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Abstract The North American craton interior preserves a >1 Ga history of near surface processes that
inform ongoing debates regarding timing and drivers of continental‐scale deformation and erosion associated
with far‐field orogenesis. We tested various models of structural inversion on a major segment of the
Midcontinent Rift along the Douglas Fault (DF) in northern Wisconsin, which accommodated ≳10 km of total
vertical displacement. U‐Pb detrital zircon and vein calcite Δ47/U‐Pb thermochronometry from the hanging wall
constrain the majority of uplift (≳8.5 km) and deformation to 1052–1036 Ma during the Ottawan phase of the
Grenvillian orogeny. Combined U‐Pb zircon dates, Δ47/U‐Pb calcite thermochronometry, and field data that
document syn‐ to early post‐depositional deformation in the footwall constrain a second stage of uplift (1–
1.5 km) ca. 995–980Ma during the Rigolet phase of the Grenvillian orogeny. Aminor phase of Appalachian far‐
field orogenesis is associated with minimal thrust reactivation. Our combined analyses identified the 995–
980 Ma Bayfield Group as a Grenvillian foreland basin with an original thickness 0.5–2 km greater than
currently preserved. By quantifying flexural loading and other subsidence mechanisms along the Douglas Fault,
we identify dynamic subsidence as a mechanism that could be consistent with the development of late‐
Grenvillian transcontinental fluvial systems. Minimal post‐Grenvillian erosion (0.5–2 km) in this part of the
craton interior has preserved the Bayfield Group and equivalent successions, limiting the magnitude of regional
erosion that can be attributed to Neoproterozoic glaciation.

Plain Language Summary Around 1.1 billion years ago, volcanic rocks and sediments began
accumulating in a large rift basin around the present‐day Lake Superior region of North America. Continent‐
continent collision on the edge of North America caused rifting to cease and major uplift to occur on thrust faults
in the rift. The timing of the tectonic shift and the amount of crustal uplift and the number of uplift episodes are
all poorly constrained. Our new geochronology precisely identifies the age of two major uplift episodes, ∼1.05
and ∼0.98 billion years ago. Mineral veins that formed during uplift record the age and temperature of
formation, which enables reconstruction of an uplift history. We conclude that the collisional event ∼1.05
billion years ago resulted in ≳8.5 km of uplift followed by 1.0–1.5 km of uplift ∼0.98 billion years ago. A
sedimentary basin associated with collision ∼1.0 billion years ago may have been part of a vast transcontinental
river system. The surface underlying the Great Unconformity, a surface representing missing time, regionally
did not undergo much erosion following uplift, suggesting long‐term stability of the North American craton
interior over the last ∼0.98 billion years.

1. Introduction
It has been shown that compression due to the collision of tectonic plates can be transmitted over great distances
through continental lithosphere, resulting in the reactivation of pre‐existing crustal discontinuities, thrusting of
basement blocks, and inversion of extensional basins (Cannon, 1994; Horton et al., 2022; Ziegler et al., 1995).
The geological record of cratonic interiors, which have generally been subjected to less deformation and erosion
than continental margins, can thus preserve tectonic and Earth history events that may be poorly preserved on
continental margins. The late Mesoproterozoic Midcontinent Rift within the Laurentian craton of North America
is a major tectono‐magmatic feature that underwent crustal‐scale structural inversion following extension
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(Cannon et al., 1993). The inverted strata, which occur in a belt that extends >2,000 km from southern Ontario to
Kansas, consist of >10 km of rift‐related volcanic and sedimentary rocks (Figure 1; Chandler et al., 1989;
Ojakangas et al., 2001; Van Schmus and Hinze, 1985). The timing of eruptions and deposition coincided with an
interval of rapid plate motion (20–30 cm/year: Swanson‐Hysell et al., 2019) prior to the Himalayan‐scale
Grenvillian Orogeny on the eastern margin of Laurentia (Hynes and Rivers, 2010). It has been proposed that
far‐field effects of the 1090 to 980 Ma Grenvillian orogeny (Swanson‐Hysell et al., 2023) caused cessation of
extension and subsequent crustal‐scale inversion in the Midcontinent Rift (Cannon, 1994; Cannon et al., 1993).
However, sparse age constraints on the timing of inversion have contributed to a range of tectonic interpretations,
including single‐stage Grenvillian inversion (Cannon, 1994; Swanson‐Hysell et al., 2019), two‐stage Grenvillian
inversion (Hodgin, Swanson‐Hysell, et al., 2022), and post‐Grenvillian inversion (Craddock et al., 2017).

To test regional synchroneity in the timing of inversion and to quantify the amount of uplift associated with
shortening during distinct episodes of far‐field orogenesis, we investigated a segment of the Midcontinent Rift
along the Douglas Fault (DF) in northern Wisconsin and relevant nearby sites (Figures 1 and 2). In addition to
shedding light on the geodynamic evolution of the Midcontinent Rift system, paired U‐Pb geochronology and
clumped isotope thermometry on fault‐associated vein calcite can place constraints on the uplift and erosion
history of the midcontinent. Low‐temperature thermochronology and basin analysis from the craton interior in
northernWisconsin—that we compare to similar compiled data sets fromMinnesota, Wisconsin, andMichigan—
are well‐suited to document its prolonged stability and to differentiate between opposing hypotheses associated
with the timing and amount of erosion in the continental interior.

2. Geologic Setting
The Douglas Fault in northern Wisconsin and eastern Minnesota is one of the major faults that accommodated
structural inversion of the Midcontinent Rift (Figures 1 and 2). Similar to other regional reverse faults, the
Douglas Fault thrusts ca. 1100–1090 Ma rift‐related volcanic rocks and overlying ca. 1090–1050 Ma rift‐related
sedimentary rocks of the Oronto Group atop younger post‐rift sandstones (Figure 2; van Schmus and
Hinze, 1985). Sedimentary rocks of the post‐rift Bayfield Group are folded in the footwall of the Douglas Fault.
They are part of a continuous sedimentary belt from northern Wisconsin to eastern Minnesota, where they are
referred to as the Fond du Lac and Hinckley formations (Figure 1; Morey and Ojakangas, 1982). The Bayfield
Group has been correlated with the lithologically similar Jacobsville Formation (van Schmus and Hinze, 1985),
which is folded in the footwall of the Keweenaw and Marenisco thrust faults in northern Michigan, where drag‐
folding has been linked to a final pulse of contractional deformation during the Rigolet phase of the Grenvillian
orogeny (Hodgin, Swanson‐Hysell, et al., 2022). While correlation with the Jacobsville Formation would
constrain the age of the Bayfield Group to ca. 990 Ma, its age remains uncertain (Craddock et al., 2013) which
leads to ambiguity on the timing of final inversion and the subsequent erosional history.

2.1. Regional Stratigraphy

The volcanic succession in the hanging wall of the Douglas Fault was divided by Nicholson et al. (2006) into
>10 km of basal Chengwatana Volcanics overlain by 3–5 km of Minong Volcanics with both being constituents
of the St. Croix Group (Figure 2). TheMinong Volcanics consist of low‐Ti basalts and minor rhyolites (Nicholson
et al., 2006), including the Nelson Lake Rhyolite dated at 1094.6± 2.1Ma (upper concordia intercept U‐Pb zircon
date; 2σ analytical uncertainty; Zartman et al., 1997). The ca. 1100 Ma Powder Mill Group in northeastern
Wisconsin (Swanson‐Hysell et al., 2019; Zartman et al., 1997) may be equivalent in part to Chengwatana Vol-
canics in the hanging wall of the Douglas Fault; a rhyolite at the top of the Powder Mill Group has been dated at
1098.24 ± 0.45 Ma (206Pb/238U zircon date; 2σ analytical uncertainty; Swanson‐Hysell et al., 2019).

The overlying Oronto Group, which is well‐exposed in the Ashland syncline in the central axis of the Mid-
continent Rift, consists of Copper Harbor Formation coarse‐grained siliciclastics, Nonesuch Formation fine‐
grained siliciclastics, and Freda Formation fluvial siliciclastics (Figures 1 and 2; Hite, 1968). The Oronto
Group has a minimum thickness of ∼4 km along the Montreal River which forms the border between northern
Wisconsin and Michigan (Figure 1; Hite, 1968; Slotznick et al., 2024). The basal Oronto Group was deposited
conformably above the Chengwatana Volcanics (Chandler et al., 1989), although it can progressively onlap older
igneous units along rift flanks (Slotznick et al., 2024; Swanson‐Hysell et al., 2019). The presence of interbedded
volcanics, such as the ca. 1086 Ma Lake Shore Traps in the Copper Harbor Formation (Davis & Paces, 1990;
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Fairchild et al., 2017) and the Bear Lake Felsite in the Freda Formation (Cannon &Nicholson, 2001), indicate that
waning rift‐related magmatism persisted during initial Oronto Group deposition (Swanson‐Hysell et al., 2019).
The Oronto Group has been interpreted as deposited in a thermally subsiding rift basin as active extension waned
(Cannon, 1992; Swanson‐Hysell et al., 2019). Near the northeastern termination of the Douglas Fault, the Freda
Formation is in structural contact with the Bayfield Group (Hite, 1968; Nicholson et al., 2006), which elsewhere is
interpreted to overlie the Freda Formation with angular unconformity (Adamson, 1997; Daniels, 1982; Morey and
Ojakangas, 1982).

The Bayfield Group is differentiated from the Freda Formation by its more chemically mature quartz‐dominated
sandstone composition, higher degree of rounding, distinct cements, and distinct claymineralogy (Adamson, 1997;
Myers, 1971; Ojakangas et al., 2001). It has been divided into the Orienta, Devil's Island, and Chequamegon
formations (Thwaites, 1912). The Orienta Formation is a feldspathic fluvial sandstone with minor conglomerate
and siltstone lithofacies; it has an estimated total thickness of 575 m (Ojakangas et al., 2001). The Devil's Island
Formation consists of amature quartz arenite unit that formed in shallow lacustrine and eolian environments within
a braided river system; it has a restricted spatial distribution and an estimated thickness of 90 m (Adamson, 1997;
Ojakangas et al., 2001). The Chequamegon Formation is a predominantly fluvial sandstone that is similar litho-
logically to the Orienta Formation; it contains siltstone interbeds and has an estimated thickness of 150 m (Oja-
kangas et al., 2001). Due to the lithological similarity of the Orienta and Chequamegon Formations and the
Chequamegon Formation being identified primarily on the basis of overlying the spatially limited Devil's Island
Formation, it has been proposed that the Chequamegon Formation is equivalent to the upper part of the Orienta
Formation (Adamson, 1997). A total estimated thickness of the Bayfield Group is 815 m (Ojakangas et al., 2001).
This thickness is similar to an estimate of 750m and an observed drill core thickness of 656m from the Fond du Lac

Figure 1. Regional geologic map of the southwestern Lake Superior region with data from Jirsa et al. (2011) and Nicholson et al. (2004). The dashed box in the inset
shows the extent of the regional geologic map and location of the Grenville Front relative to the study area. In black: DF, Douglas Fault; HF, Hinckley Fault; PF, Pine
Fault; ALF, Atkin's Lake Fault; PCF, Pelton Creek Fault; LOF, Lake Owen Fault; MF, Marenisco Fault; KF, Keweenaw Fault; LM, Limestone Mountain. Cross‐section
line A‐A′ corresponds to Figure 2. The extent of the maps of Figure 3 are shown as well as the location of samples VNP1 and LRa. Global Positioning System locations
of samples are provided in Table S1 in Supporting Information S1.
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and Hinckley formations (Morey and Ojakangas, 1982), which together make up the equivalent of the Bayfield
Group adjacent to theDouglas Fault in easternMinnesota (Figure 1). Interpretations of seismic reflection data have
suggested that thewedge‐shaped basinmay be even thicker adjacent to theDouglas FaultDF (Chandler et al., 1989;
Nicholson et al., 2006). Although such estimates could be complicated by the presence of underlyingOrontoGroup
sediments, we consider a maximum present‐day Bayfield Group thickness to be∼1,000m, which is comparable to
the thickest borehole of the correlative Jacobsville Formation (Kalliokoski, 1982; Supporting Information S1).

Midcontinent Rift strata in the northern Wisconsin study area have an estimated total thickness of 20 km
(Figure 2; Nicholson et al., 2006) and were subjected to contractional deformation during structural inversion. In
contrast, overlying lower Paleozoic sedimentary rocks in the region are generally undeformed (Pinet, 2016; van
Schmus and Hinze, 1985), except where minor reactivation of faults (up to a maximum of ∼60 m) has occurred
during the middle to late Paleozoic (Setterholm, 2010). The lower Paleozoic strata, which were deposited during
Sauk II, Sauk III, and Tippecanoe flooding intervals (Sloss, 1963) consist of upper Cambrian shallow marine
sandstone and minor carbonate which is followed by Ordovician shallow marine dolostone/limestone and sili-
ciclastic units (Byers & Dott, 1995; Mossler, 2008). The nearest lower Paleozoic units occur ∼70 km south of the
study sites in northernWisconsin (Figure 1), although mapping of lithofacies migrations on an epeiric ramp (Choi
& Simo, 1998; Runkel et al., 2007) has been used to infer a more northerly position of the paleoshoreline prior to
subsequent erosion, ∼60 km north of our Pattison and Amnicon Falls state parks study sites (Figures 1 and 3;
Eoff, 2014; Lochman‐Balk and Holland, 1971). Thin Paleozoic outliers in the region, such as Limestone
Mountain in northern Michigan (Figure 1; Milstein, 1987), provide some direct evidence of Paleozoic sedi-
mentation that survived subsequent erosion.

2.2. Regional Structure

The most prominent faults in the Midcontinent Rift are moderate to high‐angle reverse faults, which formed along
the margins of the central basin (van Schmus and Hinze, 1985). Thrust faults such as the Douglas and Isle Royale
faults that occur on the northwestern flank of the Midcontinent Rift dip to the southeast and have opposing
vergence to thrust faults that occur on the southeastern flank that dip to the northwest, such as the Lake Owen,
Keweenaw, and Marenisco faults (Figure 1). The Douglas Fault has been projected to intersect the Lake Owen
Fault at a crustal depth of ∼20 km; together, these two thrust fault systems form a bivergent crustal wedge
containing the St. Croix horst and the Ashland syncline (Figure 2; Nicholson et al., 2006). Note that the St. Croix
horst is not a horst in the sense of being an elevated region bound by normal faults as in widespread use of the
term, but rather an uplifted block bound by reverse faults.

The surface trace of the Douglas Fault forms an arcuate shape that spans >250 km from eastern Minnesota to
northeasternWisconsin (Figure 1; Nicholson et al., 2006). Displacement is greatest near themiddle of the fault and
less near its southwestern and northeastern terminations (Nicholson et al., 2006). In themiddle of theDouglas Fault,
near our field sites in northwestern Wisconsin, the zone of fault breccia in the hanging wall can be >100 m wide
(Grant, 1901) and total vertical displacement has been estimated as∼20 km (Figure 2; Nicholson et al., 2006). This
amount of displacement is comparable to that on the Marenisco and Pelton Creek faults in the adjacent segment of

Figure 2. Structural cross‐section and stratigraphy of the Midcontinent Rift in northern Wisconsin. The line of cross section (A‐A′ on Figure 1) is from Nicholson
et al. (2006). The geological units are modified after Nicholson et al. (2006). Unit thicknesses in the Generalized Stratigraphy (left) are based on the Montreal River
Monocline (near site LRa in Figure 1).

Tectonics 10.1029/2024TC008415

HODGIN ET AL. 4 of 30

 19449194, 2024, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024T

C
008415 by Y

im
ing Z

hang - U
niversity O

f M
innesota L

ib , W
iley O

nline L
ibrary on [21/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the Midcontinent Rift in northern Michigan (Cannon et al., 1993). A more conservative stratigraphic estimate
implies ≳10 km of vertical displacement. This estimate is based on the erosional removal of the following units
from the hanging wall of the Douglas Fault: ≥4 km of Oronto Group (Slotznick et al., 2024), ∼4 km of Minong
Volcanics (Nicholson et al., 2006), and ≥1 km of Chengwatana Volcanics (Nicholson et al., 2006). Additionally,
∼1 km (Ojakangas et al., 2001) of Bayfield Group strata were emplaced in the footwall of the Douglas Fault due to
thrust faulting. Taken together, these stratigraphic constraints indicate ≳10 km of total vertical displacement
associated with slip on the Douglas Fault.

At Pattison and Amnicon Falls state parks, the Douglas Fault juxtaposes Chengwatana rift‐related basalt
(Figures 3 and 4) in the hanging wall with post‐rift Orienta Formation of the Bayfield Group, which is deformed
by fault‐propagation and drag folding within the footwall (Figures 2, 3, and 5; Grant, 1901). Farther from its
contact with the Douglas Fault (∼10–100 m), strata of the Bayfield Group are generally sub‐horizontal (<5° dip;
Nicholson et al., 2006).

3. Methods
Field investigation (mapping, sampling, stratigraphic sections, pebble counts) was carried out at sites in northern
Wisconsin and northern Michigan. Detrital zircon and vein calcite U‐Pb geochronology samples were analyzed at
Boise State University and UC Santa Barbara, respectively. Laser ablation–inductively coupled plasma–mass
spectrometry (LA‐ICP‐MS) analyses were used to identify the youngest detrital zircons in each sample
(Table S2; Figure S2 in Supporting Information S1), which were then dated by chemical abrasion–isotope
dilution–thermal ionization mass spectrometry (CA‐ID‐TIMS) (Figure 3; Table S3; See Supporting Informa-
tion S1 for detailed methods). This tandem‐dating approach combines the high‐throughput, but low‐precision,
capabilities of LA‐ICP‐MS with the laborious low‐throughput, but high‐precision capabilities of CA‐ID‐TIMS.
Tandem‐dating is well‐suited for the development of accurate and precise maximum depositional ages. Applying
CA‐ID‐TIMS to grains identified as young through LA‐ICP‐MS mitigates issues from matrix effects, discor-
dance, Pb loss, and low‐precision that hamper the interpretation of maximum depositional ages from LA‐ICP‐MS
methods alone (e.g., Herriott et al., 2019; Sharman and Malkowski, 2020). Our approach follows a growing
number of studies that have adopted the method of tandem‐dating detrital zircons using the youngest single
detrital zircon dated by CA‐ID‐TIMS to establish accurate and precise maximum depositional ages (e.g., Dehler

Figure 3. Geological maps of Pattison State Park (a) and Amnicon Falls State Park (b), modified after Nicholson et al. (2006) showing the locations of samples. The
extent of each map (which have different scales) is shown in Figure 1. Global Positioning System locations of samples are provided in Table S1 in Supporting
Information S1.
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et al., 2023; Eddy et al., 2016; Gerasimov et al., 2024; Hodgin, Macdonald, et al., 2022; Hodgin, Swanson‐Hysell,
et al., 2022; Hodgin et al., 2023; Holland et al., 2024; Isakson et al., 2022; Karlstrom et al., 2020; Neil et al., 2021;
Perrot et al., 2017; Suarez et al., 2017).

Figure 4. (a, b) Clastic sandstone dikes in the immediate hanging wall of the Douglas Fault (DF) at Pattison State Park (a: 46.53725° N; 92.12450° W) (b: 46.54004° N,
92.11802° W). The sandstone dikes have comparable grain size and composition to Bayfield Group sandstone in the footwall. Yellow arrows indicate sandstone dikes
crosscutting Chengwatana basalt. In (b), white arrows indicate a quartz vein (sample PF8) crosscut by the sandstone dike. The diameter of the coin in (a) is 2.4 cm and
the length of the marker in (b) is 14 cm; (c) The Douglas thrust fault at Amnicon Falls State Park, emplacing ∼1.1 Ga Chengwatana basalt above ∼1.0 Ga Orienta
Formation conglomeratic sandstone of the Bayfield Group; (d) The Douglas thrust fault at Copper Creek in Pattison State Park, emplacing ∼1.1 Ga Chengwatana basalt
above∼1.0 Ga Orienta Formation sandstone of the Bayfield Group; (e) An open asymmetric synclinal fold of Bayfield Group sandstone in the immediate footwall of the
Douglas Fault at Pattison State Park; (f) The frontal limb of folded Bayfield Group sandstone in the footwall of the Douglas Fault at Pattison State Park; (g) Bayfield
Group conglomerate ∼20 m from the Douglas Fault at Pattison State Park. The dashed yellow line delimits a bed of channelized sandstone that occurs within the
conglomerate deposits. The yellow arrow indicates a vesicular basalt clast, characteristic of the Chengwatana basalt found in the hanging wall. Pebble counts are
presented in Figure 5; (h) Bayfield Group laminated subarkosic arenite ∼50 m from the Douglas Fault at Pattison State Park. The yellow arrow indicates an outsized
basalt clast interpreted as derived from the proximal hanging wall.
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Carbonate clumped isotope measurements of vein calcite were made at UC Berkeley and Brown University
to determine the δ13C and δ18O and calcite formation temperatures (Δ47; e.g., Ghosh et al., 2006; Hun-
tington & Peterson, 2023). A sufficient number of replicates to determine reliable Δ48 measurements and
check for kinetic effects was not produced on these samples. We also infer the temperature of formation of
associated quartz veins via oxygen isotope measurements by assuming similar source water oxygen isotope
compositions from samples of co‐located vein calcite (e.g., Abruzzese et al., 2005; Ibarra et al., 2021). 2D
flexural modeling of the Bayfield basin adjacent to the St. Croix horst was carried out using Flex2D
(Cardozo & Jordan, 2001). Flexural modeling was carried out using Young's modulus and Poisson ratio
values of 70 MPa and 0.25, respectively, which are consistent with values typically applied for continental
crust, including syn‐ to post‐rift (Burov & Poliakov, 2003) and foreland settings (Garcia‐Castellanos &
Cloetingh, 2011). Flexural modeling was carried out using an elastic thickness of 30 km, which is consistent
with attenuated lithosphere in continental rift basins (Ebinger et al., 1989). The value is also representative
of failed rifts with weakened lithospheric strength due to crustal‐scale compression (Burov & Dia-
ment, 1995; Burov & Poliakov, 2003). See Supporting Information S1 for detailed field methods, U‐Pb
geochronology methods, carbonate and quartz stable isotope methods, data compilation, and more detailed
basin analysis parameters.

4. Results
4.1. Stratigraphic Results

Bayfield Group strata adjacent to the Douglas Fault contain a series of m‐thick conglomerate beds interbedded
with sandstone that fine upwards (Figure 5). The conglomeratic strata are overlain by trough cross‐bedded,
medium‐grained, subarkosic arenite, containing minor pebbly lenses and pebble lonestones that decrease in
abundance up‐section. Interbeds of clay‐rich red siltstone and silty fine‐grained sandstone up to 20 cm thick are
more common at Pattison State Park in proximity to the Douglas Fault (Figure S7 in Supporting Information S1).
The composition of the conglomerate beds is variable (Figure 5), containing a mixture of clasts derived from the
Midcontinent Rift (e.g., basalt, rhyolite, felsite, red fine‐grained sandstone likely sourced from the Freda For-
mation) and from older geological units (e.g., vein quartz and chert). In the AMF section at Amnicon Falls State
Park, pebble counts displayed a systematic stratigraphic trend. Basal pebble counts were dominated by volcanics
and upper pebble counts were dominated by red fine‐grained sandstone (Figure 5). In the PF6 measured section at
Pattison State Park, pebble counts were dominated by volcanic clasts and did not show any systematic strati-
graphic trend (Figure 5).

4.2. Structural Observations and Results

In the hanging wall of the Douglas Fault at Pattison State Park, Chengwatana basalt and associated calcite
and quartz veins are cross‐cut by sandstone dikes (Figures 4 and 5), which consist of a moderately well‐
sorted medium quartz arenite that matches the color, texture, and composition of the Bayfield Group in
the immediate footwall. Blocky calcite veins are common in the hanging wall extending up to 50 m from
the fault plane; they are typically associated with slickensides, secondary fault planes, and fault gouge. Thin,
fibrous vein calcite occurs on the fault plane with fibers oriented perpendicular to the fault plane and in-
clusion bands of thin clay‐rich fault gouge oriented parallel to the fault plane (Figure S8 in Supporting
Information S1); these features are consistent with crack‐seal emplacement in a tensional stress regime
(Ramsay, 1980). The fibrous veins are interpreted as post‐dating fault slip and precipitating late within the
history of the Douglas Fault.

Relatively simple 10‐m scale drag folds of the Bayfield Group occur in the footwall of the Douglas Fault at
Copper Creek in Pattison State Park (Figures 3a and 4d) and at Amnicon Falls State Park (Figure 3b). A more
complex set of folds with greater amplitude (>10 m) and extending >100 m from the Douglas Fault occur in the
Bayfield Group on the Black River at Pattison State Park (Figure 3a); these latter folds are more consistent with
fault propagation folds (Suppe and Medwedeff, 1990).

4.3. Zircon U‐Pb Geochronology

We collected two sandstone samples from the upper Freda Formation and four sandstone samples from the
Bayfield Group for detrital zircon U‐Pb geochronology. The Freda Formation samples were collected from
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Figure 5. (a) Stratigraphic sections of the Bayfield Group from the footwall of the Douglas Fault (DF) at Pattison State Park (PF6) and Amnicon Falls State Park (AMF),
WI; (b) Ternary diagram of pebble counts from conglomerates show the percentage of volcanic versus quartz and chert versus red sandstone clasts; (c) A schematic
diagram of the evolution of Bayfield Group deposition adjacent to the Douglas Fault and formation of clastic dikes in the hanging wall derived from the Bayfield Group.
In a similar tectonic setting, clastic dikes of the correlative Jacobsville Formation have been documented in hanging wall basalts adjacent to the Keweenaw Fault on the
Keweenaw Peninsula (Cornwall, 1955). The color of clasts corresponds to the clast lithologies depicted in (a) legend. The depiction of clast size and abundance
corresponds to the progressive decrease in clast size and abundance away from the fault. Lithologies follow the stratigraphic column legend above. ss, sandstone; Nb,
Neoproterozoic Bayfield Group; Mbu, Mesoproterozoic undifferentiated basalt; Mcb, Mesoproterozoic Chengwatana basalt; Mch, Mesoproterozoic Copper Harbor
Formation; Mn, Mesoproterozoic Nonesuch Formation; Mf, Mesoproterozoic Freda Formation.
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steeply tilted strata (∼80°) near the Michigan‐Wisconsin border (LRa in Figure 1) within the southeast limb of the
Ashland syncline—also known as the Montreal River Monocline. The samples are located 3.2 km strati-
graphically above the base of the >3.4 km‐thick Freda Formation and 4.0 km above the base of the Oronto Group
(Figure 2 and Figure S1 in Supporting Information S1). The samples come from near the top of a coherent
structural panel of Oronto Group strata that is well‐exposed along the Montreal River with conformable contacts
between the formations of the Oronto Group. These samples thereby constrain the maximum depositional age of
the uppermost Oronto Group. In turn, this maximum depositional age establishes the maximum age of the
subsequent deformation that tilted the strata during large‐scale uplift along the Marenisco Fault. Three sandstone
samples of the Bayfield Group were collected from outcrops within the footwall of the Douglas Fault (Figures 1–
5). An additional Bayfield Group sample (VNP1) was collected from the Chequamegon Formation at Van Ness
Point on the Bayfield Peninsula (Figure 1; Figure S6I in Supporting Information S1).

Following initial screening by LA‐ICP‐MS to identify young zircon grains (Figure S2 in Supporting In-
formation S1), five zircon grains from the Freda Formation samples (LRa‐67.01 and LRa‐38.39; Figure S1
in Supporting Information S1) were selected for tandem‐dating (see Section 3 Methods) and yielded
206Pb/238U CA‐ID‐TIMS dates ranging from 1072 to 1051 Ma (Table S3). The youngest two CA‐ID‐TIMS
dates are 1052.84 ± 1.42 Ma and 1051.58 ± 1.11 Ma, with the latter defining the maximum depositional
age of the upper Freda Formation (Figure 6a). Following screening by LA‐ICP‐MS (Figure S2 in Supporting
Information S1; Table S2), 21 Bayfield Group zircons were selected for U‐Pb tandem‐dating using CA‐ID‐
TIMS (Figure 6b; Table S3). Two Bayfield Group samples from the footwall of the Douglas Fault at
Amnicon Falls (Orienta1 and Orienta2) yielded 15 concordant 206Pb/238U CA‐ID‐TIMS dates ranging from
1096 Ma to 1023 Ma. The site maximum depositional age is determined from a single detrital zircon that
was split into two fragments with overlapping 206Pb/238U dates with a weighted mean of 1023.79 ± 0.90 Ma
(MSWD = 0.03; POF = 0.63; MSWD—Mean Square Weighted Deviation; POF—Probability of Fit)
(Figure 6b). One sample from the footwall of the Douglas Fault at Pattison Falls (PF6‐60) yielded two CA‐
ID‐TIMS 206Pb/238U dates, with the youngest (1025.86 ± 0.69 Ma) representing the maximum depositional
age at the site. Sample VNP1 yielded four CA‐ID‐TIMS 206Pb/238U dates ranging from 1022 to 995 Ma.
The youngest two dates are 996.11 ± 3.02 Ma and 995.29 ± 1.70 Ma, with the latter defining the maximum
depositional age of the Bayfield Group (Figure 6b).

Figure 6. CA‐ID‐TIMSU‐Pb geochronology of detrital zircons from the Freda Formation (a) and Bayfield Group (b). In theWetherill Concordia plots, analysis numbers
(z#) correspond to the color‐labeled zircon fractions for each sample. All data including weighted means and modes of the youngest overlapping 206Pb/238U dates are
reported in Table S3 following the methodology of Nelson et al. (2023). Here, maximum depositional ages are interpreted from the youngest single 206Pb/238U date in
X/Y/Z format (see Section 3 Methods), where X is the internal error based on analytical uncertainties only, Y includes tracer calibration uncertainty, and Z includes the
238U decay constant uncertainty (Jaffey et al., 1971). CA‐ID‐TIMS, chemical abrasion–isotope dilution–thermal ionization mass spectrometry.
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4.4. Calcite U‐Pb Geochronology and Clumped‐Isotope Thermometry

We collected nine samples of vein calcite for U‐Pb LA‐ICP‐MS geochronology from the Douglas Fault zone at
Amnicon Falls State Park (Figure 3b; Figure S8 in Supporting Information S1). Seven samples yielded data
dominated by non‐radiogenic Pb that could not be used to calculate a lower intercept date. Two samples yielded
interpretable isochrons, a thick blocky vein from within the hanging wall fault zone (∼3 m from the fault plane:
AMF6) and a thin blocky vein (AMF5) within 10 cm of the fault plane, and adjacent to thin, fibrous vein calcite
from the fault plane itself (AMF2 and AMF3). Using all data (n = 96/96) from four analyzed calcite crystals,
sample AMF6 yielded a lower intercept U‐Pb date of 1052 ± 13 Ma (2σ) (Figure S3 in Supporting Informa-
tion S1; MSWD = 1.1, POF = 0.22, n = 96/96). Each of the four analyzed crystals (1–4) were investigated
separately, with crystals 2–4 yielding isochrons with overlapping initial Pb isotopic compositions of
0.868 ± 0.018, 0.875 ± 0.021, and 0.867 ± 0.018; and overlapping lower intercept dates of 1068 ± 24 Ma (2σ),
1060 ± 59 Ma (2σ), and 1039 ± 17 Ma (2σ) (Figure S3 in Supporting Information S1). The lack of appreciable U
within crystal 1 precludes it yielding an interpretable isochron. This difference along with slightly elevated initial
Pb isotopic composition suggests precipitation from distinct fluids and therefore makes sense to exclude from the
combined isochron. The data from crystals 2–4 (n = 77/96) yielded an isochron of 1049 ± 13 Ma (2σ) (Figure 7;
MSWD= 0.98, POF= 0.53). In comparison with the isochron using all data, this latter isochron from crystals 2–4
is also preferred on account of having a significantly improved POF. Sample AMF5 yielded a lower intercept date
of 298.5 ± 50.3 Ma (2σ, MSWD = 1.3, POF = 0.05, n = 88/99) (Figure 7).

Both samples that yielded isochron dates (AMF5 and AMF6), plus two samples from late‐stage, thin, fibrous vein
calcite (AMF2 and AMF3), were subsequently analyzed for carbonate clumped isotopes and δ13C and δ18Ο
values (relative to the VPDB scale). Two calcite vein samples (PF2 and PF7), adjacent to quartz vein PF8 at
Pattison State Park (Figures 3 and 4), were also analyzed for clumped isotopes and δ13C and δ18Ο. The combined
Δ47‐based temperature from three separate crystals of AMF6 is 54.4 ± 1.7°C and the δ13C and δ18Ο values are
− 0.66‰ and − 12.09‰, respectively (1 s.e.; Figure 1; Table S5). The Δ47‐based temperature of AMF5 is 33.0°C
and the δ13C and δ18Ο values are − 4.97‰ and − 7.50‰, respectively. The combined Δ47‐based temperature of
AMF2 and AMF3 is 38.3 ± 2.2°C and the combined mean δ13C and δ18Ο values are − 9.1‰ and − 6.4‰,
respectively. The Δ47‐based temperatures of PF2 and PF7 are 56.9 ± 4.6°C and 67.6 ± 1.1°C, respectively. The
δ13C and δ18Ο values of PF2 are − 2.2‰ and − 11.1‰. The δ13C and δ18Ο values of PF7 are − 3.1‰ and
− 10.8‰. The δ18Ο values of PF8 quartz is 16.81± 0.28‰ (2σ; VSMOW; Vienna Standard Mean OceanWater).
This value equates to a temperature estimate between 130 and 113°C by combining the carbonate‐water equi-
librium fractionation factor (Jautzy et al., 2020) to derive the source water δ18Ο from the two most closely
associated calcite veins, PF2 and PF7, using the silica‐water equilibrium fractionation factor of Sharp
et al. (2016). The assumption of source water δ18Ο from the calcite that likely formed at a later time introduces
uncertainty into this estimate, but provides the only constraint we have available. This temperature range is
consistent with those estimated for the formation of laumontite veins (150± 25°C; Bodden et al., 2022) which are
located in the same fracture plane as the quartz vein.

Vein calcite sample data from the Douglas Fault were compared to U‐Pb and clumped isotope data from two vein
calcite samples from the Keweenaw Fault zone in northern Michigan (LLB6 and GRL2 [Figure 7; Figures S4–S6
in Supporting Information S1]). GRL2 yielded a date of 1052 ± 36 Ma and a Δ47‐based temperature of
60.8 ± 3.6°C. LLB6 yielded two distinct arrays of U‐Pb data that can be captured by two separate isochron dates
of 1048 ± 87 Ma and 378 ± 150 Ma (Figure S4 in Supporting Information S1). LLB6 has a corresponding Δ47‐
based temperature of 44.7 ± 1.9°C. All isotopic data is reported in Supporting Information S1 (Table S5).

5. Discussion
The structural inversion of the Midcontinent Rift resulted in the re‐cratonization of the North American interior.
An outstanding question is whether structural inversion occurred during the Ottawan and/or Rigolet phase of the
Grenvillian orogeny (Cannon, 1994; Hodgin, Swanson‐Hysell, et al., 2022; Swanson‐Hysell et al., 2019) and/or
during post‐Grenvillian orogenesis (Craddock et al., 2017). New constraints on the timing of Midcontinent Rift
inversion can thus be used to link episodes of orogenesis on the margin of Laurentia to the uplift and erosional
history of the continental interior. From the constraints developed in this study, we put forward a framework for
the timing and magnitude of slip during three distinct intervals of shortening on the Douglas Fault that inform the
geodynamic evolution of the Midcontinent Rift and are followed by a discussion of broader implications,
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Figure 7. U‐Pb data and associated isochron dates of vein calcite samples from the Douglas Fault (DF) (Wisconsin) and theKeweenaw Fault (Michigan). (a, b) AMF5 and
AMF6vein calcite samples are from the hangingwall of theDouglas Fault atAmniconFalls State Park (Figures 3b and 4, Figures S6 andS8 inSupporting Information S1).
(c) Field photograph and inset of the hanging wall of the Douglas Fault containing AMF6 vein calcite within red fine‐grained fault gouge indicated by white arrows. The
fault gouge occurs in the hangingwall∼3m from theDouglas Fault. (d)Mounted and polishedAMF6vein calcite crystals are shown in transmitted light. The laser transect
across each crystal is shownwherein each laser site corresponds to two analyses from two separate laser sessions (Table S4). Crystal 1 ofAMF6did not contain appreciable
radiogenic Pb, could not produce an isochron, and had slightly elevated Pb isotopic composition (Figure S3 in Supporting Information S1). Consequently, data from
crystal 1 were excluded in the final AMF6 lower intercept date generated from crystals 2–4 (Figure S3 in Supporting Information S1). (e) GRL2 vein calcite is from a
brecciated fault zone in the hanging wall of the Keweenaw Fault at Snake Creek Tributary (Table S1 in Supporting Information S1; Figures S5 and S6 in Supporting
Information S1). (f) LLB6 vein calcite is from the hanging wall of the Keweenaw Fault near Lac La Belle (Table S1 in Supporting Information S1; Figures S4 and S6 in
Supporting Information S1), modified after the U‐Pb isochron date in Hodgin, Swanson‐Hysell, et al. (2022). The plots were generated and the calculations made using
IsoplotR (Ludwig, 1998; Vermeesch, 2018). MSWD, Mean Square Weighted Deviation; POF, Probability of Fit.
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including: (a) a time‐temperature history of the midcontinent interior implementing the U‐Pb calcite—Δ47

thermochronometer and relevant compiled data (Figures 8 and 9); and (b) analysis of the erosional history of the
midcontinent interior that addresses the tectonostratigraphic setting of the Bayfield‐Jacobsville succession and
ongoing debate about the magnitude of Cryogenian glacial erosion (Flowers et al., 2020, 2022; Keller et al., 2019;
McDannell et al., 2022; Peak et al., 2023).

5.1. Ottawan Inversion of the Douglas Fault

At least 10 km of total vertical displacement has been estimated along the Douglas Fault in northern Wisconsin
(Figure 2; Nicholson et al., 2006), which sets the stage for quantifying the amount of displacement during
different stages of structural inversion. The onset of structural inversion is constrained using detrital zircon U‐Pb
geochronology from the uppermost strata of the Oronto Group (upper Freda Formation) (Figure 3; Figure S1 in
Supporting Information S1). That the Oronto Group deposition is conformable with the underlying Midcontinent
Rift volcanics indicates that it accumulated in the rift basin prior to the contractional inversion that uplifted and
tilted the strata (See Section 2.1). Therefore, the timing of initial inversion can be bracketed by a U‐Pb detrital
zircon maximum age constraint from the upper Oronto Group and by a minimum U‐Pb age constraint from post‐
deformational vein calcite in the hanging wall of the Douglas Fault.

The youngest detrital zircon from the upper Freda Formation dated by CA‐ID‐TIMS gave a concordant
206Pb/238U date of 1051.58 ± 1.11 Ma (Figure 6a), which is interpreted as the maximum depositional age of the
uppermost Oronto Group (Section 3 Methods) and the maximum age of structural inversion. Minimum age
constraints on the timing of structural inversion come from a sample of post‐deformational vein calcite (AMF6)
that precipitated within and cross‐cuts a fault zone in the hanging wall of the Douglas Fault (Figures 4, 5, and 7).
AMF6 yielded a date of 1049 ± 13 Ma (Figure 7b), which is interpreted as the crystallization age of the calcite
vein following a period of regional thrust faulting, uplift, and associated deformation. Considering the 2σ un-
certainty associated with the maximum and minimum age constraints (1051.58 ± 1.11 Ma is the maximum age
constraint, 1049 ± 13 Ma is the minimum age constraint) the detrital zircon and vein calcite U‐Pb dates bracket
the initial stage of uplift and deformation associated with structural inversion between 1052 Ma and 1036 Ma.

Clumped isotope analyses on the dated vein calcite sample, AMF6, can be used to estimate the temperature at the
1049 ± 13 Ma time of formation and therefore provide insight on emplacement depth. Since low‐temperature
heating could raise the Δ47‐based temperature of the calcite through solid state reordering without resetting its
age (Passey and Henkes, 2012; Stolper and Eiler, 2015), the measured Δ47‐based temperature can be considered a
maximum temperature of formation. AMF6 yields a Δ47‐based temperature of 54.4 ± 1.7°C, which is interpreted
as the maximum temperature of formation at 1052–1036 Ma following significant structural uplift. It follows that
the Chengwatana Volcanics in the hanging wall of the Douglas Fault that underwent greenschist facies meta-
morphism (Morey, 2001; Wirth et al., 1997) were: (a) buried at least 10 km prior to structural inversion
(Nicholson et al., 2006); and (b) uplifted to crustal levels with cooler temperatures within several kms of the
paleo‐surface prior to vein calcite formation between 1052 and 1036 Ma.

In order to convert the Δ47‐based temperature from vein calcite sample AMF6 into an approximate maximum
crustal depth at the time of formation, we considered several estimates of regional geotherms for the time interval.
One geotherm is derived from a regional metamorphic study of a >2,500‐m‐thick section of St. Croix Group
volcanics in northwestern Wisconsin (Wirth et al., 1997). The calculated geothermal gradient of ∼45°C/km is
comparable to that determined from metamorphic geothermometry of Midcontinent Rift volcanic strata in
northern Michigan (Livnat, 1983). However, more deeply buried strata within the Midcontinent Rift could have
been affected by steepening of the geotherm with depth in a continental rift setting (Sandiford and Powell, 1986).
Shallower geotherms with a geothermal gradient of 25–30°C/km from the overlying Oronto Group at White Pine
in northern Michigan (T. M. Gallagher et al., 2017; Nishioka, 1983) may neglect that the ca. 1050–1030 Ma vein
minerals (Bornhorst et al., 1988; Ruiz et al., 1984) could have precipitated during fault‐driven uplift rather than
during peak burial. Still, other shallow geotherm calculations of ∼30°C/km based on clay mineral diagenesis
during peak burial (Price andMcDowell, 1993) are well‐constrained by updated thickness estimates of the Oronto
Group (Slotznick et al., 2024; Figure S1 in Supporting Information S1) and may even slightly overestimate burial
temperatures. To encompass this uncertainty and range of geotherms for the northern Wisconsin segment of the
Midcontinent Rift, we apply a geothermal gradient of 35 ± 10°C/km corresponding to the timing of AMF6
crystallization. A surface temperature of 30 ± 10°C is estimated given the equatorial latitude of Laurentia
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Figure 8. Integrated constraints on Bayfield Group subsidence and St. Croix uplift on the Douglas Fault (DF). (a) Example of flexural modeling run using Flex2D
(Cardozo & Jordan, 2001) implementing 1 km of uplift on the St. Croix Horst using the line of section in Figure 2. See Methods and Supporting Information S1 for
flexural modeling parameters; (b) Schematic diagram showing thickness of Bayfield Group (left) and Bayfield Group subsidence (right) in response to 815, 1,000, and
1,500 m of St. Croix Horst uplift on the Douglas Fault. Present‐day thickness of Bayfield Group1,2 is estimated as 815 m by Ojakangas et al. (2001) and up to 1,000 m in
this study (Section 2.1). The thickness of eroded Bayfield Group strata is constrained by diagenetic clay mineralogy3 (Figure 8c, Section 5.5, Supporting
Information S1), broken foreland basin sediment accumulation rates4 (Section 5.3; Supporting Information S1), and Δ47‐based thermochronometry5 (Sections 5.1–5.5).
White stars represent Δ47‐based inferred depth range of vein calcite sample AMF6 following formation ca. 1052–1036 Ma, calculated in Figure 5c; (c) The timing and
amount of structural uplift in the hanging wall of the Douglas Fault is calculated from Δ47/U‐Pb thermochronometry of vein calcite sample AMF6 using the geotherms
discussed in Section 5.1. The thickness of the Bayfield Group in the footwall of the Douglas Fault constrains a minimum amount of uplift following AMF6
crystallization (b); (d) Thermometry data from Dypvik (1983) (left) is calibrated for 30%, 50%, and 70% illite and mixed layer illite. Similar illitization temperatures
have been documented in other studies (Salem et al., 2000; Weibel, 1999), and elevated K+ concentrations in the Bayfield Group (Hite, 1968; Myers, 1971) are
consistent with illitization occurring at the lower end of its thermodynamic range (Lanson et al., 2002). Percent Illite abundance (right) from outcrop samples of Bayfield
Group (Myers, 1971) are plotted in a histogram with 10% bins and displaying mean Bayfield Group and Freda Formation illite abundances. Following re‐cratonization
of the Midcontinent Rift, we assume a conservative continental geothermal gradient of 25 ± 5°C/km to convert temperature‐calibrated % illite abundances to crustal
thickness (above present day level of outcrop samples); (e) By applying the minimum and maximum original depositional thicknesses for the Bayfield Group in (b) and
100 m maximum of backbulge subsidence (Currie, 2002; Horton and DeCelles, 1997), relative subsidence contributions are plotted for scenarios involving 815, 1,000,
and 1,500 m of St. Croix Horst uplift along the Douglas Fault, highlighting the significant role likely played by other subsidence drivers such as dynamic subsidence
(i.e., negative dynamic topography; Heine et al., 2008).
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(latitudinal constraints as in Slotznick et al., 2024) and inferred low paleoelevation (as suggested by Stewart
et al., 2023) during Oronto Group deposition. Tropical land temperatures ca. 1050 Ma are uncertain and could
have been warmer in a non‐glacial climate at the time (such as temperatures as high as 35°C estimated for the
Eocene; Zhu et al., 2019). Incorporating appreciably warmer surface temperatures reduces the depth of burial
estimates that follow below. According to these parameters, the dated calcite vein in the hanging wall of the
Douglas Fault precipitated near the paleosurface. Considering error on the Δ47‐based temperature of
54.4 ± 1.7°C, the maximum depth of formation is calculated to be 1.44 km (Figures 8b and 8c). Our estimate of
the maximum depth is revised to 1.5 km, which takes into consideration that some undated vein calcite samples
from the hanging wall of the Douglas Fault have slightly higher Δ47‐based temperatures than the dated AMF6
vein calcite sample (Figure 9; Table S5) and that vertical displacement could be slightly greater along strike.
0.815 km is considered a geological constraint on minimum emplacement depth. This is because the AMF6
calcite vein crystallized prior to Bayfield Group deposition and at least 0.815 km of vertical displacement took
place on the Douglas Fault following the onset of Bayfield Group deposition (Figure 8b). The amount of vertical
slip that occurred following AMF6 crystallization is therefore constrained to be 0.815–1.5 km (Figures 8b
and 8c).

These Δ47/U‐Pb data and associated calculations imply that the majority (≳8.5 km) of the ≳10 km of total
estimated vertical displacement along the Douglas Fault is constrained to have taken place between 1052 and
1036 Ma during the Ottawan phase of the Grenvillian orogeny. The timing and magnitude of the initial inversion
of the Douglas Fault is consistent with Ottawan crustal‐scale inversion on reverse faults in northern Michigan
(Cannon et al., 1993; DeGraff & Carter, 2023), where Ottawan‐aged vein calcite is preserved in the hanging wall
of the Keweenaw Fault (Figure 7, Figures S4–S6 in Supporting Information S1). The Ottawan‐aged vein calcite
samples from the Keweenaw Fault have comparable Δ47‐based temperatures (Table S5; Figure S5 in Supporting
Information S1; Hodgin, Swanson‐Hysell, et al., 2022), which can also be interpreted as maximum temperatures
of formation that precipitated within 1–2 km of the paleosurface. Therefore, since a similar amount of total
vertical displacement has been estimated on the Keweenaw fault (DeGraff & Carter, 2023), this indicates that
similar amounts of Ottawan and post‐Ottawan vertical displacement occurred on both the Douglas and Keweenaw
faults. Taken together, a coherent timing and magnitude of Ottawan structural inversion is inferred across
different segments of the Midcontinent Rift. Given that prograde Ottawan metamorphism can be recognized on

Figure 9. (a) Histogram of compiled Δ47‐based temperatures of Midcontinent Rift calcites that formed during pre‐Ottawan burial/early diagenesis, Grenvillian
mineralization, and late Paleozoic mineralization; (b) Scatterplot of δ13CVPDB and δ18OVPDB values of calcites from the Midcontinent Rift. The compiled midcontinent
data are from veins or sedimentary/diagenetic calcite samples from Bodden et al. (2022) and Mauk et al. (1992). Data from Bodden et al. (2022) are averages of
individual calcite samples analyzed in that study by Secondary Ion Mass Spectrometry, plus compiled data from Bornhorst and Woodruff (1997). Samples from T. M.
Gallagher et al. (2017), Hodgin, Swanson‐Hysell, et al. (2022), and this study that have Δ47‐based temperatures (a) are plotted separately. The sedimentary (seds.) and
diagenetic (diag.) calcite samples come from Midcontinent Rift strata that were subjected to burial prior to structural uplift and deformation during Ottawan phase
Grenvillian orogenesis.

Tectonics 10.1029/2024TC008415

HODGIN ET AL. 14 of 30

 19449194, 2024, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024T

C
008415 by Y

im
ing Z

hang - U
niversity O

f M
innesota L

ib , W
iley O

nline L
ibrary on [21/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the eastern margin of North America as early as ca. 1090 Ma (Swanson‐Hysell et al., 2023), this 1052 to 1036 Ma
timing of uplift implies a 40–50 Ma lag in the transmission of far‐field contractional deformation into the
midcontinent. This timing for far‐field deposition is closer to the ca. 1050 to 1040 Ma age of peak metamorphic
conditions during the long‐lived Ottawan phase of the orogeny (Swanson‐Hysell et al., 2023).

5.2. Geochronological Constraints on Rigolet Inversion of the Douglas Fault

Post‐Ottawan inversion of the Douglas Fault is constrained to less than ∼1.5 km of vertical displacement
(Section 5.1; Figure 8), yet the question remains when final inversion took place. In the footwall of the Douglas
Fault, the Bayfield Group is deformed by 10 to 100‐m‐scale drag and fault propagation folds, indicating that there
was fault motion following its deposition. Due to uncertainty in the age of the Bayfield Group (Craddock
et al., 2013), the timing of its deformation has led to ambiguity on the timing of the Douglas Fault's final sig-
nificant motion. By using paired LA‐ICP‐MS and CA‐ID‐TIMS U‐Pb detrital zircon dating (see Section 3) from
footwall samples, we accurately and precisely constrained the maximum age of Bayfield Group deposition and its
deformation. The youngest CA‐ID‐TIMS U‐Pb detrital zircon 206Pb/238U date from the immediate footwall gave
a maximum depositional age of 1023.79 ± 0.90 Ma. Sample VNP1, located farther from the fault on the Bayfield
Peninsula (Figure 1; Table S1 in Supporting Information S1), had a younger CA‐ID‐TIMS U‐Pb detrital zircon
206Pb/238U date of 995.29 ± 1.70 Ma (Figure 6b), which is interpreted as the maximum depositional age of the
Bayfield Group. These data demonstrate that motion on the Douglas Fault that folded the Bayfield Group
occurred after ca. 1024 Ma, and likely occurred after ca. 995 Ma. The geochronological results are significant in
that the Bayfield Group could have been deposited and deformed during the Rigolet phase (1010–980 Ma) of the
Grenvillian orogeny, when final inversion of the Keweenaw Fault occurred in northern Michigan (Hodgin,
Swanson‐Hysell, et al., 2022).

Correlation of the Bayfield Group, in the footwall of the Douglas Fault, with the Jacobsville Formation, in the
footwall of the Keweenaw fault (Hamblin, 1958; Van Schmuz and Hinze, 1985), gains new support by both
successions containing ca. 995 Ma detrital zircon and thus having similar maximum depositional ages. The
correlation is further supported by: (a) new field evidence for syn‐depositional and early post‐depositional
deformation documented in both units (Figure 5; Section 5.3); and (b) paleomagnetic poles from both units
that are in a very similar position to one another and distinct from other Mesoproterozoic and Neoproterozoic
poles of Laurentia (McCabe and Van der Voo, 1983; Zhang et al., 2024). The correlation implies that the sig-
nificant exhumation, tilting, erosion, and chemical weathering (up to 10 m deep paleosol profiles) that occurred
after Oronto Group deposition and prior to Jacobsville deposition (Gair & Thaden, 1968; B. Gallagher &
Bjornerud, 2021; Hamblin, 1958; Kalliokoski, 1975, 1976, 1982; Lewan, 1972), also occurred prior to Bayfield
deposition.

5.3. Tectonostratigraphic Setting of the Bayfield Group

Geological constraints on Bayfield Group sedimentation require that its tectono‐stratigraphic setting involved
syn‐depositional and early post‐depositional contractional deformation associated with thrust motion on the
Douglas Fault. The evidence in support of syn‐ to early post‐depositional deformation in the Bayfield Group
comes from: (a) footwall fanglomerates and red clay‐rich siltstone beds that pinch out or decrease in abundance
away from the Douglas Fault; (b) clastic neptunian dikes penetrating sandstone beds in the footwall and pene-
trating volcanics in the hanging wall of the Douglas Fault; and (c) a wedge‐shaped basin morphology that thickens
toward the Douglas Fault, consistent with flexural loading from emplacement of the hanging wall during
deposition. Correlation with the Jacobsville Formation brings in additional evidence that gives further insight into
the tectono‐stratigraphic setting of both the Bayfield and Jacobsville successions.

The clast composition and stratal geometry of Bayfield Group conglomerates in proximity to the Douglas Fault
are consistent with syn‐depositional faulting. The clast lithologies include an array of basaltic to intermediate
volcanic rocks and red fine‐grained sandstone, interpreted as derived from the Freda Formation. These lithologies
and associated stratigraphic units occur in the hanging wall, or were previously exposed in the hanging wall prior
to erosion (Figures 1, 2, and 5). The conglomerate beds of the Bayfield Group exposed in proximity to the
Douglas Fault pinch out laterally through the drag folds, such that in equivalent strata >100 m from the fault, the
clasts are either rare or absent (Figures 4 and 5). As observed by Myers (1971), the occurrence of red siltstone
beds (Figure S7 in Supporting Information S1) also decreases away from the fault, a spatial relationship that can
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be explained by weathered volcanic rocks in the hanging wall being the primary source of red silt and clay (Figure
S7 in Supporting Information S1). The conglomerate beds deposited adjacent to the active fault are interpreted as
wedges of fanglomerate, similar to conglomerates deposited adjacent to active thrust faults in compressional
tectonic settings (Song and Wong, 1993) and to analogous deposits in the Jacobsville Formation adjacent to the
Keweenaw Fault, which are also associated with red siltstone beds (Brojanigo, 1984; Zhang et al., 2024). The
interpretation implies that the Douglas and Keweenaw faults periodically intercepted the paleosurface and shed
material from the hanging wall during Bayfield and Jacobsville deposition, respectively (Figure 5).

In addition to syn‐depositional faulting, continued movement of the fault immediately following deposition is
required by the presence of clastic neptunian dikes that penetrate basalt in the hanging wall. The sandstone dikes
are composed of sand that match the color, texture, and composition of deformed Bayfield Group sandstone in the
footwall (Figure 4). Sandstone dikes have also been documented within the Orienta Formation near the Douglas
Fault at Amnicon River (Hite, 1968). The occurrence of the clastic dikes suggests that the Orienta Formation was
unlithified and still contained water such that it became overpressured at the time the hanging wall was emplaced
above it during contractional deformation. This overpressuring would have led to clastic dike emplacement as
observed in other compressional basins undergoing active thrusting (Winslow, 1983). Similar clastic dikes of
Jacobsville sandstone cross‐cut the Jacobsville Formation (Hamblin, 1958) and cross‐cut basalt in the hanging
wall of the Keweenaw Fault on the Keweenaw Peninsula, where the sandstone dikes were also interpreted as syn‐
tectonic (Cornwall, 1955). Growth strata are well‐documented in basal Jacobsville deposits (Hedgman, 1992),
which further suggests that both the onset of deposition and deformation of the Jacobsville occurred within a
compressional tectonic setting. Fold tests on pigmentary hematite magnetization in the Jacobsville Formation in
the footwall of the Keweenaw fault also support the interpretation that deformation of the Jacobsville occurred
soon after deposition (Zhang et al., 2024).

The Bayfield and Jacobsville successions occur as wedge‐shaped basins that thicken toward the Douglas and
Keweenaw faults, respectively. The wedge‐shaped basin morphology is consistent with flexural loading from
emplacement of the hanging wall coinciding with footwall deposition. Such an interpretation is consistent with
the geological evidence presented above for syn‐depositional thrust fault motion and associated deformation in
the Bayfield Group and Jacobsville Formation. Wedge‐shaped compressional basins that thicken toward a fault
and accumulate sediment during hanging wall uplift are generally classified as foreland basins. Given the great
distance (>500 km) from the Grenville Front (Figure 1), the Bayfield basin could be interpreted as an isolated, or
broken, foreland basin (Horton et al., 2022; Strecker et al., 2011). Paleocurrents from the Bayfield‐Jacobsville
successions indicate some transverse and predominantly axial transport (Hedgman, 1992; Kalliokoski, 1982;
Myers, 1971) as observed in and along the main channels of fluvial systems in foreland basins (Burbank &
Raynolds, 1988; Fedo et al., 2003). That the Rigolet phase of the Grenvillian Orogeny is constrained in age
between 1010 and 980 Ma (Swanson‐Hysell et al., 2023) and that the age of the Bayfield Group can be con-
strained to <995 Ma implies a relatively narrow age range for the deposition and deformation of the Bayfield
Group, if it were deformed by late Grenvillian far‐field orogenesis. The evidence for syn‐depositional and early
post‐depositional fault movement supports this interpretation, and it suggests that both deposition and defor-
mation of the Bayfield Group are linked to late Grenvillian far‐field orogenesis within a broken foreland basin.

5.4. Flexural Modeling and Basin Analysis of the Bayfield Group

It was recently proposed that the Jacobsville Formation and Bayfield Group could have been deposited in a
Grenvillian back‐bulge setting during the Rigolet phase of the Grenvillian orogeny (Hodgin, Swanson‐Hysell,
et al., 2022) associated with the ca. 980Ma development of the Grenville Front (Krogh, 1994; Rivers et al., 2012).
The location of the Midcontinent Rift with respect to the Grenville Front (Figure 1) could be consistent with a
back‐bulge setting. However, flexural subsidence associated with the backbulge itself is not sufficient to explain
the thickness of the strata. Rather, ≥1 km of subsidence in each of the Jacobsville and Bayfield basins is at least an
order of magnitude greater than the typical thickness of backbulge deposits (Currie, 2002; Horton and
DeCelles, 1997; Figure 8e). Another potential subsidence mechanism is flexural loading from the hanging wall
during fault emplacement, which is consistent with the wedge‐shaped basins and deeper depocenters of the
Bayfield and Jacobsville successions adjacent to the Douglas and Keweenaw thrust faults, respectively (Sec-
tion 5.3; Figures 2 and 8).
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To investigate the role played by flexural subsidence, our 2D flexural modeling of the Bayfield basin estimates
flexural subsidence in response to uplift of the 41‐km wide St. Croix Horst in the hanging wall of the Douglas
Fault (Figure 8; Supporting Information S1). The modeled scenarios involving loads of 815, 1,000, and 1,500 m
are tuned by geological constraints. The present‐day geometry of the Douglas Fault and the Bayfield Group
requires at least 815 to 1,000 m of St. Croix Horst uplift during Bayfield deposition (Figure 8b; Nicholson
et al., 2006; Ojakangas et al., 2001), which would have driven 310–360 m of flexural subsidence with the chosen
model parameters (Section 3; Figure 8b; Supporting Information S1). Assuming a maximum post‐Ottawan uplift
of 1.5 km (Section 5.1) and that all displacement occurred during Bayfield deposition, it would result in flexural
subsidence of ∼450 m, including the loading from sediment deposited in the accommodation space (Figures 8b
and 8e; Figure S9 in Supporting Information S1).

Given that the original thickness of the Bayfield Group was at least 815 to 1,000 m (Section 5.5; Figure 8b;
Ojakangas et al., 2001) and that flexural subsidence can only account for 310–450 m, other drivers of subsidence
are required. Taking into consideration that the original thickness of the Bayfield Group would have been thicker
prior to erosion, this requires even greater contributions from other subsidence drivers (Figure 8e). To better
quantify the amount of additional subsidence, the original thickness of the Bayfield Group was estimated from its
low‐grade metamorphic clay assemblage and from its estimated sediment accumulation rate (Figure 8b; Sup-
porting Information S1). By applying empirical clay mineral transformation temperatures to the metamorphic
clay assemblage of the Bayfield Group (Myers, 1971) a burial depth range can be estimated (Figures 8b and 8d).
Since distinct clay transformation pathways that lead to the same metamorphic clay assemblage can take place at
different burial temperatures (Lanson et al., 2002), it is essential to develop some constraints on the clay
assemblage at the time of deposition. The common occurrence of mixed layer illite/chlorite in the Bayfield Group
(Myers, 1971), including expandable mixed layer illite/chlorite, indicates that smectite was a significant precursor
clay mineral (Eberl et al., 1986; Lanson et al., 2002; Środoń, 1999) prior to burial diagenesis. Given that smectite
is a common product in the earliest weathering phases of basaltic rocks (Smith et al., 1987), its occurrence could
be expected in the rift basin, although we note that mafic rocks and minerals are readily transformed to kaolinite in
tropical climates (Fisher & Ryan, 2006; Pett‐Ridge et al., 2007; Sak et al., 2004). Authigenic smectite is also
common in floodplain deposits that undergo wetting and drying cycles in monsoonal climates (Huyghe
et al., 2011), which is consistent with the inferred climatic, depositional, and tectonic setting of the Bayfield
Group. The occurrence of disordered kaolinite as the primary kaolinite type in the Bayfield Group (Myers, 1971),
likely indicates formation from a smectite precursor during post‐depositional near‐surface weathering (Amouric
& Olives, 1998; Fisher & Ryan, 2006). Therefore, we infer that the precursor clay minerals of the Bayfield Group
prior to burial diagenesis consisted of a mixture of both smectite and kaolinite.

Temperatures of the illitization of smectite have been characterized in petroleum basins, where the loss of
abundant smectite in favor of illite formation begins to occur at 35–60°C (Dypvik, 1983; Środoń and Eberl, 1984;
Weibel, 1999) followed by chlorite formation at 70–75°C (Weibel, 1999; Worden and Morad, 2009), although
lower temperatures of diagenetic chlorite formation have been documented (Beaufort et al., 2015; Chang
et al., 1986). The clay composition of the Bayfield Group near the surface (∼32% illite and mixed‐layer illite;
Figure 8d) is similar to fluvial successions that were buried to temperatures of 35 to 65°C (Figure 8d; Dyp-
vik, 1983; Salem et al., 2000). Chlorite, which occurs at either trace levels or is absent in upper strata, commonly
occurs in low abundance in the most deeply buried strata of the Bayfield Group (Myers, 1971), which is consistent
with its formation by burial diagenesis. Below the Bayfield Group, the underlying Freda Formation, which was
subjected to ∼100–125°C burial temperatures (T. M. Gallagher et al., 2017; Mauk and Hieshima, 1992; Price and
McDowell, 1993) can have an illite value approaching 100% (Myers, 1971). Given the lower metamorphic grade
of the Bayfield Group compared to the underlying Freda Formation, this suggests that lower temperatures in the
Bayfield Group associated with burial diagenesis are reasonable. Assuming illite formation primarily from
kaolinite and at >90°C (Lanson et al., 2002) is therefore inconsistent with the differences in metamorphic grade
between the Freda Formation and Bayfield Group. We note that illite formation from kaolinite can occur at
temperatures of ≳70°C (Akinlotan et al., 2022; Worden and Morad, 2009) or at even lower temperatures in the
presence of brines (Freiburg et al., 2022; Grathoff et al., 2001). Elevated potassium cation concentrations in the
Bayfield Group (Hite, 1968; Myers, 1971) are consistent with illitization occurring at the lower end of its
thermodynamic range (Lanson et al., 2002) and elevated boron concentrations within fluvial facies of the Bayfield
Group (Myers, 1971) are also consistent with the influence of diagenetic brines.
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By assuming a surface temperature of 30± 10°C and a geothermal gradient of 25± 5°C/km, the clay assemblage
data from Myers (1971) are used to estimate a burial depth range (Figure 8d). Using a linear extrapolation, illite
and mixed‐layer illite thermometry data from Dypvik (1983) were applied to corresponding illite and mixed‐layer
illite percentages from the Bayfield Group (Figure 8d). From this calculation, the preserved Bayfield Group is
estimated to have been buried by 533 to 1,817 m of additional strata. Given underlying uncertainties in the clay
transformation temperature calibrations, we more conservatively revise the estimated range of additional burial to
0.5–2 km. The 0.5–2 km estimate of eroded Bayfield strata therefore yields an original Bayfield Group thickness
of 815–1,000 m (preserved) + 500–2,000 m (eroded), or 1,315–3,000 m (Figures 8b and 8e). The minimum
original thickness (1,315 m) in the stacked bar chart of Figure 8e is shown as a function of the different con-
tributors to total subsidence. As a point of comparison to the 0.5–2 km estimate of eroded Bayfield strata, our
sediment accumulation rate analysis (Figure 8b; Supporting Information S1) implies a maximum of 1,500 m of
additional strata. These estimates underscore that: (a) significant erosional removal of Bayfield Group strata
occurred, although less than 1.5–2 km; and (b) flexural loading can account for only ¼ to ⅕ of total Bayfield
subsidence (Figure 8e), which must therefore be explained by other subsidence drivers.

One potential mechanism that could explain additional subsidence is lingering thermal subsidence as upwelled
asthenosphere during rifting and a localized magmatic underplate (Chichester et al., 2018) continued to cool even
after 10–30 km of Ottawan crustal inversion in the Midcontinent Rift (Cannon et al., 1993). In continental rift
basins undergoing inversion, there can be competing effects of lingering subsidence through postrift cooling and
sediment loading versus uplift resulting from contraction (Oravecz et al., 2024). These competing effects can lead
to temporal and spatial variations in subsidence versus uplift modulated by the rate of contractional deformation
(Oravecz et al., 2024). During Bayfield deposition, contractional deformation and local uplift resulted in the
hanging wall penetrating the surface while residual thermal subsidence could have been a driver of broader
regional subsidence. One challenge of invoking significant contributions from lingering thermal subsidence is the
significant time gap between Ottawan deformation and subsequent Bayfield‐Jacobsville sedimentation and that
the onset and duration of Bayfield‐Jacobsville deposition is temporally, structurally, and sedimentologically
linked with contractional deformation.

Another potential mechanism is dynamic subsidence (i.e., negative dynamic topography) associated with mantle
downwelling (Heine et al., 2008). The closure of the Unimos Ocean with Laurentia on the lower plate drove rapid
plate motion leading up to Grenvillian collisional orogenesis (Swanson‐Hysell et al., 2019, 2023). Long‐lived
contraction during the Grenvillian orogeny could be associated with the orogen remaining atop a zone of
downwelling that was established during the subduction that closed the ocean basin (Swanson‐Hysell
et al., 2019). Paleomagnetic data from the Jacobsville Formation (Zhang et al., 2024) establish that Laurentia
slowly drifted over the position in the asthenosphere where subduction had previously occurred by the time of
Jacobsville‐Bayfield Group deposition (Figure S10 in Supporting Information S1). In this position, there is the
possibility that continued downwelling mantle flow induced broad lithospheric subsidence.

Another mechanism to consider is long‐wavelength dynamic subsidence linked to subduction‐related mantle flow
beneath Laurentia, as observed in the Cretaceous foreland of the Cordilleran Laramide orogeny involving sub-
duction under Laurentia's western margin (Li and Aschoff, 2022; Mitrovica et al., 1989). Such a mechanism has
the appeal of being consistent with the timing of Rigolet phase orogenesis. However, considering that Laurentia
was on the lower plate of the Grenvillian collision (Hynes and Rivers, 2010), it may be infeasible to invoke this
mechanism. Yet, there is significant uncertainty in Grenvillian reconstructions due largely to subsequent tectonic
fragmentation (Cordani et al., 2005; Ramos, 2010) of the once wider Grenville orogen (Hynes and Rivers, 2010;
Rivers et al., 2012). The possibility of subduction, and associated dynamic subsidence, beneath Laurentia during
the Rigolet could thus remain possible since commonly identified conjugate terranes with Grenvillian basement,
such as Oaxaquia, have been interpreted as having a potential west‐dipping subduction zone beneath outermost/
easternmost structural domains (Cawood & Pisarevsky, 2017; Keppie and Gutiérrez, 2010; Solari et al., 2003).
While such unresolved aspects of the Grenville orogen are beyond the scope of this paper, we may not be able to
rule out a scenario involving long‐wavelength dynamic subsidence under a once much wider Grenville orogen
that was initiated during the Rigolet phase.

Finally, we address the expected spatial distribution of sedimentation associated with the potential mechanisms
for driving the required additional Bayfield‐Jacobsville subsidence and whether correlative units outside the
Midcontinent Rift are preserved on Laurentia. Some of the potential driving mechanisms, such as backbulge
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flexure or lingering thermal subsidence, would have been more spatially restricted to the Midcontinent Rift,
whereas other dynamic mechanisms could have resulted in broader continental‐scale subsidence consistent with
the hypothesized “Great Grenvillian sedimentation episode” (Rainbird et al., 2011). A continental‐scale subsi-
dence mechanism could explain distal remnants of a widespread transcontinental Grenvillian fluvial system
preserved within the Amundsen andMackenzie basins in northwestern Canada that are potentially the same age as
the Bayfield‐Jacobsville successions (Greenman et al., 2021; Rainbird et al., 2017; Rayner and Rainbird, 2013;
van Acken et al., 2013). Existing geochronological, lithological, provenance, and paleocurrent data (Ielpi and
Rainbird, 2016; Rainbird et al., 1992, 2011, 2017) support the existence of a late‐Grenvillian transcontinental
fluvial system to which the Bayfield‐Jacobsville may have been connected (Fedo et al., 2003; Rainbird
et al., 2011). Other provenance studies also support the existence of transcontinental rivers originating from the
Grenville orogen extending into southwestern Laurentia (Fedo et al., 2003; Hantsche et al., 2021; Howard
et al., 2015). If disparate remnants of ca. 1000 Ma fluvial successions can be correlated, then a continental‐scale
dynamic mechanism may be required to explain the Bayfield‐Jacobsville foreland system within a vast, trans-
continental framework.

5.5. Late Paleozoic Calcite Precipitation and Constraints on Regional Exhumation

Late‐stage vein calcite from the Douglas Fault can be used to assess post‐Grenvillian fault reactivation and to gain
additional insight on the time‐temperature history of the region between ca. 980 Ma and the present. Sample
AMF5, which comes from a thin calcite vein along the Douglas Fault plane, yielded a U‐Pb lower intercept date of
298.5 ± 50.3 Ma (Figure 7a) and a Δ47‐based temperature of 33.0°C. An overlapping Paleozoic U‐Pb calcite
isochron date of 378 ± 151 Ma from Keweenaw Fault zone sample LLB6 (Figure 7f and Figure S4 in Supporting
Information S1; Hodgin, Swanson‐Hysell, et al., 2022), suggests that Paleozoic fault reactivation in the Mid-
continent Rift is regional in extent. Where Paleozoic reactivation of thrusting on the Douglas Fault has been
documented, the maximum associated offset is ∼60 m (Setterholm, 2010). The δ13C and δ18Ο values of the ca.
300 Ma calcite are similar to those from AMF2 and AMF3 (Figure 9b), which are from thin, fibrous calcite veins
that formed by a crack‐seal mechanism in a tensional stress regime directly on or immediately adjacent to the
Douglas Fault plane. The latter samples, which are considered the latest stage of calcite generation because they
are undeformed and effectively seal the fault, have a similar Δ47‐based temperature of 38.3 ± 2.3°C (Figure 9a).
These results are interpreted to indicate that minor far‐field contractional stress associated with minimal thrust
fault reactivation and fluid mobilization was transmitted into the midcontinent in the Paleozoic, potentially during
the continent‐continent collision of the Alleghanian orogeny (Hatcher et al., 1989). The data are interpreted to
constrain nearly all post‐Ottawan slip on the Douglas Fault as occurring during the Rigolet phase of the Gren-
villian orogeny. The ∼35°C temperature of ca. 300 Ma late‐stage calcite and associated fibrous vein calcite is
consistent with minor burial under several hundred meters of Paleozoic strata prior to Pleistocene glacial erosion.
The study sites escaped more significant km‐scale Paleozoic deposition and Mesozoic unroofing that occurred to
the northeast, in southern Ontario (Sturrock et al., 2024), as well as more significant Paleozoic deposition to the
south, in the Illinois Basin (Freiburg et al., 2022). While there are sites nearby, such as the Lake Superior basin,
where more significant Pleistocene subglacial erosion occurred (Wright, 1973), the region of our study sites in
northern Wisconsin and Michigan underwent comparatively less Pleistocene glacial erosion (Naylor et al., 2021).
During the Phanerozoic, the study sites in northern Wisconsin in proximity to the Wisconsin Arch (Bunker
et al., 1988) have therefore been comparatively stable in the midcontinent region.

5.6. Constraints on the Great Unconformity

The cratonic interior of North America has been identified as an important testing grounds for the debated timing,
mechanisms, and total amount of continental erosion over the last billion years (McDannell et al., 2022; Peak
et al., 2023). In particular, potentially low long‐term erosion rates in the cratonic interior make the region ideal for
constraining continental erosion minima, which can be used to differentiate between models that make differing
predictions of the amount and timing of erosion prior to the transgression that formed the Great Unconformity.
Our study sites are located in proximity to regional exposures of the Great Unconformity, which consists of a
sharp depositional contact between Cambrian marine sandstones and the underlying Precambrian rocks (Figure 1;
Hamblin, 1958; Runkel et al., 2007; Sloss, 1963), representing a hiatus of ≥475 Ma (Hodgin, Swanson‐Hysell,
et al., 2022). The Great Unconformity can be subtle in the region, juxtaposing low‐grade, flat‐lying Cambrian
sandstone above low‐grade, flat‐lying early Neoproterozoic sandstone (Hamblin, 1958; Hodgin, Swanson‐Hysell,
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et al., 2022). A glacial origin of the Great Unconformity has been proposed to be associated with widespread 3–
5 km of upper crustal continental erosion during the Cryogenian Period (Keller et al., 2019; McDannell
et al., 2022), whereas a tectonic origin has predicted multiple episodes of erosion (Flowers et al., 2020; Peak
et al., 2023). The low‐grade and generally flat‐lying Bayfield Group and equivalents that underlie Cambrian strata
represent a potential erosion minimum of this iconic hiatus.

New constraints compiled and analyzed in the previous section suggest that no more than 0.5–2 km of erosion
took place between the end of Bayfield Group deposition ca. 980 Ma and the onset of Cambrian deposition. This
amount of upper crustal erosion is less than the 3–5 km argued by the hypothesis that Cryogenian subglacial
erosion created the Great Unconformity (Keller et al., 2019; McDannell et al., 2022) although those workers have
noted that glacial erosion is expected to be spatially heterogeneous. The data compiled here indicate that this
region could not have been one that was deeply eroded during the Cryogenian. As presented in Hoffman (2023),
rates that have been calculated for Snowball Earth glacial sediment accumulation are an order of magnitude less
than those implied by the Keller et al. (2019) erosion magnitude. The hypothesis of minimal subglacial erosion for
much of the duration of the Cryogenian Snowball Earth glaciation can be supported by observations of minimal
subglacial erosion for 10s of Myr, and even protective shielding of ancient topography, beneath the East Antarctic
Ice Sheet (Cox et al., 2010; Creyts et al., 2014; Jamieson et al., 2010).

The setting of theEastAntarctic Ice Sheetmaybe the best Snowball ice sheet analog onEarth (Hoffman et al., 2017)
given interpretations of aweakhydrologic cycle during the Snowball climate state (Abbot, 2014;Abbot et al., 2013;
Goddéris et al., 2011; Hoffman et al., 2017; Pierrehumbert et al., 2011; Voigt, 2013). Glacial erosion associated
with Cryogenian glaciation would therefore be concentrated during the interval of Snowball meltback when there
could have been dynamic wet‐based and erosive ice sheets. Further analyses from the region will be required to
more precisely determine the amount (∼0.5–2 km) of post‐Grenvillian erosion and how much can be attributed to
Cryogenian subglacial erosion versus Cryogenian‐Ediacaran regional exhumation (Figure 10; Peak et al., 2023).

6. Summary and Conclusion
In this study, we present an updated history of Midcontinent Rift structural inversion that assesses the timing and
magnitude of far–field orogenesis. Thermal subsidence in the Midcontinent Rift was ongoing until at least
1052 Ma, as constrained by a new CA‐ID‐TIMS U‐Pb maximum depositional age constraint on detrital zircon
from the upper Freda Formation of the Oronto Group in northernMichigan. Subsequent structural inversion of the
Midcontinent Rift along the Douglas Fault in northern Wisconsin is constrained by post‐deformational vein
calcite dated by U‐Pb LA‐ICP‐MS geochronology in its hanging wall at 1049 ± 13 Ma. Combined, the U‐Pb
zircon and U‐Pb vein calcite dates bracket the initial stage of structural inversion to have occurred between
1052 and 1036 Ma, during the Ottawan phase of the Grenvillian orogeny. Using clumped isotope analyses, the
dated Ottawan vein calcite also yielded a maximum temperature of formation, pertaining to an interpreted crustal
depth of ∼1–1.5 km. This indicates that of the ∼10 km of total estimated vertical displacement on the Douglas
Fault that 8.5–9 km had occurred by the time the vein calcite formed between 1052 and 1036 Ma. That the
majority of structural inversion along the Douglas Fault occurred during Ottawan far–field orogenesis is
consistent with thermochronometric data from the Keweenaw Fault in northern Michigan (Figure 7, Figures S4
and S5 in Supporting Information S1) and from other thrust faults that accommodated structural inversion of the
Midcontinent Rift (Cannon et al., 1993). The timing of Ottawan structural inversion in the Midcontinent Rift
began 40–50 Ma after the onset of Ottawan orogenesis in eastern North America, indicating a significant delay in
the transmission of far‐field orogenesis into the continent interior.

Following Ottawan structural inversion, which deformed and tilted the underlying Midcontinent Rift strata, an
interval ensued that involved significant landscape incision and paleosol development (Hamblin, 1958; Kallio-
koski, 1975; Lewan, 1972). The Bayfield Group, which is deformed by drag and fault propagation folds in the
footwall of the Douglas Fault, was deposited on the underlying Midcontinent Rift strata with angular uncon-
formity, and was therefore deformed by post‐Ottawan motion on the fault. The youngest detrital zircon from the
Bayfield Group dated by CA‐ID‐TIMS yields a maximum depositional age of 995.29 ± 1.70 Ma, which supports
its correlation with the <993 Ma Jacobsville Formation in northern Michigan (Hodgin, Swanson‐Hysell,
et al., 2022). Our interpretation of the onset of Bayfield Group deposition is informed by geological evidence of a
hiatus following Ottawan inversion (Hamblin, 1958), new maximum depositional age constraints (Figure 6), and
by widespread evidence of syn‐sedimentary thrust faulting in a compressional stress regime. Bayfield Group
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fanglomerates in the footwall of the Douglas Fault, clastic dikes of Bayfield Group sandstone in the hanging wall
of the Douglas Fault (Figures 4 and 5), and a wedge‐shaped basin morphology adjacent to the Douglas Fault
provide evidence of syn‐ to early post‐depositional fault motion in a flexural foreland basin. Footwall fan-
glomerates of the Jacobsville Formation (Brojanigo, 1984; Hodgin, Swanson‐Hysell, et al., 2022; Zhang
et al., 2024), associated clastic dikes in the hanging wall of the Keweenaw Fault (Cornwall, 1955), and a wedge‐
shaped basin morphology adjacent to the Keweenaw Fault are also observed in northern Michigan, indicating that
the correlated Bayfield and Jacobsville units both experienced syn‐ to early post‐depositional deformation in
correlative foreland basin systems during the 1010–980 Ma Rigolet phase of the Grenvillian Orogeny.

Figure 10. Time‐temperature path for paired Δ47/U‐Pb calcite thermochronometry compiled with existing data on peak
metamorphism in the Chengwatana basalt (Wirth et al., 1997) and Bayfield Group (Myers, 1971). Low‐latitude surface
temperatures (Slotznick et al., 2024; Swanson‐Hysell and Macdonald, 2017; Zhang et al., 2024) are assigned as 30 ± 10°C
for the Precambrian and 25 ± 10°C for the Paleozoic (Section 5.1); mid‐ to high‐latitude surface temperatures (Swanson‐
Hysell et al., 2019) are assigned as 10± 10°C. The cross‐hatched interval in Regional Uplift during Rodinia Breakup is from
590 to 577 Ma, the interval of extensive regional uplift in the midcontinent based on regional U‐Th/He data (Peak
et al., 2023). Slightly older (<650 Ma) regional tectonic uplift is permitted from the U‐Th/He data of Sturrock et al. (2021).
Neoproterozoic uplift and erosion scenario 1 is driven primarily by Cryogenian subglacial erosion in the scenario of Keller
et al. (2019), though with smaller magnitude of erosion. The minimum 4He/3He hematite temperature constraint shown
(sample: MI‐81; Farley & McKeon, 2015) is from the study region just east of the Wisconsin‐Michigan border. Thermal
uncertainty from MI‐81 is due to the sample coming from an unknown depth 0–750 m below the base of the Jacobsville
Formation, which is correlated with the Bayfield Group. Neoproterozoic uplift and erosion scenario 2 is driven primarily by
uplift during break‐up of the supercontinent Rodinia (Peak et al., 2023).
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On top of the 0.8–1 km of Bayfield Group strata that are currently preserved in the footwall of the Douglas
Fault, our basin analysis demonstrates the accumulation of an additional 0.5–2 km of now‐eroded Bayfield
Group strata. This analysis permits an assessment of Bayfield‐Jacobsville basin‐forming mechanisms that
informs the subsequent tectonic and erosional history of the region. Flexure due to thrust fault uplift is
identified as an important contributor to the overall subsidence of Bayfield‐Jacobsville basin formation and
minor contributions from back bulge subsidence and lingering thermal subsidence are possible, yet the
dominant contributor to Bayfield‐Jacobsville subsidence was likely due to dynamic subsidence. Given that
Laurentia was on the lower plate of the Grenvillian collision, long wavelength mantle flow associated with
subduction under Laurentia likely cannot be invoked. Instead, we propose another scenario in which the
closure of the Unimos Ocean with Laurentia on the lower plate, which drove rapid plate motions leading up to
Grenvillian collisional orogenesis (Swanson‐Hysell et al., 2019, 2023), was associated with a vigorous
downwelling zone in the mantle. Paleomagnetic data from the Jacobsville Formation (Zhang et al., 2024)
establish that during the Grenvillian orogeny Laurentia slowly drifted over the position in the asthenosphere
where subduction had previously occurred by the time of Jacobsville/Bayfield Group deposition (Figure S10
in Supporting Information S1). In this position, there is the possibility that mantle flow induced lithospheric
subsidence (Heine et al., 2008). A continental‐scale driver of dynamic subsidence may be required if basins
interpreted as transcontinental fluvial systems in northwestern Laurentia that carry late‐Grenvillian detritus are
correlative with the Bayfield‐Jacobsville (Ielpi and Rainbird, 2016; Rainbird et al., 1992, 2011, 2017; Rayner
and Rainbird, 2013).

In combination with other data sets and basin analysis, the method of Δ47/U‐Pb calcite thermochronometry
(Looser et al., 2021; Mangenot et al., 2018) is used to infer a time‐temperature and erosional history of the
region. The data imply less than 2 km of additional Bayfield Group strata and less than 2 km of erosion
below Cambrian strata. The Bayfield Group and Jacobsville Formation may thus be vestiges of an extensive
late‐Grenvillian foreland basin, that was largely eroded by subglacial Cryogenian glaciation (Keller
et al., 2019) and/or by tectonic uplift during break‐up of the supercontinent Rodinia (Peak et al., 2023). The
results from the Midcontinent Rift highlight the existence of a North American Neoproterozoic erosion
minimum of less than 2 km below Cambrian strata that mark the Great Unconformity. This amount of
erosion contrasts with the 3–5 km predicted by a Neoproterozoic glacial origin of the Great Unconformity
(Keller et al., 2019).

Late‐stage (ca. 300 Ma) vein calcite along the Douglas and Keweenaw faults was also identified, which likely
formed due to the transmission of far‐field stress into the midcontinent during Paleozoic orogenesis. We note that
Paleozoic orogenesis has been linked to no more than ∼60 m of displacement along the Douglas Fault (Setter-
holm, 2010). This restricts the timing of major km‐scale episodes of far‐field orogenesis into the North American
midcontinent interior as occurring during Grenvillian orogenesis. Δ47‐based thermochronometry from Paleozoic
vein calcite samples is approximately consistent with surface temperatures at the time (Peppers, 1996; Roark
et al., 2017), suggesting that minimal uplift or erosion has occurred in the study area since the Paleozoic. The
Paleozoic constraints on far‐field orogenesis aid in clarifying that the final stage of significant inversion occurred
during the Rigolet phase of the Grenvillian orogeny and that our study area in the cratonic interior of North
America has remained remarkably stable for nearly a billion years.

Data Availability Statement
The data and software needed to understand and evaluate the reported research can be found in the main text,
supplement, and references. All data associated with the manuscript will also be made available within a Github
repository specifically associated with this work at https://github.com/Swanson‐Hysell‐Group and archived on
Zenodo (https://zenodo.org).
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