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foliation in the Early Proterozoic Thomson Formation, Minnesota
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Abstract—A bedding-parallel foliation exists in an area of multiple deformation in the Early Proterozoic
Thomson Formation of Minnesota. Comparison of strain measurements in a region where the bedding-parallel
foliation occurs with those from an area where it does not, indicates that a large flattening strain accompanied the
development of the foliation. This, and the relationship of the foliation to other structures, demonstrates that it
is a tectonic foliation, and not a result of inherited depositional orientation or mimetic recrystallization along

bedding.

INTRODUCTION

A rFoLIATION parallel or subparallel to bedding is com-
mon in the Archean and Proterozoic rocks of the Great
Lakes region of North America (e.g. Gruner 1941,
Goodwin 1962, Keighin et al. 1972, McLimans 1972,
Ojakangas 1972, Turner & Walker 1973, Donaldson &
Ojakangas 1977, Sawyer 1983), and in poly-deformed
terranes in general. The origin and significance of such
bedding-paralle] foliations have been matters of some
discussion. They have been interpreted to be primary
depositional fabrics, or an enhancement of a primary
fabric by mimetic recrystallization during metamorph-
ism (e.g. Keighin et al. 1972, Ojakangas 1972). Alterna-
tively, it has been shown that layer-parallel foliations
may form as a result of deformation, which may be quite
intense and lead to transposition of bedding (e.g. Davis
1984, p. 442, Hobbs et al. 1976, pp. 252-264, Turner &
Weiss 1963, pp. 92-95).

A widespread bedding-paraliel foliation exists in the
southern part of the Early Proterozoic Thomson Forma-
tion of Minnesota. It has been suggested that this folia-
tion formed by mimetic recrystallization during a meta-
morphic event which predated a single deformational
event in the region (Keighin e al. 1972, Morey 1979).
Recently, more than one phase of deformation has been
recognized in the area containing the bedding-parallel
foliation, the latter having been interpreted to have
formed in an early deformational phase (Holst 1982a).
This paper presents results of strain measurements in the
Thomson Formation which support the interpretation of
this foliation as a tectonic fabric.

GEOLOGIC SETTING

The Early Proterozoic Thomson Formation is exposed
in east-central Minnesota (Fig. 1), and is thought to be
correlative with other rock units of the Animikie Group
which overlie the banded iron formations of the Cuyuna,
Gunflint, and Mesabi ranges (Morey 1972). The units
cannot be directly correlated because of a thick glacial
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cover. The Thomson Formation is essentially a thick
metagreywacke-metasiltstone-slate  sequence  with
minor intercalated graphitic schists, carbonate beds,
metavolcanics and rare conglomerates (Morey &
Ojakangas 1970, Holst 1984). Details of the sedimentol-
ogy may be found in Morey & Ojakangas (1970), who
concluded that the sequence is a result of turbidity-
current deposition. Metamorphic grade in the Thomson
Formation varies from lower greenschist facies in the
north to lower amphibolite facies (garnet and staurolite
zones) in the extreme southernmost outcrops (Morey
1979). The Thomson Formation was deformed and
metamorphosed during the Penokean orogeny (1875-
1825 Ma, Van Schmus 1976, 1980), a major tectonic
event in the Great Lakes region of North America.

STRUCTURAL ZONATION
Northern area

In the northern area of the Thomson Formation (Fig.
1) there are folds with wavelengths from centimeters to
kilometers. Most of the folds are open, with some gentle
and close folds present and, rarely, tight folds. Fold axial
surfaces strike E-W and are vertical or dip steeply to the
south. Fold axes trend E-W and are horizontal or plunge
a few degrees east or west. Rarely, steep plunges (up to
60°) exist where a fold dies out along trend.

In the northern region there is also a foliation in the
rocks which is axial planar to these folds. In the finer-
grained units, this is a well-developed continuous slaty
cleavage (Fig. 2a). In the units with graded bedding, and
in the units with interlaminated fine and coarse layers,
the continuous cleavage grades into a disjunctive spaced
cleavage (terminology of Powell 1979). The thicker
coarse-grained greywacke units also contain a disjunc-
tive spaced cleavage. The spacing of the cleavage
domains ranges from continuous up to 1 cm in some of
the most coarse-grained units, but it is rarely over a few
mm. Cleavage domains constitute from 25% of the rock
(in the thick greywacke units) to 100% (in the slates with
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Fig. 1. Generalized geologic map of the area of Thomson Formation exposure (after Morey et al. 1981), showing numbered
strain-measurement localities. Stereonets to left show orientations of fold axes and cleavage in the northern area. Stereonets
at bottom show orientations of F, and F» axes, and of S| and S, in the southern area. Contours in each case are 3. 10and 20%

of data per 1% area.

a continuous cleavage). Domain shapes range from
rough to smooth (smooth shapes predominate) with
some anastomosing shapes. Within the microlithons, a
weak fabric, at least, is developed everywhere. and
commonly the fabricis strong to complete (Powelil 1979).

Southern area

In the southern area (Fig. 1) there is a pervasive
foliation (§,) commonly parallel to bedding in the rock.
In the finer-grained beds, this foliation ranges from a
fine continuous slaty cleavage in the north, to a schistos-
ity (coarse continuous cleavage or a spaced cleavage
with a complete schistose microfabric in microlithons) in
the south. In the coarse beds, this foliation is a spaced
cleavage with a smooth or slightly rough domainal shape
and a strong to complete fabric in the microlithons.
Domain spacing is commonly less than 1 mm and cleav-
age domains constitute from 30 to 100% of the rock.

The S, foliation is folded, along with the bedding, into
upright, sub-horizontal folds which have the same
geometry and orientation as the folds in the northern
area. In the southern area, these are F, folds.

The bedding-parallel foliation (S,) is affected by a
spaced crenulation cleavage (S,). This S, cleavage can
be discrete but is most commonly transitional to zonal,
or entirely zonal (Gray 1977, Powell 1979), as illustrated
in Figs. 2(b-d). Spacing of the cleavage domains is

variable. For the most part, the spaced crenulation
cleavage strikes E~W and dips steeply to the south or is
vertical, and axial planar to F; folds (Fig. 1). However,
around some microfolds, the spaced crenulation cleav-
age may fan, or be at a constant angle (in places up to
40°) to the axial plane on one limb, and axial planar on
the other limb. The intersection of S, and S, defines a
well-developed lineation in the rock, trending E-W with
sub-horizontal plunges.

F, folds are isoclinal and recumbent; fold axes trend
within a few degrees of E-W. The §, foliation is axial
planar to the F| folds. Refolding of these isoclinal,
recumbent folds by the later upright folds has led to the
development of type-3 interference patterns (Ramsay
1967) which can be seen only at outcrop scale (e.g. Holst
1982a, fig. 3), and then only rarely.

Holst (1984) has argued that large-scale fold or thrust
nappes developed contemporaneously with the F| folds
and S, foliation in the southern area. The large-scale
early structures could also be imbricate thrust fault
slices.

STRAIN ANALYSIS
Strain markers in the northern area

The northern area contains a number of outcrops
where deformed carbonate concretions may be observed
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Fig. 2. Photomicrographs showing foliations in the Thomson Formation. All plane-polarized light with 0.25 mm scale bars.
(a) Slaty cleavage from northern area. (b-d) §; and S, from the southern area of Thomson Formation exposure. The S,
crenulation cleavage runs vertically and §; left to right in each case. S, is clearly seen to be bedding-parallel in (c).
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Fig. 3. Strain markers used in the determination of finite strain in the Thomson Formation. (a) Concretions on a N-S vertical

joint face, near the type locality. Hammer handle is 40 cm long. §, gives bedding orientation, S, is the orientation of the only

cleavage present in the north. (b) Close-up of concretion, flattened in the cleavage, at locality 10. Knife is 8.5 cm long. (c)
and (d) Vertical, mutually perpendicular, sawed sections of conglomerate from locality 20.
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(Figs. 3a & b), the origin, composition, and metamorph-
ism of which have been discussed by Schwartz (1942)
and Weiblen (1964). The concretions are flattened in the
plane of the cleavage and, on a two-dimensional face,
their longest dimension ranges from a few centimeters to
nearly one meter. These concretions are present in
sufficient number on suitable two-dimensional exposure
surfaces to allow the measurement of finite strain at
several places (Fig. 1). Shape and orientation data were
collected from N-S striking vertical joint planes, from
cleavage planes (E-W striking and vertical) and from
horizontal glaciated outcrop surfaces. Data were also
collected from three non-mutually perpendicular planes
at locality 1 (Fig. 1).

In addition to flattened concretions, there are at some
localities also flattened mud chips present in sufficient
number for strain analysis (localities 8, 12 and 13, Fig.
1). At locality 4 (Fig. 1) a thin deformed conglomerate
bed was also used to measure strain. At the 13 strain-
measurement localities in the northern area, bedding
was at a variety of dips, and small-scale folds were
present at several localities.

Strain markers in the southern area

In the southern area there are several places where
mud chips are present and exposure is sufficient for
strain data to be collected (localities 14, 15, 16, 22 and
23, Fig. 1). A number of strain determinations were also
done using deformed conglomerate pebbles (localities
17-21.Fig. 1). The pebbles are of a variety of clastic rock
types, which range from slates to metagreywackes with
finer-grained fragments predominant (Figs. 3¢ & d). At
all 10 strain-measurement localities in the southern area,
bedding and S, were subhorizontal, and lay at or near the
hinge of F- folds.

Two-dimensional strain analvsis

At the locations where concretions or mud chips were
used as strain markers. two-dimensional finite-strain
states were calculated using shape and orientation data
gathered in the field from the deformed markers. An
attempt was made to measure shape ratio and orienta-
tion of 100 deformed objects on each face used. In some
places this was not possible, and data from parallel
outcrop faces. located within a few meters of each other,
were combined. The most difficult data to collect were
from cleavage faces (in the north), and less than 100
deformed objects were measured; the lowest number of
deformed objects measured on any face that was used in
strain analysis was 35.

Oriented samples of the conglomerates were collected
in the field. and cut on three mutually perpendicular
faces. Two-dimensional strain analyses were carried out
on these faces by measuring shapes and orientations of
the deformed clasts. and also using the clast-centers
technique given by Frv (1979) for some faces.

For the mud chips and the conglomerate clasts, the
problem of competence contrast between the deformed
object and the matrix is negligible as matrix and objects
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are essentially the same composition. This is not readily
apparent for the carbonate concentrations. However,
strains calculated separately using mud chips and concre-
tions. where both were available at a station, were in
good agreement indicating the competence contrast
between the carbonate concretions and the host rock
was similar to that of the mud chips, and probably small.

The shape and orientation data were plotted using the
polar plot of Elliott (1970) and on standard In R, — ¢
plots (Ramsay 1967, Dunnet & Siddans 1971). Strain
was calculated using the method of Holst (1982b) for
determining the initially circular point on the polar plot.

Results for deformed concretions on one of the non-
cleavage faces at locality 10 are shown in Fig. 4. Nearly
all the long axes of the deformed concretions lie along
the cleavage trace on this face. This is true for both mud
chips and concretions on all non-cleavage faces in the
northern area (localities 1-13). The degree to which the
mud chips and concretions are flattened in the plane of
the cleavage is striking. This low fluctuation (Cloos
1947) indicates that prior to deformation the mud chips
and concretions had rather low shape ratios. For locality
10, the R, contours of Fig. 4(a) show that this initial
shape factor was less 1.5:1 for nearly all particles, and
quite a bit less than 1.5: 1 for most.

The clasts in the conglomerates show a greater range
in shape and orientation in the deformed state (Fig. 5),
reflecting a greater range in initial shape and orientation.
Strains calculated using shape and orientation data are
in good agreement with Fry’s {1979) method for the
conglomerates (e.g. Fig. 5).

Three-dimensional strain analysis

Three-dimensional strain ellipsoids were calculated
using the two-dimensional data from three mutually
perpendicular planes. For locality 1, where the planes
for which available two-dimensional data were not
mutually perpendicular, the technique of Ramsay (1967,
p. 147) was used. For the sawed samples of conglomer-
ate, the three planes were not the principal planes. For
the measurements taken directly from field exposure,
the three planes turn out to be the principal planes.

The shapes of the strain ellipsoids are shown in Fig. 6,
and calculated strain parameters are listed in Table 1.
The strains in the northern area of the Thomson Forma-
tion plot in a relatively small region of the flattening field
(0 <K < 1). The strains in the southern region also plot
in a small area with all but locality 21 falling just into the
constrictional field (1 < K < ). Values of the parameter
r are consistent within each area (Table 1) with slightly
higher values in the south (average of r = 6.5) than in the
north (average of r = 5.2).

The orientations of the principal extensions are shown
in Fig. 7. In the north, the greatest principal extension
(X) is vertical, Y is horiZontal and trends E-W (parallel
to the fold axes), and Z trends N-S and is horizontal. In
the south, X is horizontal and trends E-W (parallel to F;
and F; fold axes), Y is horizontal and trends N-S and Z
is vertical.
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Fig. 4. Two-dimensional strain determination results from a N-S vertical joint face at locality 10. (a) In Ry vs ¢ plot.
Contours are for R; values of 1.5, 2.0 and 3.0 for a strain of 6.7: 1. (b) Same data on the polar plot. Scale is radius vector
(r = % In Ry): 6 = 2¢. Reference line (¢ = 0) is the cleavage trace on the face.

10~
—
; f'{. “oe b
L TN
. rz12inR
2.8~ . o otee t
©:29
.
20- 0 02 04 06 08
T
InRy
15- c
1.0- ¢
05-

T30 20 -

Fig. 5. Two-dimensional strain determination results from a saw-cut vertical face of a deformed conglomerate at locality 20.

(a) In R, vs ¢ plot, contours are for R; values of 1.5, 2.0, and 3.0 for a strain of 4.7:1; ¢ = 6°. (b) Same data on the polar

plot, scale is radius vector 8 = 2¢. Star is initially circular point from the method of Holst (1982b). Strainis 4.7:1;: ¢ = 6°.

(c) Results for same face with the center method of Fry (1979). Strain is 4.8:1; ¢ = 6°. In each of the diagrams. §, shows
the trace of the bedding-parallel foliation on the face. ¢ = 0 is reference line on rock face.
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DISCUSSION
Northern area strain

In the northern area, where the slaty cleavage is the
only foliation present, the strain ellipsoids plot in the
center of the field defined by Wood’s 5200 strain deter-
minations in slates (Wood 1974, fig. 4). Wood found the
maximum extension (X) was most commonly vertical
(sub-orthogonal to fold axes) and this is also true for the
northern area of the Thomson Formation. Additionally,
the mean calculated shortening perpendicular to slaty
cleavage in the northern area is 64%, in good agreement
with Wood’s results.

No meaningful pattern of strain variation was found in
the northern area. Strain orientation is consistent over
the region (Fig. 7) and there is no consistent increase or
decrease in strain in any direction; there is as much
variation in strain between two closely spaced localities
as there is across the area (Fig. 1, Table 1). The con-

Table 1. Calculated three-dimensional strain parameters

Locality a b £ — & £y &3 k K r
Northern area
1 1.55 3.92 0.44 1.37 0.19 0.32 4.47
2 1.39 5.84 0.33 1.76 0.08 0.19 6.23
3 1.62 4.35 0.48 1.47 0.19 0.33 4.97
4 1.11 6.12 0.10 1.81 0.02 0.06 6.23
5 1.31 5.47 0.27 1.70 0.07 0.16 5.78
6 1.89 4.42 0.64 1.49 0.26 0.43 5.31
7 1.80 4.06 0.59 1.40 0.26 0.42 4.86
8 1.65 4.11 0.50 1.41 0.21 0.35 4.76
9 1.79 3.74 0.58 1.32 0.29 0.4 4.53
10 1.75 3.86 0.56 1.35 0.26 0.41 4.61
11 1.47 5.01 0.39 1.61 0.12 0.24 5.48
12 1.36 4.35 0.31 1.47 0.11 0.21 4.71
13 1.15 5.83 0.14 1.76 0.03 0.08 5.98
Southern area
14 3.65 2.92 1.30 1.07 1.38 1.15 5.57
15 4.23 3.92 1.44 1.37 1.11 1.05 7.15
16 4.89 3.74 1.59 1.32 1.42 1.20 7.63
17 3.75 3.42 1.32 1.23 1.14 1.07 6.17
18 3.80 2.61 1.34 0.96 1.74 1.39 5.41
19 5.09 3.52 1.63 1.26 1.62 1.29 7.61
20 4.18 3.19 1.43 1.16 1.45 1.23 6.37
21 3.41 3.85 1.23 1.35 0.85 0.91 6.26
22 4.36 2.51 1.48 0.92 2.23 1.60 5.87
23 5.00 2.65 1.61 0.97 2.42 1.65 6.65

Numbered localities shownonFig. 1.a= X/Y;b=Y/Z; X > Y > Z (Flinn 1962). &, — &, =Ina; &, — &; = In b (Ramsay
1967,p. 329). k = (a— 1)/(b — 1) (Flinn 1962). K = (Ina)/(In b) (Ramsay 1967, p. 329). r =a + b — 1 (Watterson 1968).

X &
Y -
zZ "

Northern Area

I

Southern Area

Fig. 7. Orientations of X, Y & Z (X > Y > Z) shown on Schmidt nets from the 13 strain localities in the northern area and
the 10 localities in the southern area.
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sistency of strain-marker shape around a fold also indi-
cates homogeneity of strain with respect to folds. Thus,
the strain in the northern area is basicaily that of the
center of the area marked on Fig. 6, with differences in
measured strain caused by local strain variations and
uncertainties in the strain-measurement techniques.

Southern area strain

The results of strain-measurements in the southern
area give quite consistent orientations, shapes, and mag-
nitudes across the whole region (Figs. 1, 6 and 7; Table
1). Again, no consistent strain variation or pattern is
seen, and there is as much strain variation in very closely
spaced localities as there is across the area (Figs. 1 and 6,
Table 1). This consistency may be, to a degree, a result
of the relative paucity of suitable strain markers in the
southern region (localities 15 & 16 are within a few tens
of meters of each other, as are localities 17-21) and the
fact that all strain localities in the south are at or near
hinges of F, folds where strain histories may have been
less complex.

An important difference from the northern area, how-
ever, is the orientation of the XY plane of strain. On
average, it is horizontal (actually subhorizontal at F; fold
hinges) and lies parallel to bedding and to the early
bedding-parallel foliation. This is in spite of the fact that
some shortening must have taken place in a N-S direc-
tion, parallel to bedding, during the later development
of crenulation cleavage and upright F, folds. Thus, the
measured strains of the southern area are total strains
resulting from the superposition of two deformation
phases. Furthermore, the earlier of these two phases
would have had a greater extension in the N-S direction
than that which is shown by the total strain.

Although it is not possible to determine precisely the
magnitude of these two strain episodes from the avail-
able data, order of magnitude values can be estimated if
some assumptions are made. The geometry and orienta-
tion of F, folds and the S, crenulation cleavage in the
south are identical to the folds and slaty cleavage in the
north. Radiometric age determinations (both K/Ar and
Rb/Sr) of the latest metamorphism give consistent
results from north to south throughout the Thomson
Formation (Goldich er al. 1961, Peterman 1966, Keighin
et al. 1972). Thus, the strain of the second deformation
in the south may also be similar in magnitude and
orientation to the measured strain in the northern area.
Given the consistency of strain measurement results in
‘both northern and southern areas, strain ellipsoids from
the center of the areas marked on Fig. 6 were chosen as
representative for each area (Fig. 8, top two block
diagrams). As these are coaxial, it is a simple matter to
remove the strain of the second deformation (northern
area strain, top left block, Fig. 8) from the total cumula-
tive strain measured in the south (top right block, Fig.
8). The resultant strain ellipsoid for the first deformation
in the south is of the extreme flattening type. This is
plotted as a star in the lower right-hand corner of Fig. 6,
and is illustrated as block diagram Model I in the lower
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Fig. 8. Representative block diagrams of the state of finite strain in the
northern and southern areas. and the strain inferred to have been
associated with the first deformation. See text for details.

left-hand corner of Fig. 8. Z in this model is vertical, and
X is horizontal and trends N-S, orthogonal to F, fold
axes. This model indicates a large amount of extension
within the plane of the §, foliation, and there are abun-
dant examples of boudinage (in all directions) within the
plane of the §; foliation in the southern area (Holst
1982a).

Other models are also possible. The second-deforma-
tion shortening in the south may not have been as great
as in the north, as the rocks in the south had a previous
foliation. A second estimate of strain associated with the
first deformation in the south was made, with assump-
tions as before, but with half as much shortening in the
second deformation. The resultant strain ellipsoid is the
upper left star in Fig. 6, and the lower right block
diagram (Model II) in Fig. 8. This is, again,.a high
flattening strain, with Z vertical, and X horizontal. But
the maximum extension direction, X, now lies E-W,
parallel to F, fold axes, instead of N-S.

Whatever the model or the assumptions used, a large
flattening strain must have accompanied the develop-
ment of the §, bedding-paraliel foliation, with high
values of shortening perpendicular to the foliation. Such
a large strain, and particularly one showing such a large
extension, is unlikely to have been caused by compaction
or primary effects. It could only have resulted from a
tectonic deformation. Thus, the bedding-parallel folia-
tion with which it is associated is not primary, or just the
result of a mimetic recrystallization, but is a tectonic
foliation. This is in agreement with previous structural
observations (Holst 1982a, 1984) which point to a major
recumbent folding episode in the southern area in early
Penokean time.
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