continental Proterozoic rift of the Superior craton, the embryonic
tectonic fabrics are due to rift margin displacements.

Chemical magnetization of the Stoer Group red-beds occurred
after warping, fault-related tilting, and during an extensive interval
of diagenesis and burial that bracketed paleofield reversals and
many cycles of secular variation. The ancient, characteristic
components of the remanence are also unaffected by the cryptic
tectonic fabrics which were revealed by AMS. The tectonic AMS
fabrics appear related to rift-fault orientations and may have
formed prior to magnetization. The importance of the magnetiza-
tions is indicated by polarity transitions and successful averaging of
secular variation; these require an interval of at least 0.1 Ma and
may well have encompassed several million years. The red-bed
magnetization of the unconformably overlying Torridon also
postdates its local bed-warping, successfully averages secular
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variation and spanned at least one geomagnetic reversal, indicating
a similar long duration diagenetic-burial processes of chemical
magnetization. Stoer and Torridon paleopoles, in uncorrected
Scottish coordinates, do not correlate with typical during Caledo-
nian orogenic remagnetization (w440 Ma) (Fig. 16b).

Site-specific tilt corrections for the paleomagnetic ChRM vectors
are inappropriate since the vectors are not dispersed according to
the beds’ orientations; indeed remanences were acquired after the
N–S vertical microfabric which aligns the RBM. However, we did
correct for the later regional tilt shown by the gradient of the
Cambrian erosion surface (Fig. 17a). ChRM vectors were subse-
quently restored into Laurentian coordinates to compensate for the
net continental drift, using an accepted Euler rotation pole for the re-
assembly of the Hebridean and Laurentian craton (Fig. 17b). The
recomputed paleopoles lie on the Laurentian APWP, with the Stoer
Group paleopoles approximately between 1000 and 1110 Ma along
the track (Fig. 19b). This is somewhat younger than a Pb–Pb lime-
stone isotopic age from the Stoer Group which is in the range 1129–
1269 Ma (Turnbull et al., 1996). The common ChRM vector for the
Torridon Group is directed SW-down which after restoration yields
paleopoles that lie in the eastern Mediterranean. This also includes
a set of secondary magnetizations in the Stoer Group acquired at
similar times. The alternative interpretation is that the dominant
geomagnetic fields during Torridon Group deposition were reversed,
so that the paleopoles have a more rational location in the south-
central Pacific, on the Laurentian APWP near the published poles
dated at 850–900 Ma (Fig. 19b). This is somewhat younger than the
Rb-Sr phosphate age range of 946–1042 Ma, determined from the
Torridon Group (Turnbull et al., 1996). Our paleopole positions
agree more closely with the published APWP tracks (Fig. 19b) and
differ from earlier publications. This is in part because our sample
sizes were larger, producing higher precision but chiefly because we
found local tilt corrections were inappropriate whereas a regional
tilt correction was necessary. The age and paleopole locations for
the Torridon Group are also indirectly corroborated by the paleo-
field reversals since paleofield reversals are well documented
during Keewenawan igneous activity 1008–1115 Ma (e.g., Mid-
dleton et al., 2004; Pesonen and Halls, 1983) in the Lake Superior
region (Fig. 1).

The Stoer Group burial magnetization occurred considerably
after diagenesis, microfabric development and flexures of bedding.
The ChRM indicates the Stoer rocks then lay at paleolatitudes
between 26�N and 44�N (95% confidence� 10�). Results from the
Stoer Group’s Stac Fada ash flow may not average secular variation
(Tables 1 and 2) and thus yield an unreliable ‘‘virtual’’ geomagnetic
pole position and an unrealistic paleolatitude (Fig. 17b). Subse-
quently, Torridon Group magnetized after burial and microfabric
development, faulting and bed-flexuring. It was then situated
between 23�S and 27�S (95% confidence� 15�) (Table 2). Accepting
Turnbull et al.’s (1996) isotopic age ranges for the Stoer and Tor-
ridonian; the craton must have moved southward at rates between
27 and 40 km/Ma. This paleomagnetic argument only invokes the
latitudinal component of displacement; longitudinal components
of motion are probable and imply higher net displacement rates
dependent on the azimuth of motion.
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