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Thick-Skinned, South-Verging Backthrusting in the
Felch and Calumet Troughs Area of the
Penokean Orogen, Northern Michigan

By J.S. Klasner! and P.K. Sims

Abstract

The Felch and Calumet troughs area of northern Michi-
gan is part of the Penokean fold-thrust belt of the continental
foreland of the Superior craton. The area lies immediately
north of the Niagara fault zone, the north-verging suture
between the continental foreland and the Early Proterozoic
Wisconsin magmatic terranes to the south. Accretion of the
magmatic terranes to the continental margin =1,850 Ma pro-
duced south-verging backthrusting and backfolding in this
region involving both Archean basement and Early Proterozoic
supracrustal strata.

Evidence for backthrusting exists throughout the Felch and
Calumet troughs area. The backthrusting is characterized by
southward-overturned bedding and small-scale, south-verging
asymmetric folds with a subhorizontal axial-planar foliation.
The Carney Lake Archean block appears to be a crystalline-core
nappe wherein the Sturgeon Quartzite of the Chocolay Group
forms the lower overturned limb. The deformation probably
started as a north-verging foreland thrust event, but out-of-
sequence south-verging backthrusts and backfolds developed to
accommodate abrupt changes in crustal thickness along the
continental margin.

The backthrusting in the Penokean orogen resembles that
in the younger rocks of the southern Alps. Proceeding inward
from the continental margin, both orogens have accreted oce-
anic crust, indicated by the presence of ophiolite, that is thrust
onto the continental margin; a zone of thick-skinned complex
deformation characterized by backthrusting and backfolding; a
marginal basement arch; and, inboard of the arch, a fold-thrust
belt that mainly involves thin-skinned deformation.

IWestern Illinois University, Macomb, IL 61455, and U.S. Geologi-
cal Survey.

INTRODUCTION

Geologic mapping and related studies of the Precam-
brian rocks in northern Michigan, done mainly during and
shortly after World War II, have provided excellent detailed
geologic maps that can be reinterpreted in terms of modem
structural analysis. In this study we have utilized the
geologic maps of the area comprising the Felch and Calumet
troughs (Gair and Wier, 1956; Bayley, 1959; James and
others, 1961; Bayley and others, 1966; Dutton, 1971) to
reinterpret the structural evolution. These maps show
outcrops and numerous faults, most of which were
interpreted originally as high-angle normal faults. Many of
these faults are here reinterpreted as thrust and reverse faults.

In a recent structural study, Maharidge (1986) sug-
gested that the Early Proterozoic stratigraphy in the Felch
trough is inverted and possibly represents the lower limb of
a crystalline, basement-cored nappe. (See also Sims and
others, 1987.) Maharidge pointed out that the rocks in this
area have been subjected to at least two phases of
deformation. The first phase produced a north-verging
crystalline-cored nappe with subhorizontal foliation; the
second phase produced upright folds having a steeply
dipping foliation. Holst (1982, 1984) has suggested that
similar north-verging nappes exist in the Early Proterozoic
continental foreland in east-central Minnesota.

In this report we point out that although the Bush Lake
fault is a major north-verging structure, consistent with the
overall sense of northward tectonic transport of the
Penokean orogen in northern Michigan and adjacent Wis-
consin (Sims and others, 1985; Klasner, Ojakangas, and
others, 1988; Klasner, Sims, and others, 1988; Attoh and
Klasner, 1989; Klasner and Cannon, 1989; and Klasner and
others, 1991), the structures in the Felch and Calumet
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troughs area are south-verging (Klasner and Sims, 1989).
The south-verging structures, which deform Archean base-
ment as well as rocks of the Early Proterozoic Marquette
Range Supergroup, are interpreted as out-of-sequence back-
thrusts and backfolds that developed to accommodate abrupt
changes in crustal thickness along the continental margin
caused by thrusting. Our study did not confirm the existence
of an inverted Early Proterozoic stratigraphy throughout the
area of the Felch and Calumet troughs.

The structural analysis presented in this report differs
substantially from the earlier conclusions of Ueng and Larue
(1988) for the same general area. They recognized local flat
foliations but related them to vertical compression rather
than thrusting.
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REGIONAL TECTONIC SETTING

The Felch and Calumet troughs lie near the south edge
of the exposed continental margin of the Archean Superior
craton (figs. 1 and 2). Rocks of the Wisconsin magmatic ter-
ranes (Sims and others, 1989) were accreted to the continen-
tal margin along the north-verging Niagara fault (suture)
zone at about 1,850 Ma, resulting in northward thrusting and
development of prominent thrust-fold systems (Klasner,
Sims, and others, 1988) on the continental foreland. The Nia-
gara fault zone contains a dismembered ophiolite comprising
LREE (light-rare-earth-element)-depleted basalt, sheeted
dikes, serpentinite, and plagiorhyolite (Schulz, 1987; Sims
and others, 1989). In Minnesota, Holst (1984) and South-
wick and Morey (1991) have described large-scale nappes
and thrusts that presumably are related to the same collision.

The Penokean orogen in northern Michigan has been
divided into two major structural domains (Klasner and
Cannon, 1989; Klasner, Ojakangas, and others, 1988;
Klasner, Sims, and others, 1988). The northern domain, in
the northern part of the Baraga basin (fig. 1), consists of a
foreland-basin thrust belt in which deformation was largely
thin skinned (Klasner and others, 1991); that is, it involved
mainly Early Proterozoic supracrustal rocks, with apparently
minor deformation of Archean basement rocks. The south-
ern domain, which includes the study area and the Archean
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outliers in the Baraga basin just north of the study area,
consists of a basement arch in which deformation was
primarily thick skinned, that is, it involved both Early
Proterozoic supracrustal rocks and Archean basement. The
Felch and Calumet troughs area is in the southern domain.

BEDROCK GEOLOGY

The Felch and Calumet troughs (fig. 2) are elongate
east-trending belts of Early Proterozoic sedimentary and
minor volcanic rocks that unconformably overlie or are in
fault contact with Archean basement rocks. The Early Prot-
erozoic rocks in the area are assigned to the Marquette Range
Supergroup, which has been divided into four groups (Can-
non and Gair, 1970), from youngest to oldest, the Paint
River, Baraga, Menominee, and Chocolay. The youngest
recognized group, the Paint River, lies mostly to the west of
the area of figure 2, and is not considered in this study. Sims
(1992) has suggested that the Paint River Group probably is
not a valid group, but instead contains rocks correlative with
the Michigamme Formation of the Baraga Group. The
Baraga Group consists mainly of graywacke and slate of the
Michigamme Formation. Within the area of figure 2, the
Menominee Group comprises the Vulcan Iron-formation
and the underlying schistose rocks of the Felch Formation
(combined as unit Xme) and two major volcanic units, the
Badwater Greenstone and the Hemlock Formation. Chemi-
cal data (K.J. Schulz, oral commun., 1990) indicate that the
Badwater and Hemlock are probably correlative. The Choc-
olay Group consists of the Randville Dolomite, the underly-
ing Sturgeon Quartzite, and the basal Fern Creek Formation
(not divided in fig. 2). The Fern Creek is exposed only
locally, and the Sturgeon Quartzite generally is the lower-
most Early Proterozoic unit (Bayley and others, 1966).

The study area, which we call the Felch and Calumet
troughs area, consists of several fault-bounded domains (fig.
2), each of which has different rock units and structure. The
Amasa block, to the north, is bounded on the south by the
Bush Lake fault; it consists of Archean gneiss and the over-
lying Hemlock and Michigamme Formations, which have a
northwest structural grain. The north-central part of the
study area (fig. 2) contains several east-trending troughs of
supracrustal rocks that are separated from Archean gneiss
blocks by faults. From north to south, these domains are the
Bush Lake trough, the Dickinson Group block of Archean
gneiss and supracrustal metaconglomerate, the Felch trough,
the South Felch Archean block, the Toby Lake Archean
block, the Calumet trough and its westward extension into
the Horserace Rapids area (fig. 2), and the Camney Lake
Archean block. The Crystal Falls and Florence-Niagara ter-
ranes (Sedlock and Larue, 1985; Ueng and Larue, 1988),
labeled in figure 2 for completeness and context, are not con-
sidered further in this study.
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Figure 7. West cliff face of Rian quarry, Felch trough. A, Diagrammatic sketch. Cliff face is oriented N. 75° E., and composed
of coarsely crystalline phase of Randville Dolomite. Red sandy layer occurs near south end. Sg, bedding; S, foliation (fig. 3,
locality 5). Points A-F are described in text. B, Lower hemisphere stereoplot of structural features at Rian quarry. Open circle,
pole to bedding (Sy); solid dot, pole to S, foliation; X, F; fold axis or L, lineation formed by intersection of Sg and S;; square, long
stretch axis (Ls) of concretion. Note orientation of S; foliation plane.

by a later event. Ueng and Larue did not carry out kinematic
analyses (D.K. Larue, written commun., 1988), but they dia-
grammatically showed south-verging minor folds in the
Sturgeon Quartzite below the uppermost thrust fault. J.J.
Mancuso (written commun., 1988), who also has done
extensive work in the Groveland mine, recognized several
low-dipping structures, but he observed numerous steeply
dipping faults as well. Although we did not have access to
the open-pit mine because of flooding and dangerous condi-
tions, the data from Ueng and Larue (fig. 11) and Mancuso
support the concept of a subhorizontal thrust event followed

by a later, more steeply oriented deformation. In fact, Ueng
and Larue (1988) pointed out that the low-dipping thrust sur-
faces, which we designate Sy, were significantly folded dur-
ing a later event.

A gravity profile (fig. 124) across the Felch trough,
near its west end (fig. 3, locality 10), provides additional
information on the structure of the trough. Observed gravity
along the profile varies only slightly from the gently south
dipping regional gravity gradient in the region. (See Klasner
and others, 1985, for data on regional gradient.) The Early
Proterozoic Felch trough has little gravity expression. The

Felch and Calumet Troughs Area, Northern Michigan  L11
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Figure 8.

Felch trough in area of Rian quarry. Modified from James and others (1961) with additions by P.K. Sims. Quarry lies

near south edge of trough. Cross section A-A’ suggests that the southward-rotated Randville Dolomite strata at Rian quarry (fig.
7) are part of a drag fold and are separated from Sturgeon Quartzite on the south by a fault. S; foliation is axial-planar to folds
in bedding at Rian quarry as well as to synclinally folded strata of Felch trough.

south half of the post-kinematic red granite pluton has a 3
milligal gravity low above it. An interpretive cross section
(fig. 12B), constructed along the gravity profile, is based on
correlation of the gravity profile with the bedrock geology
mapped by James and others (1961) and on our structural
measurements.

The gravity survey was designed to determine whether
or not the stratigraphy is inverted in the Felch trough, but it
yielded no evidence that the Early Proterozoic strata in this
part of the trough are inverted (overturned). If the Early
Proterozoic strata were overturned to form an antiformal
syncline, as suggested by Maharidge (1986), a substantial
body of buried Vulcan Iron-formation should have shown
up clearly on the gravity survey. The structural data, which
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constrain fold symmetry, combined with the gravity data
suggest that (1) the trough at this location is upward facing
and asymmetrically inclined toward the south; (2) the steeply
dipping north limb is slightly overturned toward the south
and the south limb dips moderately toward the north; and
(3) the axial plane of the trough dips about 50° N. The latter
figure coincides with the earlier interpretation of James and
others (1961) and is consistent with the relatively moderate
dipping S; foliation found throughout the region, which is
axial-planar to minor folds in the trough.

In summary, all the structural data observed along the
length of the Felch trough indicate southward vergence.
Evidence for a south-verging deformational event (D) is
most notable in the central and eastern parts of the trough.
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Figure 9. Sturgeon Quartzite at north edge of Felch trough
(fig. 3, locality 6). A, Diagrammatic sketch of primary sedimen-
tary structures. Bedding expressed by faint color banding in
quartzite. Bedding dips northeast. Crossbeds and scour chan-
nels in the area (diagrammatically shown) indicate that beds
stratigraphically face southwest and are overturned to south-
west. Scale is approximate. B, Lower hemisphere stereoplot;
open circle, pole to bedding (Sy); solid dot, pole to (S,) folia-
tion; X, bedding-cleavage intersection lineation (L;). Great cir-
cle (dashed line) defines fold axis (triangle) that is nearly
coincident with L.

In these areas, a subhorizontal foliation (S;) occurs both in
Archean gneiss adjacent to the trough and in the Early Prot-
erozoic strata within the trough.

A second coaxial deformation (D;) deformed bedding
(Sp) and S, foliation. Resulting S, foliation dips steeply
north and strikes generally west-northwest. The D, defor-
mation appears to have significantly folded S; and D, fault
planes, such as those at the Groveland mine; accordingly, the
pre-D, orientation of S and the fault planes is not accurately
known.

Toby Lake Trough

Except for a single exposure of Randville Dolomite
(Chocolay Group) at the east end of the Toby Lake trough
(fig. 3, area 11), only Sturgeon Quartzite is exposed within
the trough; the presence of the Michigamme Formation (fig.
13) was inferred by James and others (1961) on stratigraphic
grounds. Primary structures in the quartzite, such as cross-
bedding and scour channels, unequivocally indicate that
bedding, which dips steeply southeast, is overturned toward
the north. A spaced fracture cleavage in the quartzite strikes
east and dips moderately to the north (fig. 13); it is inter-
preted as S;. Archean foliation on either side of the Toby
Lake trough is steeply dipping, but it is overprinted in places
by a shallower foliation that is interpreted as S;.

The dip and sense of movement on the Toby Lake
fault at this location (fig. 3, area 11) are not known,; the fault
could dip steeply south, and the Early Proterozoic strata of
the trough could represent a fold formed by drag along the
fault, as shown in the section of figure 13. Farther east along
the Toby Lake fault (fig. 3, locality 11A), Archean gneissic
foliation is oriented about N. 75° E. and is nearly vertical.
The gneissic fabric is overprinted by zones of fine-grained,
foliated mylonite. Small minor folds in the gneiss, whose
axes plunge 10°-50° N., 75° E., have a dextral sense of
movement in the horizontal plane. Similarly, the orientation
of a minor fold in the vertical section suggests that the fault
is nearly vertical at this location and the north side is
upthrown.

The sense of movement from overturned bedding in
the Toby Lake trough suggests northward vergence on the
fault with an upthrown southern hanging wall. Thus, the
fault appears to be a north-verging, high-angle thrust fault at
this location (fig. 3, area 11).

In contrast, to the east along the Toby Lake fault
(fig. 3, locality 11A), structural data such as minor folds
suggest that the fault is nearly vertical and that the north
side is upthrown. Still farther east, the Toby Lake fault is
truncated by the North Calumet fault (fig. 3, locality 15),
and structural data indicate that this fault is a south-verging,
high-angle thrust fault.

Calumet Trough

The Calumet trough is bounded on the north by the
North Calumet fault and on the south by the South Calumet

Felch and Calumet Troughs Area, Northern Michigan L13
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Figure 10. Geology of an area of Felch trough near intersection of old Highway 69 and Highway 569 (fig. 3, locality 7B). A, Struc-
ture and interpretive cross section A-A’ of area on north limb of Felch trough. B, Structure and interpretive cross section B-8" of
larger area, inclusive of area of A, and also showing locality 6 of figure 3.

fault (fig. 2); the trough appears to extend west-northwest to
Horserace Rapids (fig. 3, locality 12).

At Horserace Rapids (fig. 2), on Paint River, graded
beds of graywacke of the Michigamme Formation are over-
turned toward the south (fig. 144). A subhorizontal foliation
(S7) is oriented approximately N. 10° W., 25° SW. This
foliation is axial-planar to Dy folds (F;) whose axes plunge
gently northwest. In turn, S is folded about gently plunging
D, fold axes, which are shown by L, intersection lineations
of S; and S, (fig. 14A). The S, foliation dips steeply. The
southwestward-overturned strata, northwest-oriented fold
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axes, and subhorizontal foliation together indicate that the
Early Proterozoic rocks at Horserace Rapids were deformed
by a southwest-verging structural event. A second event
(D») deformed S and Sg about northwest-trending fold axes
(F,) having a steeply dipping S foliation.

A structural scenario similar to that at Horserace
Rapids exists about 20 km to the southeast, at Steele farm
(fig. 3, locality 13). At this locality, southward-facing
graywacke beds are oriented N. 80° E., 80° SE. (fig. 14B). A
subhorizontal Sy foliation is oriented N. 80° E., 25° SE. §;
is folded about gently southwest plunging F> fold axes. At









Figure 14. Lower hemisphere stereoplots of structural data
from the Calumet trough area. A, Structural data at Horserace
Rapids (fig. 3, locality 12). Solid dot, pole to S, foliation; open
circle, pole to bedding (Sy). Several graywacke beds stratigraph-
ically face southward (circled area with arrow). Note that the
great circle defines a fold that plunges gently west-northwest.
Open triangle, plunge of F; fold axis in bedding Sy; solid
triangle, F, fold axis; X, plunge of lineation (L;) formed by
intersection of bedding (Sg) and foliation (S;); solid square,
plunge of intersection lineation (L,) of spaced S, foliation and
S, foliation. S, is steeply dipping but was not measured. B,
Structural data from Steele farm area (fig. 3, locality 13). Solid
dot, pole to S; foliation; open circle, pole to bedding Sy;
graywacke beds stratigraphically face south; open square, pole

S1 near
Proterozoic

contact

to S, foliation; open triangle, plunge of F, fold axis in S;; solid
triangle, plunge of F; fold axis in Sy; diamond, plunge of F3
crenulation fold. C, Structural data from Archean gneiss along
North Calumet fault (area between localities 14 and 15). Solid
dot, pole to S; mylonitic foliation. Note orientation of S; from
outcrops near contact with Early Proterozoic strata. A, pole to
Archean foliation (S,). Plus (+), plunge axis of a Z-shaped drag
fold in Archean gneiss near the Calumet fault. D, Structural data
from Early Proterozoic strata adjacent to North Calumet fault
(area between localities 14 and 15, fig. 3). Solid dot, pole of S,
foliation; open circle, pole to bedding Sy; most beds stratigraph-
ically face northward; open triangle, Fy fold in Sy; solid triangle,
F, fold axis.

Felch and Calumet Troughs Area, Northern Michigan L17
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Figure 15. Structure of an outcrop area in Calumet trough, along west branch of Sturgeon River. A, Geologic structure at locality
16 (fig. 3). B, Contoured lower hemisphere stereoplot of poles to S;. Contours at 1, 5, 20, 30 percent. C, Contoured lower hemi-
sphere stereoplot of poles to bedding (Sg). Contours at 1, 4, 6 percent. D, Cross section A-B from view A. E, Interpretive diagram

suggesting that this area is on the upper limb of a recumbent fold.
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Figure 16. Lower hemisphere stereoplot of Early Proterozoic
structures in Archean gneiss terrane of Carney Lake block
(fig. 3, area 17). Solid dot, S; foliation; solid square, plunge
of stretch lineation (Ly) on S;.

structural measurements of mylonitic foliation along the
fault (fig. 14C, D) and from magnetic data of James and
others (1961, plates 2-east half and 4) in the region. For
example, positive east-trending magnetic anomalies, which
lie just south of the fault above the Early Proterozoic rocks
of the Calumet trough, extend obliquely across the fault into
the area of Archean gneiss. This suggests that the Archean
rocks have been thrust southward, above Early Proterozoic
strata of the Calumet trough, overriding the magnetically
susceptible rocks of the trough that caused the magnetic
anomalies.

Schist and phyllite of the Michigamme Formation are
exposed in the Calumet trough along the west branch of the
Sturgeon River (fig. 3, locality 16). At this location, S;
foliation is subhorizontal and forms a gently undulating

Figure 17 (facing column). Structural data from locality 18
(fig. 3) in Sturgeon Quartzite, west edge of Carney Lake block.
A, Vertical cross section of north-verging fold in Sturgeon
Quartzite. Note horizontal S;. Bedding stratigraphically faces
south in the area, indicating that the quartzite lies on the lower
limb of a large-scale recumbent fold. B, Lower hemisphere
stereoplot. Solid triangle, pole to Sy; open square, pole to Sy
foliation; open circle, measured F; fold axis; solid dots
enclosed by dashed line, poles to measured S, foliation. Great
circle interpreted to represent folded S, and S; foliation with
the F, fold axis (X) as shown. S, foliation is vertical. See L,
lineations on C. C, Lower hemisphere stereoplot showing
general orientation of bedding S, foliation S, and foliation S,.
Plus (+), L, lineation due to intersection of S, and S.

Stratigraphic
facing
direction 0 1 METER

B
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Figure 18. Orientation of long axes of mafic inclusions in Carney Lake Gneiss. Modified from Bayley and others (1966). Note
that the orientation of the inclusions defines a fold with a northwest-trending axial plane. Note parallel orientation of fold axis in

quartzite.

surface (fig. 154, B). Bedding (Sp) generally strikes north-
east and has a wide range of dips (fig. 15C). The bedding has
been deformed into a series of south-verging minor folds
with axial-planar S; foliation. At one place, a small scour
channel shows that the stratigraphic facing in bedding is
toward the south. Both S; and S have been deformed about
northeast-trending, gently plunging fold (F,) axes with a
steep-dipping S, foliation. Clearly, the Early Proterozoic
strata in this area were deformed by a south-verging event
(D) that formed a subhorizontal foliation in the rocks.
Cross-section sketches (fig. 15D, E) suggest that this area
comprises the upper limb of a south-verging recumbent fold.

Carney Lake Block

Bayley and others (1966) described the Carney Lake
Gneiss (fig. 3, area 17) as consisting largely of granite gneiss
but also containing minor phases of granodiorite gneiss,
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syenite dikes, and inclusions. The Archean gneissic foliation
(Sa) typically trends northwest and dips steeply. We also
observed a subtle, less steeply dipping foliation (S) that
overprints the Archean foliation (fig. 16). Orientation of S;
is scattered, and dips range from flat to about 60°. The S;
surface commonly contains a mineral lineation (Lg), which
plunges moderately east to southeast (fig. 16) and which we
interpret as a stretch lineation.

The west edge of the Carney Lake Gneiss block is
bounded by the Sturgeon Quartzite (Chocolay Group),
which is in unconformable contact with the gneiss (fig. 2)
and is locally overturned to the southwest. Higgins (1947,
p. 489) noted that the Early Proterozoic strata were folded
into “a northwest-trending monocline that probably was
thrust faulted along its axial plane. During the second
phase of deformation this structure was displaced at its
northwestern and southeastern ends by vertical tear faults
that trend northeast.”
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