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XY principal plane of finite strain is subparallel to the S,
foliation, and nearly vertical extension occurred during the
development of S, foliation; (2) finite strains determined for
samples of the Kitchi Schist, which has obvious D3 shear
indicators, are indistinguishable from finite strains deter-
mined for samples that do not have obvious D3 shear indi-
cators; and (3) the orientations of the principal planes of the
finite strain ellipsoid in the type-a and type-b rhyolites of
the sheared rhyolite tuff member of the Mona Schist are
significantly different from those in other parts of the Ish-
peming greenstone belt. These different orientations reflect
complex deformation within the Dead River shear zone.

Two-dimensional finite strain analyses were obtained
using the R¢/g technique, which has been widely used to
determine strains from ellipsoidal particles with initially ran-
dom orientations (Ramsay, 1967; Dunnett, 1969; Siddans
and others, 1984). We obtained two-dimensional strain
ellipse data from oriented hand samples, from photographs
of flat outcrop surfaces, and from direct ellipticity measure-
ments on flat outcrop faces containing deformed lapilli,
agglomeratic clasts, or quartz phenocrysts. To maximize the
accuracy of the analysis, the outcrop faces and slab cuts used
in the analysis were near the orientation of the principal
planes of the finite strain ellipsoid estimated from the rock
fabrics. To evaluate the possibility of initial primary orien-
tation of the clasts, we used the Isym technique of Lisle
(1985). We concluded that the R;/¢ method was applicable
to these rocks because 90 percent of the two-dimensional
finite strain analyses met the Isym criteria for a 90-percent
confidence interval (Nachatilo, 1991).

We applied Owens’ (1984) technique to determine the
best-fit finite strain ellipsoid from the two-dimensional finite
strain ellipses obtained from three nonorthogonal planes.
Because we used two-dimensional finite strain data for three
independent planes in each analysis, the solution to the sym-
metrical strain tenor is overdetermined. Owens (1984) used
this overdetermined condition to develop a criterion for
goodness of fit to an ellipsoid. In all cases, our calculated
ellipsoid shape fell within the acceptable criteria suggested
by Owens (1984).

Kitchi Schist and Lower Member of the
Mona Schist

Finite strain analyses were performed on agglomeratic
clasts of the Kitchi Schist because they are similar in com-
position to their matrix, indicating a low competency con-
trast between the clasts and the surrounding matrix. A low
clast-matrix competency contrast should produce relatively
homogeneous clast-matrix deformation, so that the strain
sustained by the clasts is equivalent to the bulk strain. How-
ever, petrographic observations showed that fabric develop-
ment is stronger in the matrix, and that strain shadows
developed parallel to the maximum principal axis of

N. 85°W., 88° N.

Figure 16. Equal-area projection of Early Proterozoic fabrics
and finite strain axes of the Negaunee area. A, Structures asso-
ciated with the folded Goodrich Quartzite in domain Il (fig. 2,
locality E). Poles to bedding (open circle), poles to axial plane
foliation (cross), bedding-foliation intersection lineations
(small triangle), and = axis (large triangle) of the best-fit great
circle (solid line) of poles to bedding. B, Orientation of princi-
pal axes (X, square; Y, open circle; Z, triangle) of finite strain in
slate from the Early Proterozoic Kona Dolomite in the Mar-
quette trough (data of Westjohn, 1978). The great circle shown
is the best-fit XY principal plane of finite strain.
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elongation (X) on the margins of the clasts. The strain anal-
yses based on clast shape therefore record the minimum
finite bulk strain.

We analyzed two types of agglomeratic samples—one
group containing obvious shear features associated with D3
north-side-up shear (type 1) and a second group lacking
indication of shear (type 2). We believe that agglomerates
subjected to the largest shear strains were tectonically dis-
rupted and are not recognizable.

Figure 17A shows the orientation of the principal axes of
finite strain in both agglomerate of the Kitchi Schist (local-
ities 1-8, fig. 3) and metabasalt of the lower member of the
Mona Schist. The principal axes of the finite strain ellipsoid
are not significantly different for type 1 and type 2 samples;
the principal axes of finite elongation (X, Y, and Z) are
nearly vertical, east trending, and north trending, respec-
tively. The orientation of the Y principal plane of finite strain
is subparallel to the S, foliation (compare fig. 4A). The
relative dimensions of the principal axes of the finite strain
ellipsoid of the Kitchi Schist agglomerate, depicted on a
logarithmic Flinn diagram, indicate moderately constric-
tional strains (fig. 17B). The relative dimensions of the prin-
cipal axes of type 1 and type 2 samples are similar.

Finite strains from the metabasalt of the lower member
of the Mona Schist (Carter, 1989) are similar to those deter-
mined from the Kitchi Schist agglomerate. (See fig. 174, B.)
Carter (1989) used deformed varioles within pillow basalts
as strain markers (R¢/g technique) for his finite strain anal-
yses. The orientations of the principal axes of finite strain
are indistinguishable from the orientations of the principal
axes of finite strain of the Kitchi Schist agglomerate, but the
relative dimensions of the principal axes of finite strain
(logarithmic Flinn diagram, fig. 17B) indicate that the mag-
nitude of finite strain evident on the Kitchi Schist agglom-
erate is somewhat greater than and more constrictional than
that evident in the lower member of the Mona Schist. A
recent study of quartz strain shadows on hematite porphy-
roclasts in a chlorite schist within the lower member of the
Mona Schist indicates almost 100 percent nearly vertical
elongation (Palmquist, 1990), consistent with our estimates
of finite strain.

Sheared Rhyolite Tuff Member of the
Mona Schist

Two types of samples containing finite strain markers
appropriate for the Ry/g technique were chosen for finite
strain analysis. The first type (type-a) contains deformed
quartz phenocrysts from the type-a rhyolite (localities 10,
12, and 13, fig. 3). The second type (type-b) contains matrix-
like clasts from the agglomeratic parts of the type-b rhyolite
(localities 9 and 11, fig. 3). The specimens were carefully
chosen so that the phenocrysts were not kinked or
crenulated.
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Quartz phenocrysts were used as strain markers in the
type-a rhyolite samples. These markers were significantly
more competent than their matrix; accordingly, they record
a relatively smaller proportion of the bulk finite strain sus-
tained by the samples. The least principal axis of finite
elongation (Z) trends northeast and plunges shallowly. The
XY principal plane of finite strain is nearly vertical and
strikes east-northeast (open symbols in fig. 184). The orien-
tations of the long (X) axes of finite elongation vary from
shallowly to moderately plunging in the XY plane and are
consistent with the variable orientation of stretching linea-
tions in this unit (fig. 18B). The relative dimensions of finite
strain indicate both apparent constrictional and apparent flat-
tening strains (fig. 18C).

Type-b rhyolite samples contain clasts that are similar in
composition to the matrix and thus record a larger proportion
of the finite bulk strain sustained than the type-a rhyolite.
The orientation of the minimum axis of finite elongation (Z)
plunges shallowly to the south-southwest and the XY plane
is nearly vertical and strikes west-northwest.

Early Proterozoic Metasedimentary Rocks

Finite strain in Early Proterozoic rocks of the area was
not measured during this study. However, previous studies
of Carter (1989), Westjohn (1987, 1986, 1978), and Meyers
(1983) provide representative finite-strain data for the Early
Proterozoic rocks. The principal axes of finite elongation
(R¢/p technique) determined from reduction spots in slate in
the Early Proterozoic Kona Dolomite from the Marquette
trough (Westjohn, 1978) are shown in figure 16B. The max-
imum principal axis of finite strain (X) is nearly vertical, the
intermediate principal axis of elongation is east-trending,
and the minimum principal axis of elongation is north-trend-
ing. The XY plane of finite strain is consistent with the
steeply dipping, east-striking rock cleavage we observed in
the area of our reference Proterozoic fold (locality E, figure
2; compare fig. 16A). The associated ellipsoid shape data,
shown on the logarithmic Flinn diagram (fig. 18C), indicate
apparent flattening.

KINEMATIC FRAMEWORK OF THE
DEFORMATIONS

Focus of Discussion and Results

In our study we became convinced that the probable
orientation of the regional stresses and related finite strain
axes that developed during orogenesis are related to fabric
elements in the study area. As an aid to interpreting the
finite strain data and considering the implications for
Archean orogenesis in the Ishpeming greenstone belt, we
have outlined the kinematic framework of each deformation,
including a mechanical interpretation of each separate



deformation. This analysis indicates that the principal axis
of stress (61) was reoriented during Archean orogenesis. G;
was subhorizontal and roughly north to north northeast
trending during Dy; moderately plunging and north trending
during D3; and subhorizontal and east to northeast trending
during D4. This change in the kinematic framework is
lacking in the Early Proterozoic rocks of the region, which
nevertheless contain fabric elements similar to those gener-
ated during the Archean D, deformation. From this we
conclude that deformation features and finite strains in the
Proterozoic rocks postdate the D4 deformation in the
Archean rocks and that the Archean rocks were subjected to
little or no ductile Early Proterozoic deformation.

Archean Deformations

D, Deformation

The relationships among fabric orientation, the orienta-
tion of the principal axes of finite strain (X, Y, and Z), and
the instantaneous principal stress axes (G;, 63, and 63) dur-
ing progressive deformation have been addressed by numer-
ous workers (for example, Wood, 1974; Williams, 1978;
Gray and Durney, 1979). These studies indicate that folia-
tion normally develops parallel to the XY principal plane of
the finite strain ellipsoid. Although crenulation cleavages
may be initiated within the plane of maximum shear stress
in rocks containing a strong preexisting deformation fabric
(Tewksbury, 1986; Hobbs and others, 1976; Cosgrove,
1976), this relationship is uncommon (Tewksbury, 1986),
and clearly does not provide an appropriate model for the
development of S foliation considered here.

The regional orientation of the S, foliation in the study
area is steeply dipping and west northwest striking (fig.
4A-C). S, foliation is nearly parallel to the XY plane of the
finite strain ellipsoid defined by finite strains attributed to
D, (fig. 17A) and is consistent with north- to north-north-
east-directed subhorizontal coaxial shortening (Nachatilo
and Bauer, 1990). The strain analyses further indicate that
the maximum principal axis of elongation (X) was nearly
vertical during D, deformation. The orientation of D, defor-
mation fabrics in the study area is consistent with those in
other areas of the Ishpeming greenstone belt. (See Johnson
and Bornhorst, 1991; Clark and others, 1975; Puffett, 1974.)

D3 Deformation

Brittle-ductile D3 shearing is localized within the Dead
River and the Carp River Falls shear zones as well as along
the contact between the Dead River pluton and the Nealy
Creek Member of the Mona Schist. Dj shear features,
including en-echelon tension veins (fig. 8), S—C mylonitic
fabrics, and asymmetrical strain shadows (fig. 9), indicate
localized noncoaxial deformation leading to nearly vertical,
north-side-up relative displacement on east-striking shear
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Figure 17. Finite strain data (X, Y, and Z) from rocks of the

southern Ishpeming greenstone belt (domain I). A, Equal-area
projection of the orientation of principal axes of finite strain in
felsic agglomerate of the Kitchi Schist (open symbols, this
study) and metabasalt of the lower member of the Mona Schist
(solid symbols, data of Carter, 1989). Data points from samples
of the agglomerate that contain obvious shear fabrics (type 1)
include a cross in the open symbol; open symbols without a
cross are data points representing samples with no indication
of shear (type 2). B, Log Flinn diagram of finite strain from ag-
glomerate of the Kitchi Schist (triangles, this study) and metaba-
salt of the lower member of the Mona Schist (crosses, data of
Carter, 1989). Solid triangle, type-a rhyolite with obvious shear
fabrics; open triangle, type-b rhyolite lacking shear fabrics.
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zones (fig. 7A, B). In contrast to the Dy deformation, the
kinematic framework of D3 features developed in response
to a steeply to moderately north plunging maximum princi-
pal stress.

The geometry and kinematic framework of shearing
deduced by Johnson (1990) in other parts of the Ishpeming
greenstone belt are consistent with the results from this
study, but the interpretation of the origin of the shearing
differs. Johnson (1990) reported a shear zone in the Light-
house Point Member of the Mona Schist north of the DRSZ
that dips steeply to the north and is consistent with north-
side-up relative displacement. The shear zone cuts across
the flat-lying structural grain of bedding and S; foliation.
Johnson interpreted the shear zone to be caused by north- to
north-northeast-directed shortening that accompanied D;
and D, deformations.

Two possible scenarios could explain the orientation and
relative displacement on the D3 shear zones. In the first
model, consistent with Johnson’s interpretation, the shear
zones were initiated at relatively low angles while the green-
stone belt was being horizontally shortened (D), and the
shear zones were progressively rotated to nearly vertical
orientations. In the second model, the shear zones were
initiated at their current nearly vertical orientations in a
kinematic framework in which the maximum principal stress
axis (o) was more steeply dipping than that envisioned for
the Dy deformation.

The first model requires the accumulation of large shear
strains during progressive rotation of fault planes from typ-
ical low-angle reverse faults (approximately 20°-40°) to
nearly vertical orientations. Qur strain data from the Kitchi
Schist, which are clearly distinct in orientation and magni-
tude from the D; strains (figs. 17, 18), do not indicate that
such large shear strains exist in D3 shear zones. We are not
certain that our strain data from samples containing D3 shear
indicators necessarily reflect the full magnitude of D; strains
that may have been concentrated within the shear zones.
Nevertheless, we think it unlikely that the contact between
the Dead River pluton and the metavolcanic rock of domain
II, which displays locally well developed Dj shear (fig. 10),

Figure 18 (facing column). Finite strain data from rocks of the
sheared rhyolite tuff member of the Mona Schist. A, Equal-area
projection of the orientation of principal axes of finite strain (X,
Y, and Z) from samples in domain Ili. Three of the samples are
type-a rhyolite that contain deformed quartz phenocrysts (open
symbols) and two samples are type-b rhyolite that contain ma-
trix-like clasts (solid symbols). X, dots/circles; Y, squares; Z, tri-
angles. B, Equal-area projection of the orientation of Dy
stretching lineations from the type-a rhyolite (domain Iil) de-
fined by elongate quartz phenocrysts. C, Log Flinn diagram of
finite strains from the sheared rhyolite tuff member (domain Ii1)
and slate of the Early Proterozoic Kona Dolomite (solid
squares, data of Westjohn, 1978). The data from the present
study include analyses from type-a rhyolite (open circles) and
type-b rhyolite (solid triangles).
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could have originated as a shallow southerly dipping shear
zone that was rotated to its current vertical orientation.

We believe the mechanical constraints imposed by our
observations adjacent to the Dead River pluton and our finite
strain data to be more consistent with the second model for
the development of D3 shear zones, in which the shear zones
developed after D, deformation during which steep fabrics
in the rock sequences were developed. This model requires
a steepening of the greatest principal stress in the vicinity of
the shear zones in order to effect the north-side-up displace-
ment. We cannot, however, eliminate a link between the D
shearing and progressive D, deformation. The shear zones
may have become localized during the progressive steepen-
ing of the east-trending rock units during D,. This could
explain the consistency of the principal axes of strain
between rocks affected only by D, and those containing both
D, and Dj features. Our data do not definitely resolve this
relationship.

D4 Deformation

D4 deformation is characterized by the common devel-
opment of D4 crenulations and by a more restricted devel-
opment of crenulation cleavages, kink bands (fig. 12), and
strike-slip shear features. Dy structures are best developed
along D3 shear zones and within Archean rocks that contain
a strong S, foliation. Well-developed D4 crenulations are
generally asymmetrical, and D4 contractional kink bands
have monoclinic symmetry and do not commonly occur in
conjugate sets. Dy strike-slip brittle-ductile shearing pro-
moted the development of en-echelon tension veins.

Relationship of D4 Features to Shear Zones

We have discussed the small-scale buckles associated
with Dy, assuming that they are microbuckles developed
through foliation-subparallel shortening. However, recent
workers (for example, Platt and Vissers, 1980; Platt, 1983,
1984; Dennis and Secor, 1987, 1990; Hudleston and others,
1988; Bauer and Bidwell, 1990; Williams and Price, 1990)
have shown that buckling phenomena may occur in response
to continued noncoaxial strains in developing shear zones.
In such cases, C foliations developed within the shear zone
may undergo buckling in response to local perturbations in
the finite strain field during continued shear. Figure 15
shows a steeply plunging fold that may have developed by
this mechanism during the Dy strike-slip shearing.

Williams and Price (1990) conducted shear deformation
experiments on initially foliated rock and showed that kink
bands with conjugate geometries can be developed in shear
zones where the boundaries of the shear zone are inclined
to the preexisting foliation. Although D4 kink bands are
found within shear zones in the study area, we interpret the
development of these structures as a result of layer-subpar-
allel shortening, in contrast to rotational deformation during

progressive shear. Two observations lead to this conclusion.
First, kink bands and crenulations with locally developed
crenulation cleavages occur within rocks that do not appear
to be sheared and that are in areas far from the Dead River
and the Carp River Falls shear zones. For example, they are
observed in domain II more than 5 km outside the region
mapped as the Dead River shear zone. The D4 crenulation
hinge lines (fig. 11), parallel to the vertical hinge zones of
kink bands (fig. 144, B), are a well-developed fabric element
in the study areas. Fabric development within the boundaries
of a shear zone, in contrast, is much more localized (Ramsay,
1980). Although D4 crenulations occur extensively in the
shear zones, such mechanical behavior is predicted for rocks
containing a strong preexisting fabric, that are shortened
subparallel to the rock anisotropy (Paterson and Weiss,
1966; Cobbold and others, 1971; Cosgrove, 1976).

Also, the morphology of the kink bands (fig. 12) is incon-
sistent with crenulations having developed during progres-
sive shear (Dennis and Secor, 1987, 1990). The angular
relationship of the kink planes with respect to the foliation
planes of the kink bands is consistent with those produced
in experimental compressional deformation of foliated rocks
(Donath, 1969; Anderson, 1974); that is, angle o is approx-
imately equal to angle B (fig. 13).

Although we interpret the development of D4 folds out-
side shear zones to be a result of buckling instabilities due
to layer-subparallel shortening, some of the folding that
occurs locally within the shear zones may have developed
in response to progressive shear. For example, asymmetrical
folds, like the fold shown in figure 15, occur in strongly
sheared rock in domain I and may have resulted from sinis-
tral, strike-slip shearing.

Stress Orientations and Kink Band Development

The orientation of kink band propagation bears a predict-
able relationship to the imposed stress field (Ramsay, 1962;
Paterson and Weiss, 1966, Gay and Weiss, 1974; Weiss,
1980). In triaxial compression experiments where a material
with a strong preexisting foliation is loaded with Gy parallel
to the plane of the foliation, conjugate kink bands develop;
o1 bisects the obtuse angle between the kinks and oj is
parallel to the intersection of the kink planes. In experiments
where strongly foliated rocks are loaded with o, slightly
oblique to the plane of foliation, one set of kink bands tends
to develop preferentially over the other (Donath, 1969; Cob-
bold and others, 1971; Gay and Weiss, 1974). On the basis
of these experiments, several field studies have used the
orientation of conjugate kinks to constrain the orientation of
the principal stress axes associated with kink band develop-
ment. (See for example Kleist, 1972; Tobish and Fiske,
1976; Tewksbury, 1986; Murphy, 1988; Babaie and Speed,
1990).

The D4 kink bands observed in this study are more com-
monly of S symmetry than Z symmetry, indicating that the
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axis of maximum principal stress (G;) was inclined to the
rock anisotropy. By assuming that o; bisects the obtuse
angle between sets of conjugate kink bands and noting that
the obtuse angle between these conjugate kink bands aver-
ages 115°, 6, can be computed from the kink band data set
(fig. 144, B). Figure 194 shows the trend of o; assuming
that it was inclined 57.5° from the kink band within a hori-
zontal plane. The results indicate that during Dy4 the trend
of 6 was west to northwest, 6, was nearly vertical, and 63
was north to northeast trending.

Experimental deformation studies of phyllites under
moderate to high confining pressure indicate that the prin-
cipal stress cannot be inclined more than approximately 30°
to the rock anisotropy and still produce kink bands (Paterson
and Weiss, 1966; Donath, 1968). Gay and Weiss (1974)
suggested that if the rock anisotropy is inclined more than
5° to Gy, a single set of kink bands (S or Z symmetry, see
fig. 12) would develop in most cases. The results of these
deformation experiments predict that S-symmetry kink
bands would form more easily than the Z-symmetry kink
bands in rocks of this study. If the orientation of the preex-
isting S, foliation was nearly vertical and striking approxi-
mately N. 70° W. (its present orientation), a northwest-
directed compression would impose a preferential counter-
clockwise (S-symmetry kink) rotation on the foliation in this
stress regime (fig. 19B). The calculated west- to northwest-
directed compression is within the 30° limit (Paterson and
Weiss, 1966; Donath, 1968) of ¢y inclination from the rock
anisotropy.

Early Proterozoic Deformation

Klasner and others (1988) suggested that three periods
of deformation affected Early Proterozoic metasedimentary
rocks in Upper Michigan. The first two were coaxial (Klas-
ner, 1972, 1978; Klasner and others, 1988; Klasner and
others, 1991). The foliations associated with these defor-
mations are nearly vertical and strike west-northwest (see
Klasner, 1972, 1978), consistent with north- to north-north-
east-directed shortening.

The second deformation was associated with late-stage
block uplifts and reactivation of Archean faults. This defor-
mation produced features such as the Marquette trough (fig.
2). Klasner (1978) suggested that this stage of deformation
occurred within a kinematic framework defined by a steeply
plunging maximum principal stress axis. The relative dis-
placement on dip-slip shear zones developed during this
deformation was brittle and north-side-up.

The third deformation produced conjugate kink bands.
However, the geometry of conjugate kink bands in Early
Proterozoic rocks indicates compression at an inclination of
less than 5° to preexisting foliation. Klasner (1978)
reported that these rare, vertically dipping kink bands strike
N. 20° E. (Z symmetry) and N. 50° W. (S symmetry). The
bisector of the obtuse angle formed between these kink
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Figure 19. Principal stress orientations inferred from kink
bands in Archean rocks. A, Equal-area projection of the calcu-
lated orientation of the maximum principal stress axis (o1) from
kink band orientation data collected from domains 1 (solid
square), Il (triangle), and 1l (cross). Not shown are 6;. which
is nearly vertical, and o3, which is north to northeast trending.
B, Schematic representation of the development of kink bands
within the inferred Dy stress regime (northwest-directed com-
pression). Note that compression oblique to preexisting defor-
mation fabric results in kink bands with primarily S symmetry.
(See also fig. 13.)

planes, approximating the orientation of the maximum prin-
cipal stress axis (0;) that kinked the foliation, trended N.
75° E. The intermediate principal stress axis (03), parallel



to the intersection of the conjugate kink bands, was nearly
vertical. The minimum principal stress axis (03), bisecting
the acute angle between conjugate kink bands, trended N.
15° W. Klasner and others (1991) described a north-north-
west-striking Proterozoic S; foliation dipping moderately
to the west that deforms a mylonitic foliation in Archean
gneiss of the Plumbago Creek area along the west margin
of the northern complex. This foliation may have formed
under the same regional stress regime that produced the D3
Early Proterozoic kink bands, but this foliation orientation
is not observed in the Archean rocks of the Negaunee area.

Effects of Early Proterozoic Deformation on
Archean Basement Rocks

The kinematic frameworks indicated by deformation
features in Archean and Early Proterozoic rocks are similar;
both north-side-up, dip-slip relative displacement and hori-
zontally transmitted shortening subparallel to foliation are
indicated by small-scale deformation features in Early Pro-
terozoic and Archean rocks. However, certain notable dif-
ferences exist between these Early Proterozoic and Archean
deformation features. First, the orientation of oy inferred
from the geometry of contractional kink bands in Early
Proterozoic metasedimentary rocks indicates a late-stage,
horizontal compression oriented N. 75° E. However, the
geometry of kink bands in the Archean rocks indicates a
horizontal compression that is west to northwest trending
(fig. 19A). Second, the occurrence of kink bands in Early
Proterozoic rocks in Upper Michigan is not extensive; they
are only reported in areas near the west end of the northern
complex (Klasner, 1978). Early Proterozoic slate outcrops
are common, containing well-developed rock cleavage that
is subparallel to Archean S, foliation. That a late-stage,
foliation-subparallel shortening during Early Proterozoic
orogenesis could have produced D3 and D4 deformations
features in the Archean rocks but not in the Early Protero-
zoic rocks is unlikely. For example, D4 fabric elements,
such as crenulations, occur extensively in the Archean
rocks of the study areas but are not well developed in the
Early Proterozoic rocks. Third, the D3 shearing imposed
on Archean rocks is brittle-ductile in nature, whereas shear-
ing of Early Proterozoic rocks in the Marquette syncline is
brittle. It is more likely that Early Proterozoic deformation
is imposed on Archean rocks along reactivated fault zones
in a brittle fashion. Finally, an Early Proterozoic syncline
(locality E, fig. 2) that overlies Archean rocks in domain II
contains locally developed rock cleavage that is axial-pla-
nar to folded phyllite and quartzite bedding (fig. 16A).
These Early Proterozoic planar fabrics and the axial plane
of the upright fold are subparallel to the S, foliation in
adjacent Archean rocks (see fig. 4B). Despite this parallel-
ism, the adjacent Archean rocks show no evidence of fold-
ing by this Early Proterozoic fold.

INTERPRETATION OF FINITE STRAIN DATA

Several mechanisms can reasonably be put forth to
explain the finite strains in rocks of the southern (domain I)
and central (domain III) parts of the Ishpeming greenstone
belt based on the geometry of fabric data. Our data herein
provide support for the kinematic framework outlined in the
previous section.

Rocks of the Ishpeming greenstone belt may have accu-
mulated increments of finite strain through a variety of
deformation mechanisms that are summarized schematically
in figure 20. These mechanisms include (1) shortening
associated with early F; recumbent folding (not observed in
the study area), (2) shortening associated with upright F,
folding, (3) dip-slip shearing during D3 deformation, (4)
shortening subparallel to the S; and S3 foliations that led to
buckling of these preexisting deformation fabrics during D4
deformation, (5) strike-slip shearing during D4 deformation,
and (6) shortening associated with a thick-skinned Penokean
orogeny.

From the available finite strain data, we conclude that
(1) finite strain imposed on the felsic metavolcanic rocks of
domain IIT and the metabasalt of the lower member of the
Mona Schist resulted primarily from D, deformation.
Although some of the rocks from this domain show evidence
of D3 shearing, the sfrains measured in obviously sheared
samples are not significantly different than those measured
in apparently unsheared samples. (2) Finite strains imposed
on the type-a rhyolite of the sheared rhyolite tuff member
of the Mona Schist are strongly affected by strike-slip shear-
ing associated with D4 deformation.

Strains in Domain |

D, Fabrics and Finite Strains

The XY principal plane of finite strain in the Kitchi
Schist in domain I (figs. 3 and 17A) strikes west-northwest
and is parallel to the local S, foliation (fig. 44). Further-
more, the X axis of principal elongation is parallel to steep
linear elements in the schist. The orientation of principal
axes of finite strain in the adjacent lower member of the
Mona Schist (Carter, 1989) is indistinguishable from those
of the Kitchi Schist (fig. 184); however, the magnitude of
strain and the degree of apparent constrictional strain are
both higher in the Kitchi Schist. The differences in the
relative ratios of the principal axes of finite strain between
the agglomerate of the Kitchi Schist and the lower member
of the Mona Schist could be explained by differential vol-
ume loss, problems in the application of the R¢/g technique,
or differential ductility of these rock units.

Carter (1989) suggested that volume loss did not affect
the strain markers of the lower member of the Mona Schist
metabasalt because the devitrified glass varioles are
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Figure 20. Schematic representation of the proposed
Archean fabric geometries, kinematic framework of A, D,; B,
Ds; and C, D4 deformations, and orientations of the principal
axes of stress (01, 02, and 03) (D was not recognized in the
study area). The principal axes of both elongation (X, Y, and Z)
and principal stress are only constrained for D, deformation
where the coincidence of stress and strain axes assumes pro-
gressive pure shear strain.

relatively immobile and therefore dissolution was negligible
during greenschist-facies metamorphic conditions. Substan-
tial volume loss within the clasts may also be ruled out for
the Kitchi Schist because foliation resulting from pressure
solution effects does not crosscut the clasts.

Problems with the finite strain analysis technique in all
probability did not contribute significantly to errors in the
analysis because the fabric data coincide with the principal
axes of finite strain and the Isym test indicates no contribu-
tion of initial preferred orientation of the strain markers to
the finite strain. Carter (1989) found that the R¢/g technique
was also effective in accurately defining the finite strain
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ellipsoid. For example, the XY principal plane of finite strain
determined from the varioles is subparallel to the foliation,
and symmetrical strain shadows on plagioclase porphyro-
clasts indicate near-vertical tectonic elongation. Carter also
found no problem with a preexisting fabric orientation based
on the Isym test.

Differences in the finite strains between the Kitchi Schist
and the Mona Schist may, however, be explained by differ-
ences in their relative ductility and competence contrast
during deformation (Nachatilo and Bauer, 1990). Ramsay
(1983, p. 118) suggested that under greenschist-facies tem-
perature and pressure conditions, metabasalt is one of the
most competent rock units found within the crust. The Mona
Schist may have been less responsive to the imposed strain
than the Kitchi Schist. Furthermore, Freeman and Lisle
(1987) have shown that clasts that are more competent than
their matrix (such as the clasts used for the strain determi-
nation in the Kitchi Schist) show a more prolate strain than
the bulk strain of the rock.

Effects of D3 Shearing

Well-exposed parts of the Carp River Falls shear zone
along the north shore of the southern lobe of Deer Lake
(locality B, fig. 2) contain agglomeratic zones. The agglom-
erates that are spatially associated with well-developed shear
zones contain clasts that show a well-defined nearly vertical
preferred orientation. However, the finite strains of rocks
that contain obvious shear fabrics (type 1) and those that
lack shear fabrics (type 2) are indistinguishable (fig. 174,
B). Two possibilities can explain these similarities: (1) D3
shearing did not significantly affect the finite strain accumu-
lated by the clasts, and (2) D3 shearing affected all the rocks
but did not result in the preservation of kinematic indicators
in all the rocks. Our data do not resolve these possibilities.

Two logistical problems hindered evaluation of these
hypotheses. First, the boundaries of the shear zones are often
difficult to delineate because S, and Sj foliations are sub-
parallel (figs. 4A and 7A) and outcrops are poor and discon-
tinuous. Second, small and large finite strains are not
represented in the analysis; this occurs because agglomerate
clasts within zones of the highest shear strains were either
absent or destroyed, and samples that did not demonstrate
obvious tectonic strains were not analyzed.

Strains in Domain Il

Recent work by Johnson (1990) indicates that the finite
strains in rocks of the northern part of the Ishpeming
greenstone belt have an east-trending maximum principal
axis of elongation, whereas rocks of the southern Ishpem-
ing greenstone belt display finite strains with a nearly
vertical maximum principal axis of finite elongation.



Johnson (1990) suggested that shallowly plunging stretch-
ing lineations, defined by the alignment of amphiboles that
occur in metabasalt units north of domain III, were caused
by the superposition of F, upright folding on F; recum-
bent folds. This shallowly plunging elongation (X) is also
indicated by shallowly plunging stretching lineations (fig.
18B) in both the quartz phenocrysts of the type-a rhyolite
and agglomeratic clasts of the type-b rhyolite of the
sheared rhyolite tuff member. However, these samples
were collected in the vicinity of the Dead River shear zone
and were subjected to substantial D3 and D4 deformation.
In the following discussion of the type-a and type-b rhyo-
lites, we compare the fabrics and finite strains recorded in
these units with the regional fabric and strain orientations,
and consider the probable D3 and D4 contribution to the
finite strain in the rhyolites.

Type-a Rhyolite

The geometry of fabric and the finite strains developed
in the type-a rhyolites differ substantially from those devel-
oped regionally in both Archean and Early Proterozoic
rocks. For example, the planar fabrics and XY principal
plane of finite strain in the type-a rhyolites are nearly vertical
and strike east-northeast. This is in contrast to the nearly
vertical west-northwest-striking plane of flattening, defined
by S, foliation and the XY principal plane of finite strain,
in Archean rocks of the Negaunee area (fig. 4A~C, fig. 17A).
Furthermore, type-a rhyolite dikes crosscut the undifferen-
tiated foliated pillowed basalt (MacClellan and Bornhorst,
1989) that contains upright F, folds (fig. 6), indicating that
the dikes postdate most of the D, deformation.

The foliation in these dikes is deformed by D4 crenula-
tions and D4 kink bands; therefore, the dikes must have
intruded between the late stages of D, deformation and the
early stages of D4 deformation. Furthermore, the dikes lack
shear fabrics that indicate north-side-up, dip-slip relative
displacements, implying that they are not deformed by Dj.
Johnson and Bornhorst (1991) suggested that these type-a
rhyolite dikes, as well as those in other shear zones within
the volcanic rocks of the Lighthouse Point Member, intrude
areas of relatively high D, strain and that the fabrics devel-
oped in these dikes are primarily a result of post-D, shearing.
D3 deformation is highly localized, and although D3 shear
zones do not commonly occur in type-a rhyolite dikes, D3
deformation is evident in the type-b rhyolite.

D, is expressed by two deformation mechanisms: coax-
ial finite shortening associated with buckling phenomena
such as crenulations and kink bands, and noncoaxial shear-
ing associated with such features as asymmetrical tension
veins. The finite strains that deformed the quartz pheno-
crysts were imposed either by D4 shear strains or by earlier
deformation (late stages of D;). For example, the long axis

of finite elongation (X) of many quartz phenocrysts is at a
relatively high angle to the axial plane of D4 crenulations.
Experiments by Paterson and Weiss (1966) show that little
bulk shortening (about 5 percent) is required to promote the
development of kink bands, but the finite strains indicate
large finite shortening (about 45 percent, fig. 18C). Fur-
thermore, because the matrix is less competent than the
strain markers, the strains we obtained using the R/g tech-
nique indicate the minimum bulk finite strain experienced
by the rock.

Localization of finite strains associated with strike-slip
shearing could explain the shallowly plunging maximum
principal axes of elongation (X, fig. 18A) and shallowly
plunging stretching lineations (fig. 18B). During progres-
sive ductile shearing, the maximum principal axis of finite
elongation within a shear zone is progressively rotated
toward parallelism with the orientation of tectonic transport
(Ramsay, 1980). This rotation would reorient finite strain
markers toward the near-vertical and east-striking shear foli-
ation (C planes) of the Dead River shear zone (fig. 7B).
Three possible mechanisms thus exist to explain the finite
strain data in the type-a rhyolite dikes: (1) D4 strike-slip
shearing, (2) a late-stage of D, shortening that was north to
north-northwest directed, or (3) some combination of D, and
Dy strains.

Type-b Rhyolite

The finite strain indicated by the type-b rhyolite (fig.
184, C) of the sheared rhyolite tuff member is more consis-
tent with the fabrics developed in the northern part of the
Ishpeming greenstone belt as reported by Johnson (1990)
than with the type-a rhyolite dikes. However, these rocks are
strongly sheared (Puffett, 1974), and that they share the same
deformation history as the metabasalts north of the Dead
River shear zone is unlikely. The XY principal plane of finite
strain is nearly vertical and strikes west-northwest (fig. 184),
consistent with north- to north-northeast-directed shortening
associated with D, deformation. The maximum principal
axis of elongation (X, fig. 184) indicates approximately N.
80° W.-trending elongation (fig. 18B). Rocks in the southern
part of the Ishpeming greenstone belt, in contrast, indicate
nearly vertical elongation (fig. 17A).

We believe that a significant component of D4 deforma-
tion was partitioned into the type-b rhyolite relative to other
rocks in the Ishpeming greenstone belt because these tuf-
faceous rocks were relatively less competent than the other
Archean rocks. However, a detailed interpretation beyond
this level of complexity is not feasible given the limited
size of the data set, the complicated structural dynamics of
the Dead River shear zone, and the difficulty in establishing
the extent to which F; recumbent folding is developed in
domain III.
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IMPLICATIONS FOR
ARCHEAN TECTONIC HISTORY

The dynamics of present-day mountain building pro-
cesses are not well understood because rheological models
of rocks in multilayered sequences are not yet adequate to
predict large-scale tectonic interactions associated with oro-
genesis (Ramsay, 1983). Nevertheless, the end results of the
dynamic interactions involved in mountain building pro-
cesses are readily observed in many exhumed mountain
belts, and are defined by small-scale deformation features.
Models for the mechanical development of the small-scale
structures described in this study, such as foliation, shear
fabrics, crenulations, and kink bands, are well documented
in the literature (Ramsay, 1967; Hobbs and others, 1976;
Ramsay and Huber, 1983, 1987). Such models, coupled with
the kinematic interpretation presented in this study,
informed our attempt to set constraints on the tectonic evo-
lution of the Ishpeming greenstone belt.

Dewey and Bird (1970) proposed several models of oro-
genesis that involve formation of mountain ranges at plate
boundaries resulting from the convergence of oceanic crust,
an island arc, or continental crust with another lithospheric
plate. Their models are based on comparison with plate
tectonic processes that are well established for the Phaner-
ozoic. However, it is not certain that these plate tectonic
processes are applicable to the Archean. Nevertheless, mod-
els that describe the mechanical behavior of an orogenic
wedge impacted by a rigid indenter (Platt, 1986, among
others) are applicable to any convergent orogenic setting.
The mechanical development of the Ishpeming greenstone
belt can be roughly extrapolated from current models of
convergent tectonism regardless of the true nature of
Archean plate interactions.

The reorientation of the principal stress axes during the
Archean (fig. 20) seems to be well founded from the kine-
matic data. Prolonged Archean north- to north-northeast-
directed shortening is supported by the geometry of folding
and associated foliation and finite strains. However, late-
stage deformation features, such as shear zones, crenulations
with locally developed crenulation cleavages, and kink
bands, indicate that reorientation of the regional stress field
occurred during the late stages of Archean orogenesis.

Tobish and Fiske (1976) suggested that late-stage reori-
entation of the regional stress field is a common occurrence
in many Precambrian (Naha and Halyburton, 1974) as well
as Phanerozoic (Stubley, 1989) orogenic settings. They sug-
gested the following model to explain late-stage reorienta-
tion of the stress field without changing the orientation of
tectonic convergence: During progressive shortening in an
orogenic wedge, rocks extend in the XY principal plane of
finite strain. Vertical extension is accommodated by crustal
thickening and formation of a stretching lineation, but the
horizontal principal axis of finite elongation (Y), which is
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parallel to the margin of the fold belt, is constrained by space
restrictions. Elastic strain is taken up in the Y direction, and
as margin-normal compression wanes, “elastic recovery”
occurs, inducing compression parallel to the preexisting
deformation fabric.

Application of this genetic model, however, to the Ish-
peming greenstone belt is problematic. Although finite strain
and fabric data indicate near-vertical elongation, consistent
with the Tobish and Fiske (1976) model, two arguments are
in apparent opposition to the model. First, the Tobish and
Fiske model predicts that “elastic recovery” will impose a
compression that is nearly parallel to the preexisting folia-
tion and produce kink bands with orthorhombic symmetry.
Clearly the data indicate an asymmetric development of kink
bands promoted by compression oblique to the preexisting
foliation.

The second argument is that an intermittent deformation
occurs between D, and D4 with a different kinematic frame-
work (fig. 20). D3 north-side-up shearing is associated with
a steeply inclined maximum principal stress axis. The exist-
ence of nearly vertical shear zones, which strike parallel to
the structural grain of the belt, implies that shearing could
not have occurred until the waning stages of orogenesis. For
instance, Platt (1986) showed that extensional faulting at
near-vertical orientations can occur if the stress field asso-
ciated with convergence relaxes and nearly vertical gravita-
tionally driven stresses locally exceed horizontally
transmitted tectonic stress. However, it is unlikely that the
rocks would retain the elastic strains required by the Tobish
and Fiske (1976) model to induce compression parallel to
the margin of the Ishpeming greenstone belt.

Recent models of deformation in the Superior province
have emphasized convergent margin plate tectonic processes
as a mechanism for the construction of the province (Card,
1990; Williams, 1990). These models call on northerly con-
vergence resulting in early north-directed, south-side-down
underthrusting along north-dipping shears followed by
upright folding in a transpressive regime that culminated in
widespread strike-slip shear (Hudleston and others, 1986;
Hudleston and others, 1988; Williams, 1987; Percival and
Williams, 1989; Bauer and Bidwell, 1990). General features
of the deformation in the Negaunee area can be considered
in the context of these models; however, the changes in
kinematic framework during the progress of deformation in
the Negaunee area are not entirely consistent with such
models. It may be that the DRSZ and CRFSZ are early
thrust-generated structures that have been repeatedly reacti-
vated during the deformation sequence, but this idea is not
supported by the finite strain data collected from the Carp
River Falls shear zone (fig. 18). The early north-side-up dip-
slip displacement in these zones is consistent with early dip-
slip observed by Williams (1987) in volcanic sequences in
the Beardmore-Geraldton area of Ontario; however, we
interpret this displacement to postdate D, folding and fabric
development. D4 strike-slip shear could be consistent with



late-stage strike-slip developed during the waning stages of
regional transpression; however, kinematic indicators asso-
ciated with strike-slip shearing indicate both dextral and
sinistral relative displacements within the shear zones. As a
result, we believe that further detailed investigations of the
history of deformation in the shear zones of the region would
be useful.

SUMMARY AND CONCLUSIONS

Four Archean deformations affected the rocks of the
southern and central parts of the Ishpeming greenstone belt.
D, deformation is confined to the northern part of the study
area and is defined by a flat-lying foliation that is deformed
by D; crenulations. D, deformation pervasively affects the
entire Ishpeming greenstone belt, and is defined by a nearly
vertical west-northwest-striking S, foliation that is axial-
planar to upright F; folds and F; crenulations (domain III,
fig. 3). D3 deformation is defined by north-side-up dip-slip
in narrow shear zones that are subparallel to the structural
grain of the belt. D4 deformation is defined by well-devel-
oped crenulations, kink bands with monoclinic symmetry,
and strike-slip shear reactivation of D3 shear zones.

Early Proterozoic Penokean deformation in Early Prot-
erozoic metasedimentary rocks of the area also produced a
nearly vertical, west-northwest-striking foliation that is
axial-planar to upright Early Proterozoic folds. Although the
Archean S, foliation and Early Proterozoic axial-plane ori-
entations are subparallel, late-stage Archean deformations
indicate a significant reorientation of the regional stress
field. Inasmuch as these late-stage structures are absent in
the Early Proterozoic rocks, we conclude that the Penokean
orogeny did not significantly shorten the underlying
Archean basement rocks in the Negaunee area.
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