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Abstract

The Proterozoic Grenville orogeny (~1300-980 Ma) reactivated the Archean-
hosted Kapuskasing suture in Laurentia which then propagated west and south
initiating the Keweenaw rift (1141-1085 Ma) which closed by thrust shortening at
1060 Ma. Late Proterozoic-Paleozoic sediments were then deformed in
association with the amalgamation of Pangea in the late Paleozoic causing ~30
km of thrust shortening along this 4000 km paired (inverted) fault system,
preserved by numerous 2"d and 34 order footwall structures in adjacent
basement and Paleozoic cover rocks. We present the descriptions of twenty field
sites of deformed Paleozoic sediments in the Appalachian-Ouachita-Marathon
foreland to further document the subtleties of far-field tectonic stress
transmission in the midcontinent of North America. Field observations are also
complimented with 63 new foreland calcite twinning strain results and, when
compiled with 260 older twinning strain results, document a complex Paleozoic
tar-field stress-strain field. Appalachian-Ouachita-Marathon orogenic fluid
pulses in the foreland were also complex, namely the so-called Mississippi Valley
type (MVT) Pb-Zn ore deposits, and mineralization is constrained by thrust
faulted highlands with occasional fluid sourcing from underlying Precambrian



basement. The amalgamation of Pangea was a complex process in the late
Paleozoic involving oblique convergence along the Gondwana margin and a
central Laurussian collisional belt where far-field stresses initiated inversion
structures in the centers of the African and N. American cratons, including the
Kiri and Keweenaw-Kapuskasing uplifts, respectively.

Introduction

Laurentia grew by subduction-related accretion around the ~15 terrane
core of the Archean Canadian shield (Card, 1990) with orogenic events at 1.85 Ga
(Penokean; Schultz and Cannon, 2007; Holm et al. 1998), 1.75 Ga (Yavapai;
Bickford et al., 2008; Medaris et. al, 2003), 1.63 Ga (Mazatzal; Romano et al. 2000;
Medaris et al. 2003; Foster et. al, 2006), 1.3-1.0 Ga (Grenville-Keweenaw;
Donaldson and Irving, 1972; Gordon and Hempton, 1986; Paces and Miller, 1993;
Eriksson et al. 2003, Heaman et al. 2007; Rainbird et al. 2012) and the 3 Paleozoic
phases of the Appalachian orogeny (Rodgers, 1967; Hatcher, 1987; Hatcher et al.
1989). These orogenic belts young to the southeast and are oriented ~SW-NE
(Hoffman, 1988; Whitmeyer and Karlstrom, 2007) with the exception being the
Keweenaw rift system, with its central hotspot and 5 failed rift arms (Sutcliffe,
1991). The Kapuskasing suture has a long history of fault reactivation in Ontario
(Percival and McGrath, 1986; Evans and Halls, 2010) and is interpreted by
Manson and Halls (1994, 1997) to continue to the southwest as the Keweenaw-
Lake Owen-Hastings thrust fault system in Michigan, Wisconsin, Minnesota,
Iowa, Kansas and Oklahoma thereby forming a single thick-skinned, reverse
fault system from near James Bay, Ontario, Canada to central Oklahoma, USA
(Figure 1). The Kapuskasing-Keweenaw reverse fault (KKF) crosscuts all the
terranes mentioned above (2.65 Ga Wawa to 1.63 Ga Mazatzal) over a distance of
~4000 km where the youngest exposed rocks offset along this boundary are late
Devonian (Hamblin, 1958, 1961; Milstein, 1987). In the subsurface, Mississippian-
Permian sediments are offset by reverse motion (Woelk and Hinze, 1991) and

both observations require a late Paleozoic reverse fault motion in the



midcontinent of North America. This fault system may be the longest, and

longest-lived, intracratonic fault system on earth.

Transmission of compressional tectonic stresses is well-documented in
active settings from plate boundary to plate boundary (Zoback et a. 1989) thereby
connecting tectonic stresses to absolute plate motions (DeMets et al., 2009). Far-
tield tectonic stresses are also preserved in older rocks as measurable finite
strains in foreland settings that are proximal (Nichelsen, 1966; Engelder and
Engelder, 1977) and up to 2000 km inboard of a thrust belt (Craddock and van
der Pluijm, 1989; Lacombe et al., 1989; Craddock et al., 1993) where both
differential stress and strain magnitudes decrease into the foreland of a given
orogeny (van der Pluijm et al. 1997). Our goal in this study was to further
document late Paleozoic Appalachian-Ouachita-Marathon (AOM) deformation
in the midcontinent of North America. Specifically, we have documented thick-
skinned fault offsets and local footwall deformation associated with the KKF,
and employ twinned calcite strain and seismic reflection data to attempt to
understand related far-field deformation associated with the amalgamation of

Pangea (Daly et al. 1991; Trouw and DeWit, 1999).

Previous Work

Cratonic North America is characterized by a broad patchwork of low
amplitude, long wavelength basins and domes, such as the Michigan basin,
Wisconsin arch and Williston basin, that formed early in the Paleozoic in what
became the Appalachian-Ouachita-Marathon (AOM) foreland (Quinlan and
Beaumont, 1984; Howell and van der Pluijm, 1990). Most of these basins were
depocenters throughout the Paleozoic, and again received sediment in the
Jurassic-Cretaceous. Chapple (1978) modeled the mechanics of Appalachian
foreland deformation, as preserved by small finite strains or large-scale salt-

cored rootless folds (Wiltschko and Chapple, 1977), as thin-skinned and lacking



involvement of basement crust. This model was supported by the many
examples of subtle foreland deformation (Nickelson, 1966; Engelder and
Engelder, 1977; Craddock and van der Pluijm, 1989) and 274 order features that
resulted from the flushing of orogenic fluids into the foreland (Oliver, 1986):
Permian remagnetizations (McCabe and Elmore, 1989), magnetic anisotropy
fabrics (Jackson et al. 1989, 1991; Sun et al. 1993) and Mississippi Valley type Pb-
Zn deposits of Permian age (MVT; Leach and Rowan 1986, Christensen et al.
1995; Leach et al. 2010). Chapple (1978) did not envision the development of an
antithetic thick-skinned reverse fault motion 1000 km inboard of an evolving

thin-skinned fold-and-thrust belt, which is what we will argue for here.

Klasner and Schulz (1982) presented evidence that the Kapuskasing shear
zone in Ontario, which crosscuts the Archean Wawa (Abitibi) and Quetico-
Omanica terranes from James Bay to eastern Lake Superior, is a positive Bouguer
gravity anomaly that is continuous with the main trace of the Proterozoic
Keweenaw rift, also known as the midcontinent gravity high (Chase and Gilmer,
1973). The terranes of this Archean crust were in place by ~ 2.6 Ga, followed by
cooling and modest erosion to establish the Superior Province as a craton by ~
2.5 Ga. Rifting along its southern margin formed the Huronian basin (2.5-2.45 Ga;
see Craddock et al. 2013a), and was followed by the emplacement into the craton
of the radiating 2.4 Ga Matachewan dyke swarm (Halls and Bates 1990, Halls et
al. 1994). Subsequent dike intrusion events in the Wawa terrane at 2.22, 2.17, 2.14
and 2.04 Ga mark plume impingement related to distal rifts (Ernst and Buchan,
2001). All of these mafic dike swarms were affected by a variety of fault motions
along the Kapuskasing suture including distortion of the Matachewan swarm in
the hanging wall of the Kapuskasing uplift by 90 km of dextral transpression
before the 1850 Ma Penokean orogeny (Ernst and Halls, 1984; Evan and Halls,
2010). A profile of Ar-Ar, K-Ar and Rb-Sr radiometric ages across the Wawa
terrane reveals a history of differential fault-related uplift that ended by ~1.9 Ga



(Easton, 2000; Manson and Halls, 1997; Percival and McGrath, 1986, Percival and
West, 1994), and included the formation of pseudotachylite (1940 Ma Ar-Ar age
on microlites; Percival, 1981). Seismic profiles across the Kapuskasing suture
confirm the presence of a thick-skinned, north-dipping (50°) reverse fault (27 km
of offset; Ivanhoe Lake fault) that places a ~10 km section of granulitic crust (Vy >
6.8 km/s) over greenschist-grade footwall rocks (Percival et al. 2006). The
Archean Abitibi crust is locally thickened thickened by 8 km along the
Kapuskasing suture and granulite facies hanging wall rocks are replaced toward
the north along the fault strike indicating an oblique offset (Percival and
McGrath, 1986). The Kapuskasing uplift event has not been dated directly but
field and geophysical evidence in eastern Lake Superior suggest that the older
Kapuskasing suture was reactivated in the Neoproterozoic and influenced the
westward and southward propagation of faults which became the Keweenaw rift
(Manson and Halls, 1994, 1997) in a back-arc setting parallel to the Grenville
margin. The Keweenaw rift system was localized around a mantle plume with
five failed extensional arms (Figure 2; Sutcliffe, 1991) including the Kapsukasing
suture along which the Abitibi dikes (1141 Ma; 6 km of offset; Ernst and Buchan,
1993; Queen et al. 1996) and many rift-aged carbonatite and lamprophyre dikes
(1141 Ma) were intruded and later deformed (Sage, 1988; Halls and Shaw, 1988;
Hanes et al. 1994; Percival and West, 1994) during the Ottawan stage of the
Grenville orogen. Craddock et al. (2017) report a Grenville age for a top-to-the-SE
granoblastic mylonite (Ottawan; 1102 Ma Ar-Ar on biotite and 1093 Ma on
zircon) along the Keweenaw thrust hangingwall near Mellen, WI (Fig. 2)
suggesting that Grenville far-field shortening may have dominated the early
stages of the Keweenaw system. Hnat et al. (2006) have argued that the
curvature of the Keweenaw thrust is a primary plane influenced by propagation

of the Kapuskasing suture from the east.

The Midcontinent rift (also Midcontinent Rift System [MRS] and



Keweenaw Rift) was a short-lived, bimodal igneous province (1115-1085 Ma [30
Ma]; Davis and Sutcliffe 1985; Davis and Paces 1990; Heaman and Machado 1992;
Paces and Miller 1993; Davis and Green 1997; Zartman et al. 1997; Vervoort et al.
2007) that formed in the back-arc setting of the SW-NE Grenville orogen (~ 1300-
980 Ma), largely parallel to the southeast margin of Laurentia (Donaldson and
Irving, 1972; Gordon and Hempton, 1986, Cannon 1992, 1994; Hauser 1996).
Heaman et al. (2007) have proposed a 4-stage magmatic history across the region
with rift-related igneous rocks spanning 1141-1085 Ma (56 Ma). Gravity
(Craddock et al. 1963, 1969; Chandler and Sharp 1991), magnetic (Chandler et al.,
1989; NICE, 2006), and seismic (Cannon et al. 1989; Mariano and Hinze, 1994)
profiles give the full three-dimensional extent of the rift structure (fig. 1; King
and Zietz 1971; Chase and Gilmer 1973). The extensional phase of the rift,
dominated initially by mafic rock extrusion, was also the southwestern arm of a
failed mantle plume-triple junction that was centered in present-day Lake
Superior (Fig. 2), and the bimodal igneous suite (basalt, rhyolite, granophyre,
gabbro, etc.; Winchell 1897; Grout et al. 1959; Miller et al. 2002) was immediately
buried in 2-3 km of unfossiliferous red clastic sediments of the Oronto and
Bayfield Groups (Thwaites 1912; Stauffer 1927; Morey and Ojakangas 1982;
Ojakangas and Morey 1982), including the Jacobsville Sandstone on the east side
of the Keweenaw thrust (Kalliokoski, 1982). Craddock et al. (2013) evaluated the
detrital zircon populations of the rift clastic sediments and report no significant
changes to the unfossiliferous rift stratigraphy, including the duration of the
unconformity between the rift section and the overlying middle Cambrian Mt.
Simon and Munising Formation sandstones (Webers, 1972). The youngest
detrital zircons in the basal Jacobsville Sandstone, from a structurally high
location in the middle of the basin at Little Presque Isle, are 933 and 996 Ma;
Malone et al. (2016) now report a maximum depositional age for the Jacobsville
of 959 Ma based on analysis of 2080 detrital zircons. The rift shortened, by

thrusting on pre-existing rift-margin normal faults, shortly after filling with



clastic debris (Bornhorst et al. 1987; Cannon, 1993; Stein et al. 2015; see also
Craddock et al. 2017). The bounding reverse (thrust) faults are the Douglas-Isle
Royale-Michipicoten (north side, S or SE dip) and the Keweenaw-Lake Owen-
Hastings (S and E side, NW dip) faults. The Midcontinent rift crosscuts the
Minnesota River Valley (MRV; Southwick and Chandler 1996; Bickford et al.
2006; Schmitz et al. 2006) and the Wawa, Quetico, and Wabigoon terranes of the
Archean Superior province (Van Schmus 1976, 1980; Card 1990; Percival et al.
2006).

The Jacobsville Sandstone and older Keweenaw rift igneous rocks are
folded and offset by thrust faults within, and south of, the Kapuskasing suture
zone east of Lake Superior leading Manson and Halls (1994, 1997) to propose that
the Kapuskasing faults continue to the west and connect with the Keweenaw
thrust in Michigan (Figure 2). Here, the rift-aged Portage Lake volcanics are
thrust over the Jacobsville Sandstone and Ordovician-Devonian limestones are
deformed in the footwall requiring a midcontinental orogenic event in the late

Paleozoic (Hamblin, 1958, 1961; Craddock et al. 1993).

Methods

Calcite Twin Analysis

The calcite strain-gage technique (CSGT) of Groshong (1972) allows
investigation of intraplate stresses as constrained by intracrystalline twinning of
rock-forming calcite grains. Although the result is actually a strain tensor, a
similar orientation of the stress tensor appears likely in case of coaxial
deformation (Turner, 1953, 1962). The CSGT has been used to constrain strain
tensor directions in veins (Kilsdonk and Wiltschko, 1988; Paulsen et al. 2014),
limestones (Engelder, 1979; Spang and Groshong, 1981; Wiltschko et al., 1985;
Craddock and van der Pluijm, 1988; Mosar, 1989; Ferrill, 1991; Craddock et al.,
2000), marble (Craddock et al., 1991; Craddock and Craddock, 2012),



amygdaloidal basalts (Craddock and Pearson, 1994; Craddock et al., 1997, 2004)
and lamprophryes (Craddock et al., 2007b).

Under temperatures of ca. 200 °C intracrystalline deformation of calcite
results in the formation of e-twins. The formation of calcite e-twins requires a
shear stress exceeding ca. 10 MPa (Wenk et al., 1987; Burkhard, 1993; Lacombe
and Laurent, 1996; Ferrill, 1998). Calcite offers three glide systems for e-twinning.
From U-stage measurements of width, frequency and orientation of twins, and
the crystallographic orientation of the host crystals, a strain tensor can be
calculated using a least-squares technique (Groshong, 1972). In order to remove
“noise” from the dataset, a refinement of the calculated strain tensor can be
achieved by stripping 20% twins with highest deviations (Groshong et al., 1984a).
This procedure has been used if the number of measured grains were large (n >
20). In cases where the data appear to be inhomogeneous, the separation of
incompatible twins (“NEV”=negative expected values) from compatible twins
(“POS”=positive expected values) of the initial dataset allows separate
calculation of two or more least-squares deviatoric strain tensors. Thus, the CSGT
can be used to obtain information on superimposed deformations (Groshong,

1972; 1974) and differential stress magnitudes (Rowe and Rutter, 1990).

The validity of this stripping procedure was demonstrated in
experimental tests where the reliability depends on the overall complexity of
deformation and the number of grains with twins (Groshong, 1974; Teufel, 1980).
The stripping procedure was used in cases of high proportions of NEV and a
large number of measured grains. An experimental re-evaluation of the CSGT
has shown that measurements of about 50 grains on one thin-section or 25 grains
on two mutually perpendicular thin-sections yield the best results (Groshong et
al., 1984; Evans and Groshong, 1994; Ferrill et al., 2004). The chance to extract the

records of more than two deformations from one dataset is limited when dealing



with natural rocks (Burkhard, 1993). Individual analyses of veins, matrix,
nodules, etc. allows the acquisition of several strain tensors without applying
statistical data stripping. The complexity of rotational strains in fault zones has
limited the application of this method to the efforts of Gray et al. (2005).
Application of the CSGT requires the following assumptions to be valid: (1) low
temperatures (dominance of Type I and Type II twins), (2) random c-axis
orientations of calcite, (3) homogenous strain, (4) coaxial deformation, (5) volume
constancy, (6) low porosity materials and (7) low strain (<15%). If these
conditions are not fully met, the underlying dataset of the calculated strain
tensor could be biased, modified or random. Strain tensors were calculated from

calcite e-twin datasets using the software package of Evans and Groshong (1994).

Stable Isotope Geochemistry

Stable isotopes were analyzed at the University of Michigan stable isotope
laboratory. Carbonate samples weighing a minimum of 10 micrograms are
placed in stainless steel boats. Samples are then placed in individual borosilicate
reaction vessels and reacted at 77° + 1°C with 4 drops of anhydrous phosphoric
acid for 8 minutes (a total of 12 minutes for dolomites, 17 minutes for apatite, and
22 minutes for siderites) in a Finnigan MAT Kiel IV preparation device coupled
directly to the inlet of a Finnigan MAT 253 triple collector isotope ratio mass
spectrometer. O corrected data are corrected for acid fractionation and source
mixing by calibration to a best-fit regression line defined by two NBS standards,
NBS 18 and NBS 19. Data are reported in %o notation relative to VPDB.
Precision and accuracy of data are monitored through daily analysis of a variety
of powdered carbonate standards. At least four standards are reacted and
analyzed daily. Measured precision is maintained at better than 0.1 %o for both

carbon and oxygen isotope compositions.

Microprobe Analyses



Analyses were performed on a JEOL JXA-8200 electron microprobe
equipped with 5 wavelength-dispersive spectrometers, and a JEOL (e2v /
Gresham) silicon-drift energy-dispersive spectrometer at Washington University.
Analyses were acquired using either the Probe for EPMA or JEOL analysis
software, and x-ray correction was performed using the CITZAF correction
software. Typical operating conditions were 15 KV accelerating potential and 25
nA probe current, but conditions appropriate for analysis of special materials
warrant other values. Standards used in the facility ranged from pure elements
and oxides to simple or complex silicates and glasses recognized throughout the
analytical community. A wide range of standards appropriate to specific

analytical problems were used.

U-Pb Geochronology
We analyzed igneous zircons (n=5) from the Lincoln folds, New Mexico
using LA-ICPMS at the Laserchron lab at the University of Arizona. Methods are

posted on their webpage.

Seismic Investigations

We use earthquake data collected by the Earthscope Transportable Array
to calculate receiver functions for stations across the region and from these
generate Common Conversion Point (CCP) stacks. These new cross sectional
images of seismic impedance contrasts across the KKF system provide insight
into crustal scale structures. This analysis was limited by the sparsity of seismic

stations where the fault crosses through Ontario, Canada.

Results
We present a collage of evidence to support the hypothesis that the
Kapuskasing-Keweenaw fault system was active in the late Paleozoic in response

to far-field orogenic stresses propagated to the North American midcontinent by



the amalgamation of Pangea. Nine field areas are included here, presented from
northeast to southwest, between James Bay, Ontario, eastern Lake Superior,
Michigan’s upper peninsula, Wisconsin, Minnesota, lowa, Indiana, central
Illinois, the Lincoln folds of central New Mexico, and the Sacramento Mountains
of south central New Mexico, USA (Figs. 1 and 2, Appendix 1). We also present a
collection of supporting field sites on either side of the fault system that are
examples of footwall deformation related to the inverted motion on this fault
system (Figures 3-16). Calcite twinning results are in Table 1 and Appendices 1
and 2, stable isotopes (O,C) in Table 2, microtektite geochemistry and conodont
results for Limestone Mountain in Tables 3 and 4, respectively, and U-Pb results

for an intrusion in the Lincoln folds, NM in Table 5.

Moose River Basin, James Bay

To the northwest of James Bay, Ordovician-Devonian marine sediments
are poorly exposed over a wide area as part of the Moose River basin (Fig. 2).
Flat-lying Cretaceous and Quaternary sediments unconformably overlie the
Paleozoic section. Dips of 35° are reported in the Paleozoic section (Thurston,
1977), and one anticline (330° trend with 20° limb dips) is reported near Moose
Junction, 30 km from the Kapuskasing suture to the southeast (Ontario
Geological Survey, 1967). The Devonian section includes potential economic
gypsum deposits, perhaps from Mt. Gypsum, also near Moose Junction (Bezys,
1990). Devonian marine sediments both overlie and are cross-cut (with a 15° NW
dip) by the Kapuskasing suture (Stott, 2008). Calcite is mechanically twinned in
Devonian limestones near Moosonee, Ontario with a layer-parallel shortening
strain oriented N10°W (Craddock et al. 1993; see Discussion) requiring a post-
Devonian deformation. Devonian carbonate xenoliths are found in the region in

younger kimberlite pipes (McCracken et al. 2000).

Kapuskasing Shear Zone & Island Lake Fault



The Kapuskasing shear zone (KSZ) includes many faults that strike ~E-W
at the eastern end of Lake Superior between Batchawana Bay and Mamainse
Point north to the Montreal River (~50 km). The Mamainse Point and Montreal
River thrusts narrow and become a single fault plane with a northerly strike near
James Bay (Fig. 2). Rift-aged carbonatites are also common forming a belt that
runs parallel to the KSZ (Sage, 1988) and the Abitibi mafic dike swarm (Ernst and
Buchan, 1993; Fig. 2). In eastern Lake Superior most of the faults have steep dips
to the north or south and reverse fault offsets that commonly include folded
(isoclinal in places) and overturned Jacobsville Sandstone, the youngest rift-aged
sediment (Craddock et al. 2007b, 2013; Malone et al. 2016).

To the southeast of Batchawana Bay, Bennett (2006, Site 2.1) reports a
reactivated fault that juxtaposes Archean Wawa terrane rocks and a rift-aged
rhyolite. The Island Lake fault strikes N-S and preserves sinistral synfaulting
calcite slickenfibers with a small offset. The twinned calcite, from 10 thin
sections throughout the sample (n=236; horizontal planes A-E in Fig. 3), record a
sub-horizontal shortening strain that is parallel to the fault strike and normal to
the trace of the Kapuskasing suture (Fig. 3; Table 1). Normal data cleaning
resulted in eliminating 37 of the 236 grains (15%) leaving a PEV analysis (n=199)
with a robust result. We chose to analyze the strain overprint (n=37) and the
sinistral calcite fault gouge also records a steep westerly shortening strain
overprint. Stable isotopes (O, C) suggest the synfaulting calcite precipitated from
metamorphic fluids (Table 2). The strike-slip faulting and twinning is younger

than the rift-aged rhyolite.

Mamainse Point & Batchawana Bay Thrusts

Manson and Halls (1994, 1997) report mapping and geophysical data that
supports the trace of the Keweenaw thrust being continuous to eastern Lake
Superior forming part of the Kapuskasing shear zone (KSZ; Percival and Card,

1983; Sage, 1988). In Batchawana Bay, the Jacobsville Sandstone is folded (E-W



anticlines and synclines, shallow plunges) and is locally vertical or overturned
where it is in fault contact (E-W, 60°S dips) with Archean and rift-aged rocks (Fig.
4). Synfaulting calcite (n=118) in these reverse faults records NNW-SSE sub-
horizontal shortening. Vertical calcite veins that cross-cut the deformed
Jacobsville Sandstone at nearby Mamainse Point record the same shortening
strain (Table 1). Stable isotope values from the synfaulting calcite and Mamainse
veins also suggest a metamorphic fluid source (Table 2). The youngest detrital
zircon in the basal Jacobsville Sandstone at Little Presque Isle is 933 Ma
(Craddock et al. 2013), so the fault offsets that overturned the Jacobsville and the

cross-cutting calcite veins are younger.

Limestone Mountain Klippe

Approximately 7 km east of the Keweenaw thrust, which places rift-aged
Portage Lake Volcanics over sub-vertical Jacobsville Sandstone, is a curious
series of outliers in the vicinity of Pelkie, MI, that consist of assemblages of
folded Ordovician-Devonian limestone (Figs. 5 and 6; Milstein, 1987). Cannon
and Nicholson (2001) have mapped twelve outliers of Paleozoic carbonate resting
on Jacobsville Sandstone in Houghton County, Michigan. Three outliers are
small outcroppings (no strike and dip data reported), seven outcrops haves dips
that range from 5°-70° and the two largest are Limestone Mountain and Sherman
Hill (quarry, little outcrop remains). The stratigraphy of the klippen does not
correlate with the Michigan basin stratigraphy 300 km to the southeast and
Ordovician carbonates are in fault contact with the underlying Jacobsville
Sandstone, which has a maximum depositional age of 959 Ma (Malone et al.,

2016; Fig. 6f).

Limestone Mountain is an upright syncline (N-S trend, no plunge) with
Ordovician-Devonian limestones that cover an area of ~10 km?2 that are in fault

contact with Jacobsville Sandstone. The Cambrian Munising Fm. sands, found in



the conformable section in the Michigan Basin, are missing between the
Jacobsville Sandstone and Ordovician limestones. The Jacobsville Sandstone
underlies the region but dips gently west (20°) toward the Keweenaw thrust on
the west side of Limestone Mountain, and east of Limestone Mountain the
Jacobsville is folded (~N-S trends, steep northerly plunges) into chevron shapes
which are best seen from the air (Fig. 5d). There are a number of classic
exposures of the Keweenaw thrust near Larium, MI where rift basalts are thrust
over contorted Jacobsville Sandstone (Fig. 5b; Daniels and Elmore, 1988). Fault
offsets are estimated at ~6000 feet, and the overturned folds in the footwall are
spectacular. The Paleozoic section at Limestone Mountain, best exposed in a
quarry on the southeast side, is also a syncline that is offset internally by a west-
dipping thrust fault based on the detailed conodont biostratigraphy. The basal
section in the quarry contains 30 meters of upright middle-late Ordovician
conodonts (faunal zones 10 and 11; Plectodina furcata, Belodina compressa and
Periodon grandis) that are overlain by older Ordovician carbonates (faunal zones 7
and 8; Plectonida aculeate; Fig. 6b and c). Gastropods from Limestone Mountain
are Maclurites sp., and likely Hormotoma sp. cf. H. trentonensis. The latter has been
illustrated from the Chandler Falls Formation from the upper peninsula of
Michigan classifying this unit as part of the Middle Ordovician (Darwillian
Stage) with closest equivalents in this area being the upper part of the Galena
Group with a similar large species known from northeast lowa. Small, partial
fragments of probable Pennsylvanian conodonts were identified, a regional
phenomena common in Paleozoic carbonates with active karst processes (Day,
1990; Day et al. 1996, 2008). Farther north, on the west side of Limestone
Mountain, an upright 15 meter section of Silurian Lime Island Dolomite and 20
meters of Devonian Erian Fm. carbonates are present in the hinge of the syncline.
Dissolution of the carbonate material for conodonts also revealed the presence, in
faunal zone 10, of a population of glassy microtektites ~50 microns in diameter

(Fig. 6¢c). Microprobe analysis of these glassy spheres revealed a deficiency of Al



(1.3%) and enrichment of Na (15.3%) relative to Si (73%; Table 3; see Shaller et al.
2016). Translucent spheres in dissolved carbonate residues can be microtektites

or aeolian zircons (Malone et al. 2017).

Nearby Sherman Hill is composed of Ordovician limestones and is folded
into a gentle, upright syncline (25° limb dips) with the underlying Jacobsville
sands (60° dips) thrust upward along the fault contact without the Cambrian
Munising sands (Fig. 6e). The Sherman Hill section of middle Ordovician
carbonates contains Periodon grandis, Belondina compressa, Plectodina furcata and
Penderodus sp. conodonts, and is thus assigned to conodont faunal zone 9. All the

conodonts recovered are yellow and show no signs of thermal alteration.

The carbonates at Limestone Mountain and Sherman Hill both preserve
layer-parallel calcite twin shortening strains with the shortening axes oriented
parallel to the regional Appalachian transport direction (SE-NW; Fig. 5d). This
deformation is related to far-field stresses that twinned the calcite, reactivated
the nearby Keweenaw thrust (Hamblin, 1958, 1961), thereby folding the footwall
Jacobsville Sandstone and Paleozoic carbonates as the region was overthrust
from the northwest by the Keweenaw thrust hangingwall (Fig. 6a). A NW-SE
palinspastic recontruction has a few end-member choices constrained by the 12
km distance between the Keweenaw thrust and carbonate outliers. If the
carbonate outliers were originally in the Keweenaw hangingwall a displacement
of 12 km is required, plus the displacement on the thrust. If the outliers were in
the footwall, 12 km of thrust offset is required plus the distance of thrusting over
the footwall to deform the outliers. If carbonate outliers were in the Keweenaw
hangingwall (no eroded away), options 1 and 2 could be additive and we need to
include deformation in the footwall Jacobsville and perhaps, the allochthonous
Silver Mountain inlier for a total offset approaching 30 km. These curious

carbonate outliers, 300 km northwest from the nearest Paleozoic strata in the



Michigan basin, are klippe rather than related to an astrobleme impact (Milstein,
1987), kimberlite collapse (Cannon and Mudrey, 1981) or a kimberlite eruption
(Craddock et al. 2009; Malone et al. 2014). There are no breccia pipes or shatter
cones, and the microtektites (faunal zone 10) are debris from an Ordovician
impact that hit ~200 million years before post-Devonian thrust deformation of

the region.

Keweenaw Thrust

The Keweenaw thrust is observed as a <100 m scarp from Copper Harbor,
MI southwestward to near Mellen, WI where the topography becomes subtle and
swampy. Along the thrust, the Portage Lake Volcanics, often copper-bearing, are
in fault contact with Jacobsville Sandstone which overlies Archean Wawa terrane
crystalline rocks and Proterozoic Animikie Basin sediments (Morey et al. 1982).
There are synthetic thrust faults that offset crystalline rocks, like the Marenisco
fault (Cannon and Nicholson, 2001), along which undated pseudotachylite was
generated (Bjornerud, 2010; see also Craddock et al. 2017). Just north of Hurley,
WI the Keweenaw thrust places rift volcanics over Proterozoic Tyler Fm.
(Craddock et al., 2013b), and both units have the same orientation (75°, 70°N)
and younging direction (north). Argillites in the footwall Tyler Fm. have a well-
developed cleavage (75° 58°N) that is difficult to explain as a Penokean orogeny
axial-planar cleavage (Atwater, 1938; Schmidt and Hubbard, 1972; LaBerge et al.
1991; Klasner et al., 1991) but likely formed by reactivation of the Keweenaw
thrust. This same rift-parallel, sub-vertical undated cleavage is found directly to

the west in the Douglas thrust footwall near Duluth (Foster and Hudleston, 1986).

Midcontinent Footwall Mesostructures
Fault scarps (50-100 m) along the Keweenaw and Douglas thrusts in
northern Wisconsin and Michigan, and offsets of Cambrian-Devonian sediments,

suggest late Paleozoic fault offsets. Additional field observations suggest that



deformation in the footwall of the Kapuskasing-Keweenaw fault system is fairly
common on both sides of the inverted rift up to 200 km from the fault boundary.
We present four areas on the northwest side of the structure in the footwall of the
Douglas-Isle Royale thrust (NE strike, SE dip) in Minnesota and Wisconsin
(Figure 2) and six sites in the footwall of the Keweenaw-Lake Owen-Hastings
thrust (NE strike, NW dip) in Wisconsin and Minnesota (Figures 7-9). The NICE
(2007) tectonic terrane map provides a base for understanding these local
structures; rift-aged rocks are exposed along the St. Croix river at Taylors Falls,
MN and are everywhere buried by Paleozoic and younger sediments to the south
(Fig. 7). Aeromagnetic maps aid in interpreting plunging folds in, and along, the

rift margin (Figs. 8a, 9d).

Douglas Thrust Footwall

Thirty miles west of Grand Marais, MN, near the west end of Gunflint
Lake, is a fault contact (E-W, 40°S dip) that thrusts Proterozoic Gunflint Fm. and
rift-aged Logan Intrusions (gabbro) over Archean Saganaga tonalite (Jirsa, 2011).
The fault is post-rift with a displacement of ~10 km and is in an odd orientation.
Just west of Grand Marais, MN is a spectacular exposure of a rift-aged interflow
sediment (Jirsa, 1984) overlain by a basalt flow. The basalt flow is in depositional
contact with a younger rhyolite flow and this contact has been reactivated as a
thrust fault (N80°W, 38°S) with stepped striations in the fault plane and fault
drag joints indicating top-to-the-north fault motion (Fig. 7a). The Cutface Creek
interflow sediment contains largely rift-aged detrital zircons (Craddock et al.
2013). Farther south, the Silver Creek Cliff tunnel was created along Highway 61
in 1994 and exposed a section of gabbro thrust over a series of disharmonic flow
folds in rhyolite. The fault zone (110°, 37°S) is a 1 meter thick calcite-supported
fault gouge with top-to-the-northeast kinematics. The matrix calcite is twinned
and preserves a layer-parallel shortening strain parallel to the fault’s dip

direction (Figs. 8c, d; Table 1; high 204Pb levels prevented acquisition of a U-Pb



calcite crystallization age). Bardon Peak is southwest of Duluth, MN and is part
of the Duluth Gabbro (1076 Ma) complex. The gabbro preserves an undated
penetrative, regularly spaced cleavage that is rift-parallel over an area of 30 km?
(SW-NE strike, vertical dip; Foster and Hudleston, 1986). Bardon Peak also
provides a vista of the southeast-dipping Douglas thrust scarp to the southeast
which places rift-aged basalts over the Hinckley, Fon du Lac, or Bayfield Group
sandstones (Craddock et al. 2013b). This contact is best observed at Amnicon and

Pattison state parks. (Fig. 8).

Keweenaw Thrust Footwall

On the east side of the Keweenaw thrust, in the vicinity of Hudson, WI,
and including Willow River State Park (Dott and Attig, 2004), one can observe
the subtle differences in lower Paleozoic stratigraphic fault offset and dip.
Paleozoic sediments within the Keweenaw rift form the Twin Cities (Forest Lake)
basin (SW-NE trend, no plunge) across this structure one traverses the Afton
anticline (SW-NE trend, no plunge; Thiel and Schwartz, 1941; St. Croix horst of
Craddock, 1972 and Morey, 2001), then the Keweenaw (Hastings) thrust, which
caused the footwall River Falls syncline (SW-NE trend, no plunge) with
southeast dips of 35° in the Ordovician section. The hanging wall rift-aged
Chegwatana volcanics (Wirth et al., 1997) also dip west (7-15°) and flow-parallel
quartz-calcite fillings preserve top-to-the-east thrust offsets (Fig. 9a; Leslie et al.,
1994). Winchell and Upham (1884) first mapped the Cottage Grove fault along
the railroad cuts on the northeast side of the Mississippi river where the
Cambrian Jordan Sandstone and Ordovician Prairie du Chien Limestone are in
fault contact. The reverse fault strikes NE-SW, has a fault breccia zone and an
offset of ~10 meters (Fig. 9b; Matsch, 1962). The Red Wing fault at Barn Blulff,
Red Wing, MN juxtaposes older Cambrian Franconia Sandstone against Jordan
Sandstone in a nearly-vertical reverse fault. The fault strikes ~NE-SW and, to

accommodate the stratigraphic offset, must dip west and become listric at depth.



The thrust offset is on the order of tens of meters and, again, is parallel to the
Keweenaw thrust nearby (Fig. 9¢c). Just northwest of the berg of Pepin, Wl is a
quarry in the Ordovician Prairie du Chien Fm. with SW-NE trending folds that
are locally harmonic and in the footwall of a thrust fault that strikes N30°E and
dips west (Fig. 9d; Cordua, 1985; French et al., 2004). Houston, MN, in the
southeasternmost corner of the state, contains a small, overgrown roadcut of
Cambrian Franconia Fm. sandstones and shaly limestones offset by an east-
dipping thrust fault. The fault strikes N35°E and dips to the southeast with a 3
meter offset, strike-parallel folds, and top-to-the-northwest striations (Fig. 9e).
Denzer, W1 is on the southside of the Proterozoic Baraboo syncline deformed by
the Mazatzal orogeny (1.63 Ga; Medaris et al., 2003; see also Craddock and
McKiernan, 2007). There is a beautifully exposed angular unconformity of
middle Cambrian sandstones around the synclinal topographic high and, near
Denzer, on the southern margin, there are some folded structures (N25°E, no
plunge) in the Cambro-Ordovician section which are parallel to the Keweenaw
thrust boundary (Fig. 9f). Additional folds of similar geometry and orientation
are found along Highway 12 to the south and in the parking lot behind the Post
Office in Middleton, WI.

Twinning Strains, lowa

Mississippian limestones were collected along a SE-NW traverse across
northern Iowa. Seven samples were collected, and 3 were suitable for twinning
study. The layer-parallel shortening strain is oriented ~170° and the strain
magnitudes are all <1% (Fig. 10, Table 1). Five active quarries in Pennsylvanian
cyclothems were visited in southwest Iowa resulting in 2 strain analyses that are
similar to the Mississippian results. Both sample suites cross the Keweenaw rift
structure in the subsurface and there is no strain overprint (low NEVs); reverse

fault offsets of 500-750 ft. are reported along the Keweenaw fault based on offsets



in the Mississippian-Pennsylvanian section in active quarries (R. Anderson and

G. Schildberg, personal comm., 2015).

LaSalle Anticline, Illinois Basin

The foreland of east-central North America is a patchwork of low
amplitude, long wavelength basins and domes that seem to have been present
since the mid-Cambrian (see Quinlan and Beaumont, 1984). Superimposed on
these regional structures are a host of local, 2"d order features including the N-S
trending LaSalle anticline in the central Illinois basin where Cambrian-
Pennsylvanian sediments are folded (Nelson et al. 1996; McBride and Nelson,
1999; Figure 11). The LaSalle anticline has limb dips of 5° on the east and 30° on
the west (Nelson et al. 1996; Shields et al., 2005). Four calcite strain results, two
for the Pennsylvanian McLeansboro Group and two from the Ordovician
Platteville Formation, preserve a layer-parallel shortening strain. The Platteville
preserves a shortening strain normal to the fold axis whereas the McLeansboro
records a shortening strain parallel to the fold axis (340°; Fig. 11). Differential

stress and strain magnitudes are modest and there is no strain overprint (Table 1).

Twinning Strains, Indiana

Mississippian limestones (n=8) were collected from limestones from an
outcrop belt (e.g. Dodd et al., 1993) between Leavenworth and Crawfordsville,
IN (~200 km). Four twinning strains record a layer-parallel shortening strain
oriented ~160°, normal to the inferred thrust transport direction of the
Appalachian belt to the south. One sample has a 20° shortening axis plunge to
the south, somewhat anomalous within the greater data set where shortening

axis plunges are 2-5° (Fig. 10, Table 1).

Lincoln Folds, New Mexico



Harmonic folds are exposed in the Permian Yeso Fm. with ~flat-lying
Permian carbonates above and below over and area of 9000 km?2. Folds are
oriented ~SW-NE with shallow plunges and are periodically cored by gypsum
along a detachment surface that dips 1° to the southeast (Craddock, 1960, 1964;
Fig. 12) Fold wavelength and amplitude decrease to the northwest, away from
the Marathon belt, and fold vergence is generally to the northwest similar to the
evaporate-cored footwall folds described in the Appalachian foreland by
Wiltschko and Chapple (1977). The Lincoln folds are proximal to the Marathon
belt (south; 300 km) and the Ancestral Rockies orogeny (west; 150 km). Quartz
monzonite sills and dikes cross-cut the folds and are dated at 47.7 Ma (Fig. 12;
Table 5) thereby bracketing fold formation between the Permian and Eocene. We
also report xenocrystic zircons of Proterozoic age. Much of the Yeso Formation is
a micritic limestone but we did measure calcite twinning strains in 3 limestones
and 6 calcite veins (Fig. 13); sub-horizontal shortening is common and seven of
nine shortening axes are ~parallel to the Lincoln fold axes and the other 2 strain
results record shortening normal to fold axes. Strain magnitudes are modest,
differential stress magnitudes are common for a foreland setting and there is no

strain overprint (low NEVs; Table 1).

Sacramento Mountains, N. Mexico

A complete, flat-lying Ordovician-Permian stratigraphic section is
exposed in the Sacramento Mountains in southcentral New Mexico, accessed at
Oliver Lee State Park (Pray 1961; Scholle, 2003; Fig. 14). Most of the section is
marine carbonate and is an ideal setting to study changes in the stress-strain
history, as recorded by mechanically twinned calcite, through a continuous
horizontal section representing ~400 Ma. This 2700 m section was also in
proximity to the southwest margin of North America in the Paleozoic, including
deformation associated with the Pennsylvanian Ancestral Rockies orogen (Kluth,

1986) and the Permian Marathon fold belt (Hickman et al., 2009).



The Ordovician-Mississippian section is flat-lying and a layer-parallel
shortening strain is preserved and oriented N-S in limestones and a calcite vein.
The overlying Pennsylvanian carbonates are deformed (Bedding: N20°W, 45°W)
and record a layer-parallel shortening strain oriented SW-NE as part of the
Ancestral Rockies deformation (Kluth and Coney, 1981; Marshak et al., 2000).
The uppermost Pennsylvanian and Permian limestones are flat-lying and, again,
preserve a layer-parallel shortening strain with a N-S orientation (Fig. 15, Table

1). There is no twinning strain overprint.

Seismic Interpretations

We focus our seismic observations on two receiver function cross sections
across the midcontinent rift. These cross-sections highlight large-scale crustal
structure across the midcontinent rift and correlate well with previous active-
source seismic data in the region (Fig. 16). The northeastern cross-section (A-A")
extends across the western edge of Lake Superior. Crustal thicknesses in this
cross section are ~40 km with only minor variation across the rift. The amplitude
of the crustal Ps conversion shows significant variation across the rift, likely
indicative of a change in velocity contrast at the Moho. The weak Ps conversion
beneath the rift is indicative of a minor change in velocity at the Moho, while the
higher amplitude conversions adjacent to the rift are likely indicative of a
stronger velocity contrast. The weak conversion across the rift is likely indicative
of fast lower crustal or slow upper mantle velocities. This interpretation is
supported by the presence of a positive conversion at 30 km depth, which likely
represents the top of this high velocity lower crust. The southern cross-section (B-
B’) extends across the midcontinent rift in southern Iowa. Within this cross-
section crustal thickness increases slightly beneath the rift. Similar to the
previous cross sections, the Moho conversion has a weak amplitude beneath the
rift, and there is a positive conversion present in the mid-crust. This mid-crustal

conversion likely represents the top of this high velocity lower crustal layer or



the boundary between rift volcanic and sediments deposits and crystalline
basement. Within this cross-section there is also a negative conversion present in
the upper-crust which may reflect sedimentation into the rift. These results are
similar to the active source results of Cannon et al. (1989), which show a thick
sedimentary layer beneath the rift underlain by volcanics, and crystalline
basement. However, the active source results do not provide evidence for a high-
velocity lower crust beneath the rift. Shen et al. (2013) use a joint receiver
function/ambient noise tomography surface wave inversion to examine the
structure of the Earth, these results also highlight thickened crust along the rift
adjacent to these cross sections and the presence of a weak velocity contrast at

the base of the crust in the region.

Discussion

The North American midcontinent presents a unique opportunity to
observe thick-skinned foreland deformation associated with thin-skinned
accretion of the Appalachian-Ouachita-Marathon orogen. First order
deformation is in the form of small amplitude, long wavelength basins and
arches (Howell and van der Pluijm, 1990) superimposed on Precambrian
crystalline basement (Whitmeyer and Karlstrom, 2007) with localized small-
offset normal faults (Pinet et al. 2013; Pinet, 2016). Second order deformation
includes outcrop-scale faults, folds, cleavages, magnetic fabrics, MVT deposits
and microstructures (e.g., twinned calcite). Craddock and van der Pluijm (1989)
and Craddock et al. (1993) reported a layer-parallel shortening strain fabric, as
recorded by mechanical twins in Paleozoic limestone calcite, up to 2000 km
inboard of the AOM thrust front. The AOM strain fabric is unique when
compared to the older Keweenaw (calcite amygdules, veins cements; see also,
Craddock et al. 1997) and Grenville (marble; see also Craddock et al. 2017)
twinning strains, and there is no strain overprint in the calcite of the older

terranes. The AOM foreland data also included three layer-parallel shortening



strains results that are inconsistent (~E-W shortening in samples 9, 10 and 47 in
Craddock et al. 1993) with the regional AOM thrust transport-parallel fabric. This
study was initiated by those three anomalous strain results, gaps in the foreland
strain dataset (Iowa, Indiana, Illinois, New Mexico), field observations of late
Paleozoic deformation near the KKF (Figures 3-12) and the realization that the
Pennsylvanian Ancestral Rockies orogen on the western margin of North
America could have influenced deformation in the midcontinent (McBride and
Nelson, 1999; Marshak et al. 2000) including the inversion of the Kapuskasing-

Keweenaw fault.

The Archean Superior province formed by accretion from the southeast
between ~2.7 to 2.6 Ga with north-dipping subduction (Card, 1990). Following
~200 Ma of quiescence and erosion, the Huron Supergroup (2.4-2.2 Ga) and
Animikie Group (2.2-1.8 Ga; Craddock et al. 2013a) were deposited and both
basins were deformed by the Penokean orogen (1.85 Ga; Schulz and Cannon,
2007). Penokean accretion was along the continents southeast margin, followed
by accretion of the Yavapai, Mazatzal and Central Plains crust (Hoffman, 1988;
Whitmeyer and Karlstrom, 2007). The Kapuskasing suture crosscuts the Superior
province terranes at an acute angle and has a long, complex displacement history
(Wilson, 1968, Watson, 1980; Goodings and Brookfield, 1992; Burke and Dewey,
1973; Thurston et al., 1977) and is an anomaly within stable Archean cratons
(Percival, 2004, 2006). The Superior province contains two other anomalous
suture zones, the Trans-Superior suture (50 km offset; Manson and Halls, 1994)
and the Quetico fault in northern Minnesota. The Quetico fault has ~50 km of
dextral motion that crosscuts the Wabigoon, Quetico and Wawa terranes but
does not offset the 2.1 Ga Marathon LIP (Kenora-Kabetogama) dikes so it was a
short-lived Archean fault (Chandler, 1991). The Kapuskasing suture was
presumed to terminate along the southern Wawa (Abitibi) boundary with the

Minnesota River valley (MRV) terrane somewhere in eastern Lake Superior with



its last motion being related to Penokean accretion (1.9 Ga pseudotachylite;
Percival and Card, 1983). As the Grenville (1300-980 Ma) orogen evolved, the
Kapuskasing suture, which is ~parallel to the Grenville front (Carr et al., 1991)
and 300 km inboard, became one of the 5 arms radiating from the Keweenaw
hotspot (Sutcliffe, 1991; 1100-1060 Ma) and rift-aged mafic dikes and carbonatites
are common within the KKF (Sage, 1988; Ernst and Buchan, 1993). The tectonic
connection of the Grenville terrane collisions and evolution of the short-lived
igneous phase of the rift in a back-arc setting is a controversial topic (Cannon,
1994; Stein et al. 2011; Craddock and Craddock, 2012; Merino et al., 2013; Stein et
al. 2014; Malone et al., 2016). Manson and Halls (1994, 1997) make a compelling
argument that the Kapuskasing suture propagated to the west and south, and the
Kapuskasing-Keweenaw fault became a single inverted fault boundary 4000 km
in length that is parallel to the Grenville and younger Appalachian orogens
(Figure 1) and may be related to lateral viscosity gradients in the low-velocity
layer at the base of the lithosphere (Doglioni and Panza, 2015). The Jacobsville
Sandstone (Figure 2) is a synorogenic deposit deformed in the hanging and
footwalls of the Kapuskasing-Keweenaw thrust, a fault displacement that

includes deformation of the Paleozoic section.

The Keweenaw and Douglas thrusts have the best-preserved fault scarps
which may correlate with the greatest fault offsets along the KKF system (see
below). The youngest rocks offset along the KKF are the Ordovician-Devonian
Limestone Mtn. and Sherman Hill Paleozoic outliers near Pelkie, MI and these
sediments are in fault contact (65° dip) with the underlying Jacobsville Sandstone.
We interpret these two synclines to be the result of motion of the nearby KKF in
the late Paleozoic and that the folds are footwall structures and are allochthonous.
The KKF structure includes periclinal anticlines and synclines along its length
bounded on the northwest by a southeast-dipping thrust and on the southeast by

a northwest-dipping thrust, structures best seen with magnetic data (Figs. 7-9).



Other, structurally related footwall deformation (Figures 3-15) show a variety of
contractional features <200 km from the KKF system; the KKF foreland is then
the area between the NE-striking KKF and the NE-striking Appalachian thrust
(e.g., Pine Mountain) front. Three small-offset thrust faults are also reported
within the Keweenaw North Shore volcanic suite in Minnesota and these north-
vergent thrusts are interpreted to be the response of Ouachita convergence in the

Douglas thrust footwall (Figures 7, 8).

The Transcontinental Arch (TCA) is another structural feature that is
present in the North American midcontinent, specifically from Thunder Bay,
Ontario to Tucson, AZ (Carlson, 1999), throughout the Paleozoic. The arch
influenced sedimentation, both the environments of deposition and sediment
thickness, and could be interpreted as a footwall anticline northwest of, and
parallel to, the KKF structure. The Transcontinental Arch could be a positive
crustal flexure formed late in the Grenville-rift (Ottawan) orogen, later
reactivated by shortening associated with the AOM thrusting, or both. Seismic
velocity studies at 6 km depth (sedimentary cover removed) support the
presence of a remnant of the Transcontinental Arch including the alternating
highs and sags along strike (Fig. 17). The TCA-KKF highland in the late Paleozoic
influenced Pennsylvanian sedimentation (deposition east of the high) and
Permian (sedimentation west of the high; Figure 18). Detrital zircons in the
Pennsylvanian of the Forest City and Illinois basins suggest a zircon supply from
the east in the Appalachian and Grenville Mountains with some, but little

sediment traversing the sags in the TCA to deliver sediment in the west.

All the AOM twinning data is compiled in Figure 19 (see Appendices 1
and 2) and the result presented by Craddock and van der Pluijm (1989) and

Craddock et al. (1993) is complimented with a few second order observations.

The layer-parallel shortening fabric (-€1) is consistently parallel to the inferred



thrust transport direction regardless of location along the curved AOM thrust
belt (Hnat and van der Pluijm, 2001; Ong and van der Pluijm, 2007). For this
fabric, despite a wide variety in limestone ages and grain sizes, there was a
remarkably consistent differential stress (-30 MPa) that caused twinning (Table 1)
and remarkably few NEVs. We plotted the shortening strain axes for the AOM
foreland by the age of the host limestone (Figure 17 a-c) and found a consistent
result indicating a uniform stress-strain field existed throughout the Paleozoic of
North America. The age of twinning was not necessarily shortly after limestone
deposition. We also found layer-parallel shortening strains that are parallel (~E-
W) with the anomalous shortening strains reported in Craddock et al. (1993;
samples 9, 10, 47) and that these strain orientations are parallel to the thrust
transport direction of the Pennsylvanian Ancestral Rockies in New Mexico
(Figure 17d). The Sacramento Mountain section preserves three shortening
directions: N-S (Ordovician-Mississippian), E-W (Pennsylvanian; Ancestral
Rockies orogen) and N-S (Permian; Marathon orogen). The LaSalle anticline in
Illinois is particularly anomalous with a fold-axis normal (~E-W) shortening
strain in Ordovician limestones and a fold-axis parallel LPS strain in the
overlying Pennsylvanian limestones.

Plots of the layer-parallel shortening strain magnitude (-€1) vs. orogenic
distance show high strains in the Appalachian thrust belt that decrease into the
foreland (Fig. 20b; van der Pluijm et al. 1997) except in the vicinity of the KKF
(Figure 20a). Limestones and calcite veins in the southeast footwall of the KKF
record high strain values; for the Batchawana, Mamainse and Island fault suites
these metamorphic calcite veins are proximal, or within, the KKF and the
shortening strains are parallel to the inferred KKF thrust transport direction and
unique when compared to the twinning strains of the Grenville and rift
sequences (Craddock et al. 1993, 1997 and Craddock and Craddock, 2012). It is
also possible to argue that the high twinning strain values along the KKF are

cumulative (co-axial), meaning twinning has occurred more than once with the



stress field in the same orientation (i.e., KKF-Alleghenian after Taconic
deformation). With this result, shown schematically in Fig. 21, we can define the
large region to the southeast of the KKF and northwest of the Appalachian front
as a foreland basin between a thick-skinned and thin-skinned thrust belt of the
same age. This is a basinal region that contains all the effects of the migration of
Permian orogenic fluids (Oliver, 1986; Leach et al. 2010) but did the fluid migrate
to the northwest from the Appalachian’s or southeast from the KKF, or both (see

below)?

The Permian Yeso Formation limestones presented an opportunity to
measure calcite strains over a wide area north of the Marathon fold belt. Our
reconnaissance of the Lincoln folds resulted in 9 strain results from 32 samples as
much of the Yeso is a micrite and not amenable to our strain analysis (Table 1).
The Lincoln folds are older than 47.4 Ma (U-Pb age on zircon) as the monzonite
cross-cuts the folds. The layer-parallel shortening axes are not normal to the
Lincoln fold axes so the twinning strains are older and the folding is post-
twinning. The E-W shortening axes in the Lincoln folds could be the result of
shortening between the KKF western footwall and the Ancestral Rockies footwall
to the west (see samples 11-13, 16 from the Sacramento Mountains) but this
requires late Permian deformation. Is the twinning strain fabric related to
Marathon shortening (N-S), or Laramide shortening (E-W)??? The opening of the
Rio Grande rift and related igneous intrusions have been proposed as a
mechanism to induce widespread gravity sliding that shortened the Lincoln
folds (Kehle, 1970), thereby creating a landslide that moved to the southeast
larger than the volcanically-triggered slides reported in Wyoming by Malone et
al. (2014) and Craddock et al. (2015).

Mississippi Valley-Type Mineralization, K-silicates, and the Timing of Hydrothermal

Alteration in the Midcontinent



The distribution of late Paleozoic MVT deposits and disseminated MVT
mineralization is known to occur between the Appalachian-Ouachita front (south
and east) and the KKF (north and west; Figure 21). Paleozoic rocks in this region
were influenced by multiple fluid flow events that have precipitated various
metal sulfide minerals, dolomite (both saddle and planar), fluorite, quartz,
sulfates, and other minerals, which are together known as the Mississippi Valley-
Type (MVT) mineral assemblage. These minerals are interpreted to have formed
by hydrothermal brines that moved from adjacent sedimentary basins via
regional sandstone aquifers onto adjacent arches and platforms. Although early
work proposed a direct tectonic-related driving mechanism for the movement of
the brines (Oliver, 1986), most researchers have settled on topography driven
fluid flow as the most reasonable mechanism to move the brines away from the
Appalachian-Ouachita front (e.g., Bethke, 1986; Sverjensky, 1986; Garven et al.,
1993; Leach et al., 2010). Other fluid flow mechanisms have been proposed for
various MVT ore deposits worldwide, including overpressurized gas reservoirs,
density reflux, compaction, etc. (Leach et al., 2010). It is recognized that no one
mechanism can be applied to explain all MVT deposits and that the flow of ore-

bearing fluids was multi-directional.

Evidence for timing of mineralization reveals a complex pattern across the
midcontinent, and includes K-Ar or Ar-Ar dates on feldspar and illite, Rb-Sr
dates on sphalerite, U-Th-Pb dates on calcite, fission-track ages, paleomagnetic
interpretations, and others (Figure 21). Precipitation temperatures of Paleozoic-
hosted MVT mineralization and associated minerals are variable due to
differences in paleodepth, distance from sedimentary basins and orogenic fronts,
and position of the mineral in the paragenetic sequence. In general, however,
there is a well-recognized decrease in ore-stage MVT mineral precipitation

temperature with distance from the Appalachian-Ouachita orogenic front (e.g.,



Leach and Rowan, 1986) that satisfies data for many deposits, with the exception
of the Upper Mississippi Valley (UMV) district in southwestern Wisconsin and
some areas nearer to the KKF. This is broadly consistent with decreasing vitrinite
reflectance values (e.g., Rowan et al., 2002; East et al., 2012) and conodont
alteration indices (e.g., Harris, 1979) that decrease away from the Appalachian-
Ouachita front, requiring brief episodic fluid pulses to account for elevated fluid-

inclusion temperatures but low organic maturation indices.

Broadly, at least two distinct sets of ages have been reported for U.S.
Midcontinent mineral assemblages, but there is evidence of multiple mineralization
events in some areas. Diagenetic K-silicate minerals occur throughout the
Midcontinent and the central and southern Appalachian region (e.g., Woodard,
1972; Marshall et al., 1986; Hearn et al., 1987; Hay et al., 1988; Duffin, 1989; Duffin
et al.,, 1989; Aleinikoff et al., 1993; Elliott and Aronson, 1993; Girard and Barnes,
1995). Several authors have suggested that at least some of the potassic
diagenesis is related to MVT ore deposition (Hearn et al., 1987; Wheeler, 1989;
Aleinikoff et al., 1993). Luczaj (2000) recognized that two distinct age signatures
for diagenetic K-silicate minerals occur in the region bounded by the KKF and
the Appalachian-Ouachita front. A northern province, ranging from
southeastern Minnesota through Wisconsin, northern Illinois, and Michigan
yields mid-Paleozoic age dates, mainly Devonian to Middle Carboniferous, for
potassic diagenetic minerals (Hay et al., 1988; Matthews, 1988; Girard and Barnes,
1995; Liu et al. 2003). A second province, ranging from Oklahoma through
Missouri and southern Illinois into the central and southern Appalachians, yields
mainly Late Carboniferous and Permian age dates (e.g., Bass and Ferrara, 1969;
Rothbard, 1983; Hearn et al., 1987, Wheeler, 1989; Aleinikoff et al., 1993; Elliott
and Aronson, 1993). Here, radiometric ages on the MVT ores generally cluster
around 270 Ma (e.g., Nakai et al. 1990; Brannon et al. 1992), directly relating the
ore fluids to the Alleghenian-Ouachita orogeny. Although mid-Paleozoic ages for



authigenic K-silicates dominate in the UMV region and areas to the north, lesser
amounts of Permian K-silicates are also observed (Hay et al., 1988). Additional
ages constrained by U-Pb, paleomagnetic and fission-track methods for regions
closer to the Appalachian-Ouachita front also yield late Paleozoic to early
Mesozoic ages (e.g., Desborough et al., 1985; Bachtadse et al., 1987; Leach et al.,
2001).

Several challenges remain with regard to fully understand MVT
mineralization events, especially in areas farther from the Appalachian-Ouachita
front. These challenges include the following: fluid-inclusion temperatures that
exceed those predicted by topography-driven flow models, the brief duration of
MVT events on the order of 10° years (e.g., Rowan et al., 2002) in a topography-
driven regime, evidence for fluids penetrating the Precambrian basement, and
the lack of a sensible topography-driven mechanism for the Michigan basin’s

radial fluid flow evidence.

In general, most radiometric age dates on K-silicate minerals from
Midcontinent MVT ore deposits seem to match radiometric age dates from ore-
stage minerals (e.g., Wheeler, 1989; Brannon et al., 1996; Leach et al., 2001).
However, the UMV ore district contains the most obvious discrepancy in the
Midcontinent with regard to the age of most of the K-silicate mineralization,
which is Devonian-Mississippian in age, and the reported Permian age for the
MVT mineralization. If accurate, fluid-inclusion temperatures reported for
sphalerite in the UMV up to 120-150°C (McLimans, 1977) are difficult to explain
with thin sedimentary cover and steady topography-driven fluid flow systems
discharging from the Illinois basin, although Rowan et al. (2002) showed that a
brief interval of mineralization could occur with a heat pulse in the southern
Illinois region superimposed on a long lived fluid flow system and deep burial.
However, fluid-inclusion homogenization temperatures for 360 Ma authigenic K-

teldspar reported by Liu (1997) along the Precambrian-Cambrian contact in



northwestern Wisconsin (106°C) are difficult to explain with any existing
numerical models for topography-driven flow developed for the region (e.g.,
Rowan et al., 2002). Broad areas of Wisconsin’s Paleozoic section were exposed to
hydrothermal fluids of at least 100-115°C in the absence of deep burial
(McLimans, 1977; Kutz and Spry, 1989; Liu, 1997; Luczaj, 2006).

Several lines of evidence have emerged recently that suggest Precambrian
basement rocks played a substantial role in the origin, fluid flow pathways, and
geochemistry of hydrothermal fluids that have passed through the Paleozoic
section. These are relevant because fluids from deeper within the crust may have
originated in part in the KKF or have been influenced by thermal events centered
in the midcontinent rift during the Phanerozoic Era. Luczaj (2006) called for a
radially distributed flow pattern out of the Michigan basin during the Paleozoic
instead of a flow pattern simply away from the Appalachian-Ouachita front.
Subsequent work by Ma et al. (2009) using crustal noble gas signatures in deep
brines demonstrates that there was indeed a reactivation of the midcontinent rift
system beneath the Michigan basin that was likely responsible for the upward
transport of heat and mantle derived gases into the basin via deep-seated faults
and fracture zones. A thermal reactivation of the Midcontinent rift system, along
with compressional stresses from the KKF might have allowed gas generated
within the rift and deeper portions of the Michigan basin to force fluids out of
Precambrian rocks, perhaps even radially outward from the Michigan basin,
similar to conceptual models used by Cathles (1993), Eisenlohr et al. (1994), and
Cathles (1997).

With regard to Paleozoic mineralizing fluids, the KKF might have acted as
either a hydrologic-structural buttress, as there are no MVT deposits northwest
of the KKF or, as a source of hydrothermal fluids in the late Paleozoic. As a

result, mineralizing fluids likely travelled through the Precambrian basement



and along early Paleozoic aquifers, and were eventually forced upward through
younger strata during one or more episodes in the Paleozoic in areas distal from
the Appalachian-Ouachita front. Petroleum fluid inclusions have been observed
in Ordovician-hosted quartz cements from Hudson, Wisconsin near Paleozoic
faults related to the midcontinent rift (Luczaj, unpublished data), which is closer
to the KKF than any Paleozoic sedimentary basin. Newell (1997) observed excess
maturation and elevated fluid-inclusion homogenization temperatures in
Ordovician saddle dolomite near the Humboldt fault and the Midcontinent Rift
in central and southern Kansas that greatly exceed the predicted temperatures
from burial models. This led Newell to infer a thermal event and localized

heating by vertical and lateral movement of formation waters.

Luczaj et al. (2007) demonstrated that proximal vertical circulation must
occur between the Precambrian basement and Paleozoic units during
mineralization based on Pb-isotopes on Paleozoic hosted galena. Regional
gradients in the 206Pb /204Pb isotopic signature of the galena stretch from
northeastern Wisconsin to Iowa, Illinois, and Minnesota. These values are similar
to the late-stage Pb-isotopic signature of Pb and Au mineralization in a
Paleoproterozoic deposit in central Wisconsin (Haroldson et al., 2016),
suggesting that fluids exchanged in both directions between Precambrian and
Paleozoic rocks. Doe et al. (1983) and Afifi et al. (1984) inferred at least one lead-
leaching event in the northern Illinois and northern Wisconsin between 400 Ma
and 250 Ma. Even Proterozoic rocks in the iron ranges of the upper peninsula of
Michigan contain adularia (K-feldspar) with ages in the Devonian to
Mississippian range (420 to 327 Ma) (Robinson and LaBerge, 2013). Together
with the 106°C fluid-inclusion data from 360 Ma authigenic K-feldspar from
northwestern Wisconsin (Liu, 1997), these data suggest one or more Paleozoic
thermal events affected some regions much closer to the KKF than the

Appalachian-Ouachita front (Figure 21).



Seismic Sections

Based on our results we are able to determine a marked difference
between cross sections A-A” and B-B” in terms of crustal thickness variations and
mid-crustal reflectors beneath the KKF which are consistent with oblique offset
along the fault strike (Percival et al. 2006) and variable thrust displacement along
the KKF; Cannon et al. (1993) argued that the KKF system has been shortened by
21-34 km of thrust motion since the Proterozoic extension phase when the rift
was 32-54 km wider, a tectonic scenario and result very different than that
proposed by Stein et al. (2015). Both the Keweenaw and Douglas thrusts have
thrust fault scarps and the Keweenaw (SE side, NW dip) was most recently
active as it offsets the Douglas thrust, has a greater offset and more prevalent
footwall deformational structures (Fig. 9). Due to the station spacing of the
EarthScope USArray stations and the low frequency content of receiver function
data relative to active source seismic data, we are unable to directly image the
fault or determine its exact geometry, however the location of the negative
conversion within the upper crust does give insight into the bounds of the rift
and therefore the fault locations. Based on seismic results we are also unable to
distinguish how much thrust shortening occurred on the KKF system in the
Proterozoic (~1060 Ma; Bornhorst et al., 1986) versus thrust motions in the late
Paleozoic. The palinspastic fault calculations near Limestone Mountain of ~12-30
km is one constraint. However our seismic results, when compared to additional
seismic observations from the region (Shen et al., 2013), show variations in
crustal thickness along the rift likely indicative of variable crustal thickening

along the KKF.

Pangea
The Appalachian (Alleghenian) Ouachita-Marathon (including the

twinning strains in Pennsylvanian limestones in the Sacramento Mountains)



orogen records the closure of the Rheic ocean and subsequent collision of
Gondwana and Laurussia, and hence the formation of Pangea. Our study
suggests that far-field stresses resulting from this collisional event were
responsible for the reactivation and inversion of the KKF in the late Paleozoic
which begs the question: “Are there other intracratonic structures attributable to
far-field stress transmission related to the Pangea-forming continental
collisions?” Additional collisional orogens that record Pangea-formation include
the Permian Variscan of western Europe and the Permian Gondwanides of

southern and western Gondwana.

A compilation of Late Paleozoic twinning strains associated with the final
amalgamation of Pangea in the Permian includes the North American data set
(Fig. 19; Appendices 1 and 2), and strain results from the now separated
components of the Gondwanides including the Ellsworth Mountains of
Antarctica, the Ventana Mountains of Argentina, the Cape fold belt of Southern
Africa (Craddock et al. 2007), the Tasmanides (Craddock et al., 1997) and the
Himalaya’s (Paulsen et al., 2003). Layer-parallel shortening strains in these
Gondwanide orogens have been rotated clockwise from their initial thrust
transport-parallel direction in response to oblique convergence along the orogen,
an interpretation based in part on the twinning strains preserved in
autochthonous Permian limestones in the southern Karoo basin, just north of the
Cape Fold Belt (Craddock et al. 2007). We have taken the liberty of projecting
this orogenic stress-strain field across Gondwana to Laurussia (or vice versa; Fig.
22) recognizing there is no strain data for S. America and only the Gondwanide
(southern) margin of Africa. This is a simplistic approach based on the strain
data at hand, and we are aware of the many complications and controversies of
different orogens (i.e., Taconic, Acadian, Alleghenian vs. Variscan, Hercynian,
Caledonian) and local collisional events that can vary along strike in a

convergent margin.



Projection of this late Paleozoic stress-strain field across Gondwana to
Laurussia (Fig. 22) is consistent with the far-field stress required for reactivation
of the KKF in Laurussia, and suggests that the Kiri uplift of central Africa may
comprise a similar inversion structure. Daly et al. (1991), using seismic reflection
and drilling data, demonstrated that Archean crystalline rocks that core the Kiri
uplift are bound by steep reverse faults (~40 km total crustal shortening) that cut
Permian strata and are unconformably overlain by undeformed Cretaceous
strata (Fig. 22). Trouw and DeWitt (1999) interpreted the Kiri uplift as an
inversion structure located 2000 km inboard of, but attributable to far-field
stresses originating in, the Gondwanide orogen. The Kiri uplift, in the present-
day Congo basin, was a highland and experienced an orogenic thermal pulse in
the late Paleozoic (Linol et al. 2015; Kasanzu et al. 2016). Alternatively, if we
argue that the highest differential stress gradient was generated along the
Gondwana-Laurussia collisional boundary then the KKF and Kiri inversion
structures are ~2000 and 3000 km, respectively, inboard of the collisional
boundary. The KKF and Kiri uplifts may, therefore, represent coeval
intracratonic pop-up structures that attest to the significance of the far-field
stresses that developed throughout Pangea during supercontinent
amalgamation. There are undoubtedly other such late Paleozoic offsets of

crystalline structures within Pangea.

Conclusions
The Grenville-Keweenaw system reactivated the Kapuskasing shear zone
which propagated and formed the Keweenaw rift system (1141-1085 Ma), after
which the Kapuskasing-Keweenaw-Douglas thrust system became an inverted
structure in the center of North America in the late Paleozoic. This paired thick-

skinned structure accommodated 30 km of crustal shortening along its 4000 km



length and initiated a wide variety of 2nd (folds) and 3rd (twinned calcite) order
deformations in its footwall. Analysis of calcite twin strain patterns in the North
American midcontinent are complex and suggest tectonic stress transmission
originated from different directions at different times as a result of changes in
orogenic convergence, not exclusively from the AOM margin; this observation is
complimented by the complexity of fluid flow associated with the wide range of
ages and origins for Paleozoic-hosted MVT deposits between the KKF and AOM
thrust margins. The late Paleozoic amalgamation of Pangea, including the central
Alleghenian (North America) and Variscan (Europe-Africa) orogens accentuated
the far-field deformation in central North America (KKF) and central Africa (Kiri
uplift; 40 km of fault offset), and included far-field Gondwanide stresses from

oblique convergence along Gondwana’s southern margin.
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Figures

Figure 1: Regional basemap showing the Kapuskasing-Keweenaw fault system,
based in part on the Bouguer gravity anomaly map of N. America (inset A)
relative to the Grenville tectonic front and the Appalachian front. Inset B is
pseudtotachylite (1940 Ma; see text) hosted in granulite along the

Kapuskasing fault. Study sites across the region are indicated.

Figure 2: Geologic overview of the Lake Superior region showing the 5 failed
arms of the Keweenaw rift system (red) and the post-rift connection of the older
Kapuskasing suture with the Keweenaw-Douglas thrusts as a thick-skinned



inversion structure (Manson and Halls, 1994, 1997). Shaded regions include the
rift-aged Duluth complex, Archean granulites in the hanging wall of the
Kapuskasing fault and the Proterozoic Jacobsville Sandstone. Solid circles are
rift-aged carbonatites, red lines are the Pigeon River and Abitibi mafic dikes
(1141 Ma), the Island Lake sinistral fault is represented by the white star, and the
red star is the location of the top-to-the-SE granoblastic mylonite near Mellen, W1
(Craddock et al. 2017).

Figure 3: Synfaulting calcite on the Island Lake fault (sinistral) field sample (A),
sliced for multiple horizontal thin sections (A-E) which show sinistral kinematics
(B & C). Calcite twin results in D (PEV) and E (NEV).

Figure 4: Deformation in Mamainse Point and Batchawana Bay (Figs 1 and 2). A:
Overturned crossbeds in the Jacobsville Sandstone. B: South-dipping reverse
fault with syn-faulting calcite offsetting rift-aged rhyolites, C: Lower hemisphere
projection of shortening axes for calcite twin analyses from 4 syn-faulting

calcite samples. Great circle is the fault. D: Calcite strain results for veins
crosscutting Mamainse Point rift rhyolites (Table 1).

Figure 5: DEM basemap showing the location of the Keweenaw thrust, the
Paleozoic outliers in the footwall and the location of the cross section in Fig. 6 (A).
Footwall deformation includes the vertical Jacobsville Sandstone at Larium, MI
(B), the faulted Jacobsville under the Sherman Hill Ordovician outlier (C), and

the north-plunging chevron folds in the Jacobsville on a false-color image(D).
Calcite strain data are plotted stereographically (see Table 1).

Figure 6: Cross section interpretation for the Keweenaw thrust and Paleozoic
limestone klippe (A) with the corresponding stratigraphic column (B).
Conodonts confirm the age relations of the section and we also recovered
microtektites (Table 3; C). Clastic dikes also cross-cut the Jacobsville Sandstone
(D) which can dip 60° as at Sherman Hill quarry (E). The Jacobsville

Sandstone has a maximum depositional age of 959 Ma based on 2080 detrial
zircons (Malone et al., 2016).

Figure 7: NICE (2007) basemap showing the Keweenaw rift crosscutting Archean
and Proterozoic terranes and locations of late Paleozoic footwall structures (A).
Thrust fault with a rhyolite breccia over a flat-lying basalt, Cutface Creek along
Highway 61 west of Grand Marais, MN (B). Detrital zircon results (n=99) for the
adjacent interflow sediment are described Craddock et al. 2013 (sample KP-16).

Figure 8: Aeromagnetic basemap showing the internal deformation of the
Keweenaw rift (A) and Bardon Peak site (B) with rift-parallel cleavage in the
Duluth Gabbro. Composite photo C is from north of the Silver Cliff Creek tunnel



on Highway 61 where thrust faulting has offset flow folds in rift-aged rhyolites.
View southeast from Bardon Peak (D) shows the Douglas fault scarp. Calcite
twinning strain for fault gouge in (C) is plotted on the stereonet inset in D.

Figure 9: Aeromagnetic basemap of the Twin Cities (Forest City) basin in
Minnesota and Wisconsin with offset Chengwatana basalts near Dresser, WI (A),
offset Ordovician sediments along the Hastings fault (B), the Red Wing fault (C;
Barn Bluff), overthrust and folded Ordovician carbonates near Lake Pepin, WI
(D), drag folds along a thrust in the Cambrian Franconia Fm., Houston, MN (E)
and folded Ordovician carbonates near Denzer, WI (F). See Figure 7 for
additional details.

Figure 10: Calcite twinning results from the Mississippian and Pennsylvanian of
Iowa (top) and the Mississippian of Indiana. Lower hemisphere projections,
bedding is horizontal. See Table 1.

Figure 11: Bedrock geologic map of the LaSalle County, area, Illinois (from
Kolata, 2005). Bedrock exposures are limited to quarries and stream cuts along
the Illinois River and its tributaries. Red stars = sampling localities. The trace of
the axis of the LaSalle Anticline is indicated. Blue = Pennsylvanian strata; Pink =
Ordovician strata (see inset field photo). Lower hemisphere plots are for the four
calcite twinning strain samples (Table 1).

Figure 12: Traces of the Lincoln fold anticlines of east-central New Mexico
exposed near the Cretaceous El Capitan intrusion and north of the Marathon fold
and thrust belt (A). One example of a Lincoln fold (B) is cored by evaporites
(photo from J. Amato). The folds are crosscut by a monzonite with zircons that
yield a crystallization age of 47.7 Ma (C) from rounded zircons (D; backscatter
image).

Figure 13: Geologic basemap (see outline on Fig. 12) from Jones (1994) with red
stars the locations of calcite twinning samples and the yellow star the location of
the dated monzonite. All samples from the Permian Yeso Fm. (see stratigraphic
column, upper right; orange box highlights Yeso Fm.). Lower hemisphere
stereoplots include principal strain axes, contoured Turner compression axes and
either bedding or vein great circles (see Table 1).

Figure 14: Geologic map of the western Sacramento Mountains, NM (modified
from Scholle, 2003) with inset map of N. Mexico. Sampling localities are
indicated by red stars (samples 3, 6-9 from Oliver Lee Park, others from the
north). Yellow = Quaternary; Purple =Ordovician-Mississippian;

Blue = Pennsylvanian and Permian; Tim = Tertiary intrusive rocks. See Figure 15
and Table 1.



Figure 15: Stratigraphic column for the Sacramento Mountains, New Mexico (A;
orange highlight denotes units sampled) with a photomicrograph of twinned
calcite in a brachiopod (inset, B). Lower hemisphere plots are for twinned calcite
strain results (Table 1).

Figure 16: Earthscope receiver function cross sections across the KKF (see inset
above and Fig. 20 for section lines A-A" and B-B’).

Figure 17: Mississippian-Permian features in the Midcontinent along the KKF
including the structurally high Mississippian Nemeha Arch (NA), deposition of
Pennsylvanian sediments east of the KKF which include detrital zircons (sample
sites indicated) only from eastern sources (Kissock et al. 2016), and the lack of
Permian sedimentation west of the KKF.

Figure 18: Shear wave velocities at 6 km calculated using ambient noise
tomography and wave gradiometry (Porter et al., 2016; percent perturbation is
calculated from the average for the region) with the supracrustal sediments
removed to accentuate the relationship of the KKF and the Transcontinental Arch
(Carlson, 1999).

Figure 19: Layer-parallel shortening strain (el axes; Table 2) recorded by twinned
calcite presented by age of host limestone and correlative Appalachian-Ouachita-
Marathon orogenic stages (A-C). Figure D includes shortening axes hosted by
late Pennsylvanian limestones in the proximal Ancestral Rockies foreland and
other AOM miisfits that are better interpreted with this data grouping (eastern 3
samples from Craddock and van der Pluijm, 1989 and Craddock et al. 1993).

Figure 20: Layer-parallel shortening strain calcite twinning data for the
Appalachian-Ouachita thrust belt and foreland (Appendices 1 and 2) with all the
data (A) and then with the data proximal to the KKF removed (B). Closed circles
are twinning strains for limestones, open circles are for veins (Tablel).

Figure 21: Map showing age dates for diagenetic minerals in the Midcontinent
region of the United States. Major Mississippi Valley-type ore districts include:
(1) Tri-State, (2) Northern Arkansas, (3) Viburnum Trend, (4) Old Lead Belt, (5)
Southeast Missouri Barite, (6) Central Missouri Barite, (7) Upper Mississippi
Valley, (8) Illinois-Kentucky Fluorispar, (9) Central Tennessee and Kentucky,

(10) Central Kentucky, (11) Eastern Tennessee. Shapes indicate types of age
dating techniques used: triangles indicate various age dates on ore-stage
minerals such as sphalerite and calcite; circles indicate ages dates on on K-silicate
minerals (feldspare and illite-smectite); and squares indicate paleomagnetic



age dates. Age ranges for colors are shown in the inset legend. Data are from
Duffin et al. (1989), Elliot and Aronson (1993), Girard and Barnes (1995), Hay et
al. (1988), Leach et al. (2001, and references therein), Liu et al (2003), Marshal et al.
(1986), Matthews (1988), Nakai et al. (1990), Robinson and LaBerge (2013) and
Wheeler (1989).

Figure 22: Pangea at ~240 Ma with closure of the Atlantic Ocean and
corresponding orogenic belts (Alleghenian and Hercynian-Atlas) in the north,
and the oblique Gondwanide orogen on the southern margin of Gondwana.
Thick black lines are layer-parallel shortening axes, thin lines are the projection
of that strain field across continents. Cross sections A-B, across the KKF, are from
Figure 16 and the Kiri uplift profile is included here (Daley et al. 1991; C-C’).

Tables

1: Calcite Strain data

2: Stable Isotope (C, O) data

3: Tektite Microprobe data

4: Limestone Mountain klippe conodont data
5: U-Pb zircon ages, Lincoln folds monzonite
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Figure 1: Regional basemap showing the Kapuskasing-Keweenaw fault system, based in part on the
Bouguer gravity anomaly map of N. America (inset A) relative to the Grenville tectonic front and the
Appalachian front. Inset B is pseudtotachylite (1940 Ma; see text) hosted in granulite along the
Kapuskasing fault. Study sites across the region are indicated.



Figure 2: Geologic overview of the Lake Superior region showing the 5 failed arms of the
Keweenaw rift system (red) and the post-rift connection of the older Kapuskasing suture with the
Keweenaw-Douglas thrusts as a thick-skinned inversion structure (Manson and Halls, 1994, 1997).
Shaded regions include the rift-aged Duluth complex, Archean granulites in the hanging wall of the
Kapuskasing fault and the Proterozoic Jacobsville Sandstone. Solid circles are rift-aged carbonatites,
red lines are the Pigeon River and Abitibi mafic dikes (1141 Ma), the Island Lake sinistral fault is
represented by the white star, and the red star is the location of the top-to-the-SE granoblastic
mylonite near Mellen, Wi (Craddock et al. 2017).



Figure 3: Synfaulting calcite on the Island Lake fault (sinistral) field sample (A), sliced for multiple
horizontal thin sections (A-E) which show sinistral kinematics (B & C). Calcite twin results in D (PEV)
and E (NEV).
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Figure 4: Deformation in Mamainse Point and Batchawana Bay (Figs 1 and 2). A: Overturned crossbeds in
the Jacobsville Sandstone. B: South-dipping reverse fault with syn-faulting calcite offsetting rift-aged
rhyolites, C: Lower hemisphere projection of shortening axes for calcite twin analyses from 4 syn-faulting
calcite samples. Great circle is the fault. D: Calcite strain results for veins crosscutting Mamainse Point

rift rhyolites (Table 1).
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Figure 5: DEM basemap showing the location of the Keweenaw thrust, the Paleozoic outliers in the footwall and the location of

the cross section in Fig. 6 (A). Footwall deformation includes the vertical Jacobsville Sandstone at Larium, Ml (B), the faulted

Jacobsville under the Sherman Hill Ordovician outlier (C), and the north-plunging chevron folds in the Jacobsville on a

false-color image(D). Calcite strain data are plotted stereographically (see Table 1).
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Figure 6: Cross section interpretation for the Keweenaw thrust and Paleozoic limestone klippe (A) with the correspomding
stratigraphic column (B). Conodonts confirm the age relations of the section and we also recovered microtektites (Table 3; C).
Clastic dikes also cross-cut the Jacobsville Sandstone (D) which can dip 60° as at Sherman Hill quarry (E). The Jacobsville
Sandstone has a maximum depositional age of 959 Ma based on 2080 detrial zircons (Malone et al., 2016).



Footwall Structures:

1. Cutface Creek thrust

2. Silver Creek Cliff thrust

3. Duluth Gabbro cleavage

4. Mellen mylonite

5. Dresser quarry thrust

6. Cottage Grove fault

7. Barn Bluff fault

8. Pepin folds

9. Houston thrust

10. Denzer folds

11. LaSalle anticline

12. Miss. limestone
calcite strains

13. Penn. limestone
calcite strains

14. Faulted Gunflint-Logan
Sill

15. Folds, West
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Figure 7: NICE (2007) basemap showing the Keweenaw rift crosscutting Archean and Proterozoic terranes

and locations of late Paleozoic footwall structures (A). Thrust fault with a rhyolite breccia over a flat-lying basalt,
Cutface Creek along Highway 61 west of Grand Marais, MN (B). Detrital zircon results (n=99) for the adjacent
interflow sediment are described Craddock et al. 2013 (sample KP-16).
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Figure 8: Aeromagnetic basemap showing the internal deformation of the Keweenaw rift (A) and Bardon

Peak site (B) with rift-parallel cleavage in the Duluth Gabbro. Composite photo C is from north of the Silver

Cliff Creek tunnel on Highway 61 where thrust faulting has offset flow folds in rift-aged rhyolites. View southeast
from Bardon Peak (D) shows the Douglas fault scarp. Calcite twinning strain for fault gouge in (C) is plotted on
the stereonet inset in D.



Figure 9: Aeromagnetic basemap of the Twin Cities (Forest City) basin in Minnesota and Wisconsin

with offset Chengwatana basalts near Dresser, WI (A), offset Ordovician sediments along the Hastings

fault (B), the Red Wing fault (C; Barn Bluff), overthrust and folded Ordovician carbonates near Lake Pepin, WI (D),
drag folds along a thrust in the Cambrian Franconia Fm., Houston, MN (E) and folded Ordovician

carbonates near Denzer, WI (F). See Figure 7 for additional details.
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Figure 10: Calcite twinning results from the Mississippian and Pennsylvanian of lowa (top) and the Mississippian
of Indiana. Lower hemisphere projections, bedding is horizontal. See Table 1.
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Figure 11: Bedrock geologic map of the LaSalle County, area, lllinois (from Kolata, 2005).

Bedrock exposures are limited to quarries and stream cuts along the lllinois River and its tributaries.
Red stars = sampling localities. The trace of the axis of the LaSalle Anticline is indicated. Blue =
Pennsylvanian strata; Pink = Ordovician strata (see inset field photo). Lower hemisphere plots are
for the four calcite twinning strain samples (Table 1).
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Figure 12: Traces of the Lincoln fold anticlines of east-central New Mexico exposed near the Cretaceous
El Capitan intrusion and north of the Marathon fold and thrust belt (A). One example of a Lincoln fold
(B) is cored by evaporites (photo from J. Amato). The folds are crosscut by a monzonite with zircons that
yield a crystallization age of 47.7 Ma (C) from rounded zircons (D; backscatter image).



Figure 13: Geologic basemap (see outline on Fig. 12) from lones {1994) with red stars the locations of

calcite twinning samples and the yellow star the location of the dated menzonite. All samples from the
Permian Yeso Fm. (see stratigraphic column, upper right; orange box highlights Yeso Fm.). Lower hemisphere
stereoplots include principal strain axes, contoured Turner compression axes and either bedding or vein
great circles (see Table 1).
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Figure 14: Geologic map of the western Sacramento Mountains, NM (modified from Scholle, 2003)
with inset map of N. Mexico. Sampling localities are indicated by red stars (samples 3, 6-9 from
Oliver Lee Park, others from the north). Yellow = Quaternary; Purple =Ordovician-Mississippian;
Blue = Pennsylvanian and Permian; Tim = Tertiary intrusive rocks. See Figure 15 and Table 1.
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Figure 15: Stratigraphic column for the Sacramento Mountains, New Mexico (A; orange highlight denotes
units sampled) with a photomicrograph of twinned calcite in a brachiopod (inset, B). Lower hemisphere
plots are for twinned calcite strain results (Table 1).



=

depthielevation (km)
B2 5B comaao

X offset (km)

depthielevation (km)

S 3 EE o w s o
T

2

o 40 80 120 160 200 240 280 320 360 400 440 480
X offset (km)

Fig. 16



Mincis

FCB-A1. AE!-ME

FCB-DT . IB-D{ IB-M1 ®g 3

IB' .
[ ] -
FCB-A2 BAD IB-D4
“Ni7 Forest FCB-AD
City
basin llinois
basin
|38 © .
Pennsylvanian
Ocean
Cherokee |
platform | missouri .
Arkansas
| ag o
Arkoma
basin

Sedimentary strata

M [ ] Upper Pennsylvanian
0

100 km
7l = [ ] Lower Pennsylvanian

Figure 17: Mississippian-Permian features in the Midcontinent along the KKF including the
structurally high Mississippian Nemeha Arch (NA), deposition of Pennsylvanian sediments east
of the KKF which include detrital zircons (sample sites indicated) only from eastern sources
(Kissock et al. 2016), and the lack of Permian sedimentation east of the KKE
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Figure 18: Shear wave velocities at 6 km calculated using ambient noise tomography and wave
gradiometry (Porter et al., 2016; percent perturbation is calculated from the average for the region)
with the supracrustal sediments removed to accentuate the relationship of the KKF and the
Transcontinental Arch (Carlson, 1999).
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Figure 19: Layer-parallel shortening strain (e1 axes; Table 1, Appendices 1 & 2) recorded by twinned calcite
presented by age of host limestone and correlative Appalachian-Ouachita-Marathon orogenic stages

(A-C). Figure D includes shortening axes hosted by late Pennsylvanian limestones in the proximal Ancestral
Rockies foreland and other AOM miisfits that are better interpreted with this data grouping (eastern 3 samples
from Craddock and van der Pluijm, 1989 and Craddock et al. 1993).
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Figure 20: Layer-parallel shortening strain calcite twinning data for the Appalachian-Ouachita
thrust belt and foreland (Appendices 1 and 2) with all the data (A) and then with the data proximal to the KKF
removed (B). Closed circles are twinning strains for imestones, open circles are for veins (Table1).
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Figure 21: Map showing age dates for diagenetic minerals in the Midcontinent region of the

United States. Major Mississippi Valley-type ore districts include: (1) Tri-5tate, (2) Northern Arkansas,

(3) Viburnum Trend, (4)0Id Lead Belt, (5) Southeast Missouri Barite, (6) Central Missoun Barite,

(71 Upper Mississippi Valley, (8] llinois-Kentucky Fluorispar, (%) Central Tennessee and Kentucky,

(10) Central Kentucky, (11) Eastern Tennessee. Shapes indicate types of age dating techniques used:
triangles indicate various age dates on ore-stage minerals such as sphalente and calcite: circles indicate
ages dates on on K-silicate minerals (feldspare and illite-smectite); and squares indicate paleomagnetic
age dates. Age ranges for colors are shown in the inset legend. Data are from Duffin et al. (1989),

Elliot and Aronson (1993), Girard and Barnes (1995), Hay et al. (1988), Leach et al. (2001, and references
theresin), Liu et al (2003), Marshal et al. (1988), Matthews (1988), Makai et al. (1920), Robinson and LaBerge
(2013) and Wheeler (19839).
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Figure 22: Pangea at ~240 Ma with closure of the Atlantic Ocean and corresponding orogenic belts (Alleghenian and
Hercynian-Atlas) in the north, and the oblique Gondwanide orogen on the southern margin of Gondwana. Thick black
lines are layer-parallel shortening axes, thin lines are the projection of that strain field across continents. Cross sections A-B,
across the KKF, are from Figure 16 and the Kiri uplift profile is included here (Daley et al. 1991; C-C').



Table 1: Calcite Twinning Strain Results
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Table 2: O and C Isotopes from Synfaulting Calcite

d13C d180
(VPDB) (VPDB)

KSZ-1 -8.63 -15.22
KSz-2 -8.46 -17.09
KSZz-3 -8.75 -15.60
BB-1 -4.46 -8.28
BB-2 -5.73 -18.93
BB-3 -5.39 -13.31
BB-5 -5.08 -16.57
MP-1 -5.31 -15.32
MP-2 -5.37 -16.01

KSZ-Kapuskasing strike-slip samples
BB-Batchawana Bay samples
MP-Mamainse Point



Table 3

Sampl Major-Element Analyses of Microtektites by Electron Microprobe, Limestone Mountain
e/ G1l- | G1- | G1- | G1- G2- | G2- | G2- | G2- | G2- | G3- | G3- | G3- | G3- | G3-
Wt. % 1 2 3 4 G1-5 1 2 3 4 5 1 2 3 4 5 G3-6
71.3 |1 71.6 | 71.2 | 71.8 71.4 | 71.6 | 70.7 | 71.3 | 71.0 | 72.7 71.8 | 729 | 72.4
Si0o2 8 7 3 2 71.98 7 8 2 7 9 6 72.6 9 4 7 72.63
TiO02 0.05 | 0.04 | 0.02 | 0.03 | 0.02 | 0.05 | 0.06 | 0.03 | 0.02 | 0.04 | 0.02 | 0.03 | 0.03 | 0.02 | 0.03 0
Al203 | 1.39 | 14 | 142 | 1.39 | 142 | 141 | 143 | 1.4 | 139|141 | 123 |1.16 | 1.2 1.2 | 1.31 | 1.22
FeO 0.09 | 0.01 | 0.04 | 0.06 | 0.07 | 0.06 | 0.06 | 0.04 | 0.03 | 0.04 | 0.04 | 0.03 | 0.02 | 0.05 | 0.02 | 0.04
MgO 3.77 | 3.76 | 3.75 | 3.81 3.7 3.86 | 3.8 | 3.73 | 3.75 | 3.73 | 3.41 | 3.37 | 3.4 | 3.38 | 3.47 | 3.41
CaOo 5.96 | 5.86 | 5.89 | 6.01 | 6.01 6 6.06 | 5.92 | 598 | 595 | 5.53 | 548 | 5.54 | 5.49 | 5.56 | 5.52
15.7 | 16.0 15.7 16.1 | 16.0 | 15.5 | 15.9 | 16.0 | 15.3 | 15.0 | 14.9 14.8
Na20 8 9 15.7 9 16.12 8 2 8 5 4 7 8 8 15.2 5 15.54
K20 0.38 1 0.35 | 0.36 | 0.35| 0.37 | 0.39 1 0.37 | 036 | 039 | 04 0.3 1 0.31]0.31] 0.3 0.3 0.29
MnO 0.01 0 0.01 0 0.05 0 0.01 | 0.03 0 0 0 0.02 0 0.02 | 0.01 | 0.01
Cl 0.03 | 0.02 | 0.02 | 0.02 | 0.03 0 0.02 | 0.03 | 0.01 | 0.02 | 0.03 | 0.03 | 0.01 | 0.03 | 0.03 | 0.04
S03 0.29 | 0.28 | 0.32 | 0.3 0.28 | 0.33 | 0.25 | 0.34 | 0.31 | 0.33 | 0.24 | 0.26 | 0.21 | 0.25 | 0.23 | 0.24
99.1 | 99.4 | 98.7 | 99.5 | 100.0 | 99.7 | 99.7 | 98.1 99.0 | 98.9 | 98.3 | 97.5 | 98.8 | 98.2
Total 3 8 6 8 5 5 6 8 99.2 5 3 7 9 8 8 98.94
Sampl
e/ G4- | G4- | G4- | G4- G4- | G4- | G4- | G5- | G5- | G5- | G5- | G5- | G5- St.
Wt. % 1 2 3 4 G4-5 6 7 8 1 2 3 4 5 6 Av. Dev.
71.4 | 70.7 | 71.8 | 70.6 70.7 | 71.7 | 71.6 | 71.7 | 71.3 | 71.0 | 72.0 | 72.4 | 72.5 | 71.6
Si02 8 2 7 4 71.23 6 4 5 8 4 3 8 1 5 8 0.65
TiO02 0.03 | 0.03 | 0.03 | 0.05 | 0.03 | 0.03 0 0.02 0 0.01 0 0.03 | 0.01 | 0.01 | 0.03 | 0.02
Al203 144 | 1.41 | 1.42 | 1.41 1.4 1.41 | 1.43 | 1.43 1.3 1.31 1.3 1.33 | 1.34 | 1.33 | 1.35 0.08
FeO 0 0.06 | 0.03 | 0.03 | 0.06 | 0.04 | 0.06 | 0.07 | 0.07 | 0.01 | 0.04 | 0.05 0 0.05 | 0.04 | 0.02
| MgO 3.78 1 3.73 | 3.74 | 3.68 | 3.67 | 3.66 | 3.71 | 3.75 | 3.42 | 3.42 | 3.37 | 3.41 | 3.43 | 3.44 | 3.61 | 0.17
CaO 6.01 | 592 | 599 | 6.01 | 597 | 593 |6.02 592|561 | 555 |555]| 556|557 |552]| 5.8 0.22
15.8 | 15.4 | 15.5 | 15.3 159 | 15.8 | 16,4 | 16.0 | 15.9 | 15,5 | 16.1 | 15.8 | 15.5 | 15.7
Na20 7 3 3 2 16.22 3 6 9 7 7 6 9 5 2 4 0.40
K20 0.36 | 0.34 | 0.35 | 0.35]| 0.38 | 0.37 1037 1036 | 0.63 | 0.6 | 0.61 | 0.63 | 0.62 | 0.62 | 0.4 0.11




MnO 0 0.01 0 0.03 | 0.04 | 0.01 0 0.01 0 0.01 | 0.03 | 0.01 0 0.02 | 0.01 | 0.01

Cl 0.03 | 0.04 | 0.05 | 0.04 | 0.03 | 0.02 | 0.04 | 0.05 | 0.01 | 0.01 | 0.02 | 0.02 | 0.01 | 0.02 | 0.03 | 0.01

SO3 0.28 | 0.29 | 0.29 | 0.28 | 0.26 | 0.36 | 0.28 | 0.29 | 0.22 | 0.25 | 0.22 | 0.27 | 0.25 | 0.24 | 0.27 | 0.04
99.2 | 97.9 97.8 98.5 | 99.5 99.1 | 98.4 | 97.7 | 99.5 | 99.4 | 99.3 | 98.9

Total 8 8 99.3 4 99.29 2 1 100 1 8 3 8 9 2 6




Table 4: Conodont Populations, Limestone Mountain and Sherman Hill, Michigan

Limest Plectod Fibrou Icriod Perion Scalopo Amorphog Plecto Belodin Drepano

one ina s ella don dus nathus Phrago dina a dus Disct Pander
Mounta aculeat conod superb grandi insculpt ordovicicu modus furcat compre suberect acodu odus
in a onts a s us s undatus a ssa us s sp. feulneri
8 (top) 4 8 1 25

7 2 1 1 16

6 2

5 2 5 1 4

4 3 4 16 10 19 9 7 8 21

3 2 3 10 3 4 4 3 6 40

2 2 10 3 7 3 2 4 15

1

(bottom

) 2 1 4 2 5
Sherma

n Hill

2 (top) 3 5 14 22

1

(bottom

) 8 3 8 17



Table 5. U-Pb geochronologic analyses of Monzonite dike intruding deformed Permian strata east of Ruidoso, New Mexico

Isotope
ratios Apparent ages (Ma)
Best
Analysis u 206Pb U/Th  206Pb*  +  207Pb* + 206Pb* +  error 206Pb* + 207Pb* + 206Pb* + age +

(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U  (Ma) 207Pb* (Ma) (Ma) (Ma)
|1-g100|n'10' 122 6100 0.7 20.0857 5.7 0.0480 #HitH 0.0070 8.7 084 44.9 3.9 47.6 4.8 185.0 132.4 44.9 3.9
|1—én00|n'10' 421 3126 0.5 21.8442 1.0 0.0469 3.0 0.0074 29 094 47.7 14 46.5 14 -14.0 24.8 47.7 14
Iﬁjncom-lo- 525 1745 0.5 18.6595 5.6 0.0551 6.2 0.0075 27 044 47.9 13 54.5 33 353.9 126.4 47.9 13
|1—én00|n'10' 138 1035 1.4 224928 5.0 0.0458 6.0 0.0075 32 054 48.0 15 45.4 2.7 -85.2 123.6 48.0 15
IE(;nCOIn_10_ 80 1080 1.4 20.6970 4.7  0.0525 51 0.0079 21 040 50.6 1.0 51.9 2.6 114.8 110.7 50.6 1.0
I;ncoln-lO- 655 5950 05 214595 1.7 0.0526 19 0.0082 09 047 525 0.5 52.0 1.0 28.7 40.5 525 0.5
IiinCOIn-lo- 209 2020 0.6 205605 3.1  0.0559 32 0.0083 09 028 535 0.5 55.2 17 130.4 733 535 0.5
;fncom_lo_ 194 88916 1.9 10.7451 0.8  3.4796 2.6 0.2712 24 094 15468 334 15226 203  1489.2 159 1489.2 159
IiinCOIn-lo- 199 38271 20 107438 0.8 3.3712 2.8 0.2627 27 096 1503.6 36.2 14977 220 14894 147 14894 147
|1—(;n00|n'10' 158 49627 1.9 10.7292 1.0 3.5165 24 0.2736 21 090 1559.2 295 15309 18.7 14920 19.3 14920 193
Il_éncom_lo_ 122 82266 3.2 9.6569 1.0 4.4045 19 0.3085 16 085 17332 244 17132 156 1688.7 18.1 1688.7 18.1
Il_%ncoln-lo- 100 27565 2.6 9.6560 0.7 4.3870 34 0.3072 33 098 17271 503 17099 281 16889 138 16889 138
|1—;1n00|n'10' 182 55938 9.5 9.6414 0.7 4.3401 12 0.3035 10 083 17086 153 17010 101 1691.7 125 16917 125
Il_tISnCOIn_lO_ 116 46733 1.6 9.5820 0.5 4.2815 2.3 0.2975 22 097 16791 327 1689.8 18.8 1703.1 99 17031 9.9

1.Analyses with >10% uncertainty (1-sigma) in 206Pb/238U age are not included.

2.Analyses with >10% uncertainty (1-sigma) in 206Pb/207Pb age are not included, unless 206Pb/238U age is <500 Ma.
3.Best age is from 206Ph/238U age for analyses with 206Pb/238U age <1000 Ma or 206Pb/207Pb age for 206Ph/238Uage > 1000 Ma.

4.Analyses with 206Pb/238U age > 500 Ma and with >20% discordance (<80% concordance) are not included.

5.Analyses with 206Pb/238U age > 500 Ma and with >5% reverse discordance (<105% concordance) are not included.
6.All uncertainties are reported at the 1-sigma level, and include only measurement errors.



7.Systematic errors are as follows (at 2-sigma level): [sample 1: 2.5% (206Pb/238U) & 1.4% (206Pb/207Pb)]

8.Analyses conducted by LA-MC-ICPMS, as described by Gehrels et al. (2008).

9.U concentration and U/Th are calibrated relative to Sri Lanka zircon standard and are accurate to ~20%.

10.Common Pb correction is from measured 204Pb with common Pb composition interpreted from Stacey and Kramers (1975).
11.Common Pb composition assigned uncertainties of 1.5 for 206Pb/204Pb, 0.3 for 207Pb/204Pb, and 2.0 for 208Pb/204Pb.
12.U/Pb and 206Pb/207Pb fractionation is calibrated relative to fragments of a large Sri Lanka zircon of 563.5 + 3.2 Ma (2-sigma).
13.U decay constants and composition as follows: 235U = 9.8485 x 10-10, 238U = 1.55125 x 10-10, 238U/235U = 137.88.
14.Weighted mean determined with Isoplot (Ludwig, 2008).



