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Abstract The ca. 1.83 Ga Trans-Hudson orogeny resulted from collision of an upper plate consisting
of the Hearne, Rae, and Slave provinces with a lower plate consisting of the Superior province. While the
geologic record of ca. 1.83 Ga peak metamorphism within the orogen suggests that these provinces were
a single amalgamated craton from this time onward, a lack of paleomagnetic poles from the Superior
province following Trans-Hudson orogenesis has made this coherency difficult to test. We develop a
high-quality paleomagnetic pole for northeast-trending diabase dikes of the post-Penokean orogen
East-Central Minnesota Batholith (pole longitude: 265.8°; pole latitude: 20.4°; Aqs: 4.5°; K: 45.6 N: 23)
whose age we constrain to be 1,779.1 + 2.3 Ma (95% CI) with new U-Pb dates. Demagnetization and
low-temperature magnetometry experiments establish dike remanence be held by low-Ti titanomagnetite.
Thermochronology data constrain the intrusions to have cooled below magnetite blocking temperatures
upon initial emplacement with a mild subsequent thermal history within the stable craton. The similarity
of this new Superior province pole with poles from the Slave and Rae provinces establishes the coherency
of Laurentia following Trans-Hudson orogenesis. This consistency supports interpretations that older
discrepant 2.22-1.87 Ga pole positions between the provinces are the result of differential motion through
mobile-lid plate tectonics. The new pole supports the northern Europe and North America connection
between the Laurentia and Fennoscandia cratons. The pole can be used to jointly reconstruct these cratons
ca. 1,780 Ma strengthening the paleogeographic position of these major constituents of the hypothesized
late Paleoproterozoic supercontinent Nuna.

Plain Language Summary North America is a really old continent. Geologists refer to

the ancient interior of North America as Laurentia. Laurentia first formed around 1.8 billion years ago
when microcontinents collided into each other forming the Trans-Hudson mountain belt. We know that
continents move through time and that Laurentia must have been in a different place. We can determine
the ancient position by using the magnetism of rocks formed from cooling magma. Magnetic minerals in
rocks act like frozen compass needles that tell us which way was north for the continent and how close

it was to the equator. In this research, we developed magnetic data from rocks that formed 1.78 billion
years ago in Minnesota, USA. We were able to determine how old the rocks are by measuring the uranium
in minerals. We can compare this magnetic direction to rocks of the same age from far on the other side
of Laurentia (in Arctic Canada). This comparison confirms that the regions were together following

the Trans-Hudson mountain building (and that they were joined with a big piece of northern Europe).
Magnetic directions from older rocks are distinct between the microcontinents as they traveled separately
through plate tectonics prior to their collision.

1. Introduction

In the Orosirian Period of the Paleoproterozoic Era, a series of collisional orogenies led to the amalgama-
tion of Archean provinces to form the core of the Laurentia craton (Figure 1; Hoffman, 1988; Whitmeyer
& Karlstrom, 2007). The most significant of these orogenies was the ca. 1,850-1,800 Ma Trans-Hudson
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Figure 1. Map of Laurentia showing the location of Archean provinces and younger Proterozoic crust (simplified from Whitmeyer & Karlstrom, 2007). The
localities of paleomagnetic poles that constrain Laurentia’'s position just after its amalgamation are shown with stars including the new pole from this study
developed from the East-Central Minnesota Batholith (ECMB). The outline of the state of Minnesota around the ECMB blue star is the region for the geologic
map in the right panel. This map shows interpreted Precambrian geology for the state of Minnesota (simplified from Jirsa et al., 2012) including in regions
covered by Phanerozoic sedimentary rocks where the Precambrian bedrock is inferred from geophysical data and drill cores.

orogeny associated with the collision between the Superior province and the Churchill province which
comprised a composite of the Slave, Hearne and Rae provinces (Figure 1; Weller & St-Onge, 2017). The
length of the orogen as well as the pressure-temperature of metamorphism within it are similar to that of
continent-continent collision within the Himalayan orogen (Weller & St-Onge, 2017). The terminal closure
of the intervening ocean basin between the Superior and composite Slave + Hearne + Rae provinces is
interpreted in paleogeographic models to be associated not only with the assembly of Laurentia, but also
with the conjoining of other continents into the hypothesized supercontinent Nuna (Pehrsson et al., 2015).

The rapid Paleoproterozoic amalgamation of the Laurentia craton led to the large persistent area of con-
tinental lithosphere that would grow further through accretionary orogenesis subsequently in the Paleo-
proterozoic Era and through the Mesoproterozoic Era (Whitmeyer & Karlstrom, 2007). This subsequent
orogenesis along the southern to eastern margin of Laurentia (present-day coordinates) indicates that it was
a long-lived accretionary margin (Karlstrom et al., 2001; Whitmeyer & Karlstrom, 2007). This accretionary
margin has been interpreted to have extended beyond Laurentia and have continued onto Baltica and Aus-
tralia (Karlstrom et al., 2001). Based on correlation of Archean provinces and Paleoproterozoic orogenic
belts, Gower et al. (1990) reconstructed Baltica to Laurentia in a position known as the NENA (northern
Europe and North America) configuration. This reconstruction is compatible with existing paleomagnetic
constraints from ca. 1,750 to 1,270 Ma (Evans & Pisarevsky, 2008) and these conjoined cratons feature as a
major component of the hypothesized Nuna supercontinent (Evans & Mitchell, 2011; Zhang et al., 2012).

Additional data that constrain the paleogeographic position of Laurentia from the time just following the
Trans-Hudson orogeny can test the hypothesis of the unity of Laurentia's Archean provinces, establish the
position of the newly amalgamated Laurentia, and thereby enable tests of hypothesized connections with
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Figure 2. Left panel: Locations of paleomagnetic sites of the northeast-trending dikes (NED) and a northwest-trending dike (NWD) within the Rockville
Granite, Reformatory Granodiorite and St. Cloud Granite of the East-Central Minnesota Batholith (ECMB) (bedrock geology from Boerboom et al. (1995) and
shown in UTM zone 15°N WGS 84 coordinate reference system such that each axis tick is 1 km). Within regions of the mapped St. Cloud Granite there is more
complex interfingering of that granite with the Reformatory Granodiorite than is shown. The strikes of the dikes are shown as lines (black when measured

on that dike; gray when using the overall mean orientation from the measured NED dikes). The location of the QP1 and ECMB6 geochronology samples are
shown. The ECMB4 geochronology sample was collected ~18 km SW of the western edge of the map, in the Richmond Granite which cross-cuts the Rockville
Granite and is younger than the NED dikes. Right panel: The orientations of dikes. Each individual dike orientation is the mean of multiple measurements

on that dike. The mean of the poles to the NED planes is shown with a red dot and a 95% confidence ellipse on the mean calculated with Fisher statistics. This
confidence ellipse intersects the equator indicating that the mean plane cannot be distinguished from vertical.

other cratons. This study develops a new paleomagnetic pole for Laurentia from ca. 1,780 Ma diabase dikes
of the East-Central Minnesota Batholith (ECMB) that provides such constraints.

2. Geologic Setting

Coeval with collisional orogenesis between the assembling Archean provinces that formed Laurentia's core
was the ca. 1,860 to 1,820 Ma accretionary Penokean orogeny along the southern margin of the Superior
Province (Figure 1; Schulz & Cannon, 2007). Penokean orogenesis resulted from island-arc and microcon-
tinent collisions with the Superior Province that led to metamorphism of Superior Province lithologies
and development of a foreland basin (Holm et al., 2019; Schulz & Cannon, 2007). Following the Penokean
orogeny, there was voluminous magmatism along the southeastern margin of the west Superior Province
resulting in the emplacement of the ca. 1,780 Ma ECMB and other coeval post-orogenic plutons (Figure 1;
Boerboom et al., 2005; Holm et al., 2005; Schmitz et al., 2018). While the ECMB is dominantly comprised
of felsic to intermediate plutons, mafic magmas were also generated and commingled with the more abun-
dant felsic magmas throughout the interval of batholith generation as evidenced by mafic enclaves with-
in some of the plutons (Boerboom et al., 2005, 2011; Schmitz et al., 2018). Mafic melt within the ECMB
also led to the emplacement of a set of near-vertical northeast-trending diabase dikes (Figure 2; Boerboom
et al., 2005). The dikes have chilled margins and are typically 1-3 m wide with widths up to 8 meters (Bo-
erboom et al., 2005). As with the granites they intrude, the dikes have primary igneous texture and no met-
amorphic fabric (Boerboom et al., 2005). They have experienced variable low-grade alteration such as al-
bitization and sericitization of plagioclase and the formation of pyrrhotite. These diabase dikes are present
within all of the granitoid units of the ECMB (e.g., St. Cloud Granite, Rockville Granite, and Reformatory
Granodiorite; Figure 2) with the exception of the youngest Richmond Granite. Throughout the field area,
the dikes are exposed both in glacially-polished pavement outcrops and in numerous inactive and active
dimension stone granite quarries. Northeast-trending diabase dikes are present in all of the quarries in the
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Rockville Granite, St. Cloud Granite as well as in the Reformatory granodiorite, regardless of the size of the
quarry, as well as in many natural bedrock outcrops. In many of the old inactive quarries, the north and/
or south quarry walls are marked by the planar surface of a diabase dike contact, where the rock naturally
separates, often resulting in elongated northeast-southwest shapes to the quarry pits. In contrast, no diabase
dikes have been found in the quarries or natural exposures of the Richmond granite. Although this granite
does not contain as many quarries and there are fewer natural outcrops, the lack of diabase dikes contrasts
sharply with the numerous dikes present in the other nearby granites, where an equivalent exposed surface
area would contain numerous diabase dikes. This absence indicates that the younger Richmond Granite
post-dates the intrusion of the diabase dikes into the St. Cloud Granite, Rockville Granite, and Reformatory
Granodiorite.

There are also quartz-feldspar porphyry dikes with the same northeast-trending direction as the diabase
dikes found in all the granitoids also with the exception of the Richmond Granite (Boerboom et al., 2005).
These porphyritic microgranite dikes have chilled, and locally flow-banded, margins. One has been ob-
served to have intruded into a northeast-trending diabase dike and another has textures consistent with
commingling of magmas between the felsic dike and adjacent diabase dike indicative of synchronous em-
placement (Boerboom & Holm, 2000). The Richmond Granite has trachytoid magmatic fabric defined by
aligned potassium-feldspar phenocrysts that share the same orientation with the northeast-trending dikes
(Boerboom & Holm, 2000), indicating that this orientation is associated with a persistent regional stress
field throughout the interval of magma emplacement and dike formation. These field relationships indi-
cate that the quartz-feldspar porphyry and diabase dikes are comagmatic with the batholith. The diabase
dikes are constrained to be younger than the St. Cloud Granite (new U-Pb date of 1,781.44 + 0.51 Ma; 20
analytical uncertainty) which they pervasively intrude, older than the Richmond Granite (new U-Pb date of
1,776.76 + 0.49 Ma) in which they are absent, and similar in age to the quartz-feldspar porphyry dikes (new
U-Pb date of 1,780.78 + 0.45 Ma).

3. Paleomagnetic Methods and Results

Oriented samples for paleomagnetism were collected and analyzed from 36 of the northeast-trending dikes
of the ECMB and one northwest-trending dike (Figure 2). Each sampled dike constituted a paleomagnetic
site in our site naming scheme. These sites were concentrated in and around Stearns County Quarry Park
near the city of St. Cloud (Figure 2). Samples were collected from the dikes with a gas-powered drill and
oriented in the field with a Pomeroy orienting fixture. The azimuthal orientations of the cores were deter-
mined either through sun or magnetic compass depending on cloud cover. Sun compass directions were
preferentially used when available. When magnetic compass data were used they were corrected for local
magnetic declination using the International Geomagnetic Reference Field model (Thébault et al., 2015).
Specimens from the oriented samples were analyzed in the UC Berkeley Paleomagnetism lab using a 2G
DC-SQUID magnetometer. Samples either underwent stepwise alternating field (AF) or thermal demag-
netization. Thermal demagnetization was accomplished using an ASC thermal demagnetizer (residual
fields < 10 nT). AF demagnetization was conducted with inline coils that utilize a Crest Amplifier paired
with an Adwin controller to develop a well-controlled waveform. All paleomagnetic data developed in this
study are available at the measurement level in the MagIC database (https://www.earthref.org/MagIC/
doi/10.1029/2021TC006751).

Typical behaviors of sample remanence during demagnetization are illustrated for representative speci-
mens in Figure 3. AF demagnetization data typically reveal three components: a small low-coercivity com-
ponent approximately aligned with Earth's present local field in the study region that was typically removed
below 10 mT; a medium-coercivity component that is steep and was dominantly removed between 10 and
60 mT; and a high-coercivity component that was subsequently removed incompletely as demagnetiza-
tion progressed to 130 mT. These components are present to varying degrees within individual specimens
(Figure 3).

Sister specimens from some samples underwent thermal and AF demagnetization which provides addition-
al insight into the carriers of the components through comparison of the thermal and AF demagnetization
spectra (such as NED2-8 in Figure 3). These data reveal that the low-coercivity component direction is
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Figure 3. Paleomagnetic data from East-Central Minnesota Batholith (ECMB) northeast-trending diabase dikes are shown in geographic coordinates on
vector component plots, measurement-level equal area plots and magnetization magnitude plots (developed using PmagPy software; Tauxe et al., 2016). Least
squares fits to the data are shown with colored arrows on the vector component plots, colored directions on the equal area plots, and as colored end-points on
the magnetization magnitude plots (pink for low-coercivity; blue for medium-coercivity; yellow for high-coercivity). Specimens NED2-8a and NED2-8b are
from the same core sample and were analyzed via thermal and alternating field (AF) demagnetization respectively. These data from sample NED2-8 reveal the
steep medium-coercivity component to thermally unblock at temperatures characteristic of remanence held by magnetite and the high-coercivity component
to thermally unblock at temperatures characteristic of pyrrhotite. Specimen NED34-6a is dominated by the steep medium-coercivity component. The medium-
coercivity component is well-resolved in specimen NED12-3b which also has a substantial high-coercivity component. The high-coercivity component
dominates the remanence of specimen NED36-7a such that no medium-coercivity component can be resolved.
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removed at the lowest unblocking temperatures up to 150°C. This behavior, as well as the typical direction,
is most consistent with the component being a viscous overprint acquired in Earth's geomagnetic field. The
direction of the high-coercivity component is removed through thermal demagnetization between 250°C
and 350°C—consistent with its being held by monoclinic pyrrhotite. The direction of this magnetization
held by pyrrhotite is aligned with the magnetite-held remanence within a northwest-trending dike in the
region (discussed in more detail below)—a direction consistent with the position of Laurentia during the
time period of ca. 1,096 Ma Midcontinent Rift magmatism (Swanson-Hysell et al., 2020). We interpret this
high-coercivity component held by pyrrhotite, whose presence is variable in ECMB dikes, to have formed
through hydrothermal activity associated with Midcontinent Rift magmatism such as that represented
by the emplacement of the northwest-trending dike. The pyrrhotite thereby carries a chemical remanent
magnetization.

In some specimens, the low-coercivity component is much larger and has a direction that is distinct from
the present local field. It is likely that these samples acquired an isothermal remanent magnetization asso-
ciated with quarrying operations or lightning strikes. This behavior can be prevalent throughout a site or
can be present in just some samples from a given site. In many cases, these low-coercivity overprints can be
removed through AF demagnetization and the medium-coercivity and/or high-coercivity components can
be subsequently isolated. In some instances, however, these large and dominantly low-coercivity overprints
extend to higher coercivities preventing the isolation of other components.

The medium-coercivity component direction is dominantly removed through thermal demagnetization
between 515°C and 565°C consistent with it being held by low-Ti titanomagnetite. This direction was re-
covered with site mean direction uncertainty less than 8° (atys < 8°) for 23 sites (Table 1). We interpret this
component to be a primary thermal remanence acquired at the time of dike emplacement as part of the ca.
1,780 Ma ECMB. This interpretation gains support from the rock magnetic data, an inverse baked contact
test, and thermochronology data that support an emplacement temperature well below the blocking tem-
perature of magnetite and a mild subsequent thermal history—as discussed in more detail below.

3.1. Magnetic Mineralogy Constraints From Low-Temperature Magnetometry

To gain additional insight into the magnetic mineralogy of the dikes, a Magnetic Properties Measurement
System (MPMS) at the Institute for Rock Magnetism was used to conduct low-temperature remanence ex-
periments. In the field-cooled (FC) experiments shown in Figure 4, the magnetization was measured upon
warming following the specimen having cooled in an applied field of 2.5 T from 300 to 10 K. In the ze-
ro-field-cooled (ZFC) experiment, a low-temperature saturation isothermal remanence (LTSIRM) of 2.5 T
was applied at 10 K after the specimen cooled in a (near-)zero field. In the room-temperature saturation
isothermal remanence (RTSIRM) experiment, the sample was pulsed with a 2.5 T field at room temperature
(~300 K) and then cooled to 10 K and warmed back to room temperature in a (near-)zero field. These ex-
periments reveal that sister specimens to paleomagnetic specimens whose remanence is dominated by the
medium-coercivity component without an appreciable high-coercivity component have strong expressions
of the ~120 K Verwey transition as expected for a ferromagnetic mineralogy of well-preserved low-Ti titano-
magnetite (NED34-6¢ in Figure 4; Feinberg et al., 2015; Verwey, 1939). In contrast, specimens from samples
that have a larger contribution of the high-coercivity component have weaker saturation magnetization,
minor expression of the Verwey transition, and the presence of monoclinic pyrrhotite as evidenced through
the ~30 K Besnus transition (NED36-8c in Figure 4; Besnus and Meyer, 1964; Feinberg et al., 2015). Sam-
ples with a smaller contribution of the high-coercivity component superimposed on the medium-coercivity
component have intermediate behavior with a minor expression of the Besnus transition and a more promi-
nent Verwey transition (NED2-8c in Figure 4). These results support the interpretation that the medium-co-
ercivity component is held by primary unaltered (titano)magnetite and that the high-coercivity component
is the result of subsequent alteration that resulted in degradation of magnetite and formation of pyrrhotite.

3.2. Baked Contact Test

One northwest-trending dike is exposed and was sampled within the study region as site NWD1 (Fig-
ure 2). The magnetization direction of this dike indicates that it is associated with the main stage of the
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Table 1
Summary of Site Level Paleomagnetic Data

Site Site lat Site lon n Dec Inc k R Qs VGPlat VGP lon

northeast-trending dike magnetite-component site means

NED1 45.53423 265.75804 8 157.6 74.7 380 7.98 2.8 18.4 276.9
NED2 45.53421 265.75816 8 172.3 74.9 420 7.98 2.7 17.4 269.6
NED5 45.53309 265.75803 6 170.3 79.0 213 5.98 4.6 24.5 269.6
NED6 45.53299 265.75773 9 197.8 73.6 183 8.96 3.8 16.1 256.5
NED7 45.53288 265.75767 5 266.3 81.3 204 4.98 5.4 42.0 242.6
NED8 45.53286 265.75782 7 202.6 78.6 423 6.99 2.9 24.8 256.6
NED9 45.53314 265.75855 7 191.1 71.5 90 6.93 6.4 12.2 259.5
NED10 45.53259 265.75742 6 199.7 73.3 324 5.98 3.7 15.8 255.4
NED11 45.53252 265.75768 7 166.1 75.1 391 6.98 3.1 18.1 272.6
NED12 45.53489 265.76076 6 179.5 73.0 374 5.99 3.5 14.1 266.0
NED13 45.53497 265.76113 7 169.1 73.9 199 6.97 4.3 15.9 271.4
NED14 45.53492 265.76119 6 193.0 70.0 217 5.98 4.6 10.1 258.0
NED15 45.53688 265.76758 8 175.8 71.7 604 7.99 2.3 22.0 267.6
NED16 45.53728 265.76822 5 185.1 78.6 449 4.99 3.6 23.6 263.7
NED18 45.53124 265.76945 6 134.7 81.7 159 5.97 53 33.2 279.5
NED23 45.53398 265.74200 7 193.0 76.4 411 6.99 3.0 20.2 259.7
NED25 45.53396 265.74119 4 135.4 80.7 334 3.99 5.0 31.5 280.6
NED26 45.53445 265.74129 5 151.1 73.4 572 4.99 32 17.4 280.8
NED28 45.53467 265.73817 4 157.8 73.8 145 3.98 7.7 16.9 277.2
NED29 45.53438 265.73690 8 219.0 76.7 119 7.94 5.1 24.4 248.6
NED31 45.53385 265.75785 3 184.7 69.4 1,730 3.00 3.0 8.7 262.9
NED34 45.51700 265.78083 8 185.9 77.0 362 7.98 2.9 20.8 263.1
NED35 45.53320 265.75761 8 166.4 74.7 261 7.97 3.4 17.4 272.6

mean pole: pole longitude: 265.8; pole latitude: 20.4; Ays: 4.5; K: 45.6 N: 23
northwest-trending dike magnetite-component site mean

NWD1 45.53407 265.76852 9 293.4 41.6 66 8.88 6.4 32.9 177.5

Notes: site lat-latitude of site (°; WGS84); site lon-longitude of site (°; WGS84) n—-number of samples analyzed and
included in the site mean; dec-tilt-correction mean declination for the site; inc-tilt-correction mean inclination for the
site; k-Fisher precision parameter; R-resultant vector length; ags—95% confidence limit in degrees; VGP lat-latitude of
the virtual geomagnetic pole for the site; VGP lon-longitude of the virtual geomagnetic pole for the site.

Midcontinent Rift (ca. 1,096 Ma) as it has a normal polarity and an inclination consistent with that time
interval of Midcontinent Rift volcanism (Figure 5; Swanson-Hysell et al., 2020). The dike cross-cuts one
of the northeast-trending dikes (NED17) allowing for a baked contact test (Figures 2 and 5). The baked
contact test is positive with a distinct direction in the northeast-trending dike (corresponding to the re-
manence direction seen throughout the northeast-trending dikes of the ECMB) with its magnetite rema-
nence becoming progressively overprinted by the northwest-trending dike up to the contact (Figure 5). This
positive baked contact test indicates that the northeast-trending ECMB dikes have not been overprinted
since the northwest-trending dike was emplaced (ca. 1,096 Ma). This positive baked contact test for the
northwest-trending dike constitutes what is referred to as a positive “inverse” baked contact test for the
northeast-trending dike remanence—it constrains the remanence to be more ancient than the ca. 1.1 Ga
Mesoproterozoic northwest-trending dike, but does not provide a constraint back to the Paleoproterozoic
time of dike emplacement. Given that the host rocks for the northeast-trending dikes are of a very similar
age to the dikes themselves there is not the possibility of a Paleoproterozoic baked contact test. In contrast to
the dikes, stable and consistent remanence directions were not recovered from pilot sites in ECMB granites.
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Figure 4. Low-temperature remanence experiment data. The specimen from a sample whose natural remanent magnetization is dominated by the medium-
coercivity component (NED34-6¢) has behavior dominated by magnetite as evidenced through the response across the ~120 K Verwey transition. The specimen
from a sample whose natural remanence is dominated by the high-coercivity component (NED36-8c) has weaker magnetization, a relatively minor expression
of the Verwey transition, and expression of the ~32 K Besnus transition that indicates the presence of monoclinic pyrrhotite. The specimen whose natural
remanence has a well-resolved medium-coercivity component with a minor high-coercivity component (NED2-8c) has intermediate behavior with a Verwey
transition that is not as suppressed as in NED36-8c with a minor, but resolvable, Besnus transition (see inset). FC: field-cooled; ZFC: zero-field-cooled; LTSIRM:
low-temperature saturation isothermal remanence magnetization; RTSIRM: room-temperature saturation isothermal remanence magnetization.

The high-coercivity remanence direction held by pyrrhotite in some of the northeast-trending dikes is
aligned with the remanence direction of the northwest-trending dike. While the thermal effect of the north-
west-trending dike was limited to a few meters on either side of it as evidenced through the baked contact
test (Figure 5), there was more widespread hydrothermal alteration associated with Midcontinent Rift mag-
matic activity that led to the formation of pyrrhotite and an associated chemical remanent magnetization.
In the majority of the northeast-trending dikes, the original magnetite is well-preserved (e.g., NED34 of
Figures 3 and 4) while other dikes experienced variable magnetite alteration and the formation of second-
ary pyrrhotite (e.g., NED36 of Figures 3 and 4). These components can be separated through progressive
demagnetization (e.g., NED12 of Figure 3) enabling the thermal remanent magnetization held by magnetite
to be used to determine site mean directions and calculate a paleomagnetic pole (Figure 6).

3.3. Paleomagnetic Pole

The site mean directions determined from the magnetite remanence component can be converted to virtual
geomagnetic poles and then used to calculate a mean paleomagnetic pole for the ECMB diabase dikes (pole
longitude: 265.8°; pole latitude: 20.4°; Aqs: 4.5°%; K: 45.6 N: 23; Figure 6). These 23 virtual geomagnetic poles
have a distribution consistent with a Fisher distribution as determined through the Fisher et al. (1987)
goodness-of-fit method. The Ags uncertainty on the mean pole position of 4.5° is within the bounds of relia-
bility proposed by Deenen et al. (2011). It is well below the Aqs-max value proposed to establish a well-deter-
mined mean for 23 sites (11.4°) and above the Ags-min value (3.4°) consistent with the site directions having
sufficiently sampled secular variation of the geomagnetic field.

In a massive host rock such as the ECMB plutons without preferential bedding or foliation, it is expected
that lithospheric stresses will lead to the emplacement of near vertical dikes. Dike plane orientations were
measured on each dike for which there was sufficient three-dimensional exposure. Multiple measurements
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Figure 5. Results from a positive baked contact test where a northwest-trending dike (site NWD1) cross-cuts a northeast-trending dike (site NED17). The
NWDI1 dike has a direction indicating that it formed during the ca. 1,096 Ma main stage of rift volcanism. Close to the NWD1 dike the NED17 is nearly fully
overprinted (NED17-1a). Further from NWD1 there are partial thermal overprints (NED17-7a) that by ~7 meters from the cross-cutting dike are not resolvable
(NED17-11a). Note that blocks from this dike were slightly shifted due to quarrying operations which does not bear on the significance of the positive test, but
has led to the exclusion of the result from the site mean compilation and overall pole.

were made for each dike to constrain their orientation. The mean strike calculated from 17 dike orientations
is 067° and the mean dip is 88° (Figure 2). The ays uncertainty associated with the Fisher mean for the poles
to these dike orientation planes (i.e., the lines perpendicular to the planes) is 4.7° which means that the
overall orientation of the planes is statistically indistinguishable from vertical (Figure 2). Due to this ver-
ticality, we interpret the exhumation of the ECMB plutons to have not resulted in appreciable tilting since
dike emplacement and do not apply a tilt correction to the paleomagnetic data.
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Figure 6. (a) Site mean directions for the magnetite remanence of the northeast-trending (NED) East-Central Minnesota Batholith (ECMB) diabase dikes with
ays < 8°. (b) Virtual geomagnetic poles (VGPs) calculated from these site means and the overall mean paleomagnetic pole for the ECMB dikes. (c) Comparison
between the new ECMB paleomagnetic pole and other ca. 1,780-1,740 Ma poles for Laurentia. (d) Comparison of poles from Laurentia's provinces from 1,830 to
1740 Ma from Evans et al. (2021) as well as poles from the Trans-Hudson orogen (THO; gray; Symons & Harris, 2005) with the new ECMB pole.

4. Geochronology Methods and Results

The field relationships show the diabase dikes to be younger than the Rockville Granite, Reformatory
Granodiorite and the St. Cloud Granite which they pervasively intrude and to be older than the Richmond
Granite where they are absent (Boerboom et al., 2005). Holm et al. (2005) developed U-Pb dates calculated
as concordia intercept dates from these intrusions. The dates reported by Holm et al. (2005) for granites
intruded by the dikes are 1,783 + 11 Ma for the Reformatory Granodiorite, 1,780 + 7 Ma for the Rockville
Granite and 1,779 + 5 Ma for the St. Cloud Granite. The younger cross-cutting Richmond Granite has a date
of 1,772 + 3 Ma (Holm et al., 2005). An age of 1,774 + 7 Ma for one of the quartz-feldspar porphyry dikes de-
veloped by Holm et al. (2005) is consistent with this interpretation of these dikes being older than the Rich-
mond Granite (and younger than the granites they intrude). While the dates published in Holm et al. (2005)
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Figure 7. U-Pb dates for East-Central Minnesota Batholith (ECMB) samples. Weighted mean dates (horizontal lines)
are calculated from individual zircon dates (vertical bars). The northeast-trending (NED) diabase dikes intrude the St.
Cloud Granite such that the ECMB6 weighted mean date of 1,781.44 + 0.51 Ma is a maximum age. The quartz-feldspar
porphry dikes (one of which was sampled as QP1) also intrude the St. Cloud Granite and are parallel to the NED
diabase dikes. Neither the quartz-porphry dikes nor the diabase dikes intrude the younger cross-cutting Richmond
Granite such that the ECMB4 weighted mean date of 1,776.76 + 0.49 Ma provides a minimum age for the dikes. Details
for the weighted mean dates are given in Table 2 and individual zircon data are in the Supporting Information.

are valuable constraints and are consistent with the field relationships, they are of lower precision than
what is possible with modern analytical approaches and therefore lead to overlapping uncertainties. Higher
precision constraints resulting from methods that apply ion-exchange separation with low blank analyses
of chemically abraded single zircon grains can test the field relationship interpretations and provide more
confidence in the overall age constraints.

To further constrain the age of the northeast-trending diabase dikes, we developed new isotope dilu-
tion-thermal ionization mass spectrometry (ID-TIMS) U-Pb zircon dates from the St. Cloud Granite that
host the dikes (sample ECMB6), the Richmond Granite from which the dikes are absent (sample ECMB4),
and from a northeast-trending quartz-feldspar porphyry dike (sample QP1) that is likely coeval with the
diabase dikes (Figures 2 and 7). Zircon crystals were chemically abraded prior to analysis of single zir-
con grains by ID-TIMS at the Boise State Isotope Geology Laboratory (detailed geochronology methods
are provided in the supporting information). Weighted mean dates were calculated from multiple single
zircon dates (Figure 7; Table 2). While chemical abrasion served to reduce Pb-loss and resulted in concord-
ant analyses, some grains have persistent Pb-loss and are discordant (Figure S1). As a result, we calculate
weighted mean *’Pb/>*°Pb dates rather than ***Pb/>**U dates (Figure 7; Table 2). These **’Pb/***Pb dates are
1,781.44 + 0.51 Ma (20 analytical uncertainty; MSWD = 1.24; n = 8) for the St. Cloud Granite (ECMB6) and
1,776.76 + 0.49 Ma (MSWD = 1.15; n = 7) for the Richmond Granite (ECMB4; Figure 7). The date for the
sampled quartz-feldspar porphyry dike (QP1) of 1,780.78 + 0.45 Ma (MSWD = 0.53; n = 8) is between these
two dates as expected on the basis of field relationships. Taking into account the analytical uncertainty on
the maximum and minimum age constraints, the diabase dikes are younger than the 1,781.44 + 0.51 Ma

g;?;fnzw of ID-TIMS **’Pb/***Pb East-Central Minnesota Batholith Zircon Dates

Latitude 27pp/2%ph Uncertainty (20)
Sample Unit Longitude (WGS84) Date (Ma) X Z MSWD n/N
ECMB6 St. Cloud granite 45.53396°N 94.23187° W 1,781.44 0.51 2.4 1.24 8/8
QP1 Quartz-feldspar porphyry dike 45.53481°N 94.25811° W 1,780.78 0.45 2.4 0.53 8/8
ECMB4 Richmond granite 45.44343°N 94.48360° W 1,776.76 0.49 2.4 1.15 7/8

Notes: X is 20 analytical uncertainty; Z is 20 uncertainty including decay constant uncertainty. This Z uncertainty needs to be utilized when comparing to dates
using other decay systems (e.g., “Ar/¥Ar, ¥Re-"*"0s); MSWD is the mean squared weighted deviation; n is the number of individual zircon dates included in
the calculated sample mean date; N is the number of individual zircons analyzed for the sample.
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Figure 8. Summary of U-Pb zircon dates, U-Pb apatite dates, Ar-Ar hornblende, and Ar-Ar biotite dates from the
East-Central Minnesota batholith (ECMB) from this study, Holm and Lux (1996) and Holm et al. (2005). Approximate
closure temperatures associated with the thermochronometers are labeled next to the relevant data. That the U-Pb
apatite and Ar-Ar hornblende dates are indistinguishable from the U-Pb zircon crystallization dates indicates that the
plutons were emplaced at upper middle to upper crustal levels. The Ar-Ar biotite dates from both the ECMB plutons
and older host rock lithologies indicate exhumation within ~20 million years to shallower depths and a lack of regional
tectonothermal activity over the following 1.75 billion years.

St. Cloud Granite and older than the 1,776.76 + 0.49 Ma Richmond Granite. If one assumes a uniform
probability of diabase emplacement timing between the maximum and minimum age constraints that have
normally distributed uncertainties, the 95% confidence interval can be estimated through Monte Carlo sim-
ulation. Applying this approach gives a mean age of 1,779.1 Ma with 95% confidence interval (CI) bounds of
1,776.8-1,781.4 Ma. We can succinctly state the age of the northeast-trending ECMB diabase dikes as being
1,779.1 + 2.3 Ma (95% CI).

5. Thermochronology Methods and Results

While the U-Pb zircon dates constrain the crystallization ages of the ECMB intrusions, additional insight
into the thermal history of the batholith can help with interpretation of the paleomagnetic data given that
the thermal remanent magnetization of magnetite will be blocked at temperatures below 580°C. As dis-
cussed below, existing Ar-Ar dates on hornblende and biotite from the ECMB provide valuable constraints
in this regard (Figure 8). In this study, we also develop new U-Pb apatite dates from three ECMB gran-
ites (ECMBI, the Isle Granite; ECMB3, the Rockville Granite; ECMB4, the Richmond Granite). In contrast
to zircon, for which the temperatures of appreciable Pb diffusion exceed the liquidus of granite (Cher-
niak & Watson, 2001), the temperature window for closure of the U-Pb system in apatite is much lower
(~510°C-460°C; Smye et al., 2018). As a result, U-Pb dates of apatite serve as a thermochronometer at
moderately high temperatures (Chamberlain & Bowring, 2001; Cochrane et al., 2014; Schoene & Bow-
ring, 2007). These temperatures are of particular relevance to the interpretation of the paleomagnetic data
as they are lower than, or correspond with, the blocking temperature of low-Ti titanomagnetite. If a pluton
was emplaced at depths where temperatures exceed the closure temperature of apatite, or if it experienced
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prolonged reheating, the U-Pb apatite dates would be appreciably younger than the U-Pb zircon crystalli-
zation dates.

U-Pb data were developed from apatite grains separated from ECMB granites through laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS) at UC Santa Barbara (method details are provided
in the supporting information). In contrast to zircon, apatite incorporates significant Pb at the time of crys-
tallization. As a result of this elevated common Pb, U-Pb dates were determined through the calculation
of Tera-Wasserburg concordia lower intercept dates where the upper intercept corresponds to the ratio of
initial *’Pb/**Pb and the lower intercept is the ***Pb/***U date (following the method of Ludwig, 1998 as
implemented in the IsoplotR software of Vermeesch, 2018; Figure S2). Sample ECMBI is from the Isle Gran-
ite which has a U-Pb zircon date of 1,779 + 26 Ma (Holm et al., 2005). The U-Pb apatite date for ECMBI is
1,800.3 + 33.4/65.2 Ma where the first uncertainty is the 20 analytical uncertainty and the second uncer-
tainty is 95% confidence interval for the date that incorporates overdispersion (this uncertainty scheme will
be used for all the presented apatite dates). This U-Pb apatite date is therefore indistinguishable from the
U-Pb crystallization date (Figure 8). Sample ECMB3 is from the Rockville Granite which has a U-Pb zircon
date of 1,780 + 7 Ma (Holm et al., 2005). The U-Pb apatite date for ECMB3 is 1,810.5 + 16.2/23.0 Ma. The
youngest end of the overdispersion uncertainty range is very similar to (albeit just slightly older than) the
U-Pb zircon date. It is not geologically reasonable for the U-Pb apatite date to be older than the U-Pb zircon
date. This result therefore suggests that the U-Pb apatite date uncertainty is a slight underestimate with the
U-Pb apatite system having closed just after the time of zircon crystallization as constrained through the
U-Pb zircon date. Sample ECMB4 is from the Richmond Granite for which we have developed a new ID-
TIMS U-Pb zircon date of 1,776.76 + 0.49 Ma. The U-Pb apatite date for ECMB4 is 1,751.7 + 17.8/36.6 Ma
which is indistinguishable from the U-Pb zircon date (Figure 8).

Pb closure temperatures (T,) for the analyzed apatite grains can be estimated with the Dodson (1973) ap-
proach assuming a cylindrical geometry with half-widths as the characteristic diffusion length. Apatite
grain sizes are similar across the three dated specimens; they typically are 100-200 #m long and 50-75 um
wide. Using the Pb diffusivity values of Cherniak et al. (1991), a cooling rate of 20°C/Myr results in closure
temperatures of 463°C-473°C for these grain sizes. A more rapid cooling rate is likely for the batholith given
the similarity of the U-Pb apatite dates with the U-Pb zircon dates. A cooling rate of 100°C/Myr from crys-
tallization to apatite closure temperatures results in closure temperatures of 493°C-505°C.

Overall, these data indicate that the samples cooled through the ~500°C closure temperatures of the U-Pb
apatite system near the time of zircon crystallization consistent with rapid cooling rates of the plutons
(Figure 8). Additionally, there has not been significant diffusion due to later tectonothermal events. As dis-
cussed below, this result is consistent with Ar-Ar hornblende dates from the ECMB granites and supports
the magnetite remanence being a primary thermal remanent magnetization.

6. Discussion
6.1. Thermal History of the ECMB and a Primary Interpretation of the ECMB Dike Pole

Prior to the emplacement of the ECMB, Paleoproterozoic host rocks were metamorphosed to amphibolite
facies during the Penokean orogeny (Holm & Selverstone, 1990). Emplacement of the ECMB has been
hypothesized to be post-orogenic and associated with an interval of extensional collapse of the orogen
(Boerboom & Holm, 2000; Holm & Lux, 1996). The Al-in-hornblende igneous barometer was applied to
the St. Cloud and Isle Granites of the ECMB by Holm, Darrah, and Lux (1998). This barometer has vary-
ing published calibrations. Applying the pressure calibration of Mutch et al. (2016) to the data in Holm,
Darrah, and Lux (1998) and assuming a 2.7 g/cm® overburden gives an estimated emplacement depth of
10.8 + 1.7 km for the Freedhem Granodiorite, ~10.4 + 1.7 km for the Isle Granite and 13.4 + 2.1 km for
the St. Cloud Granite. The calibration of Ague (1997) leads to slightly higher calculated pressures implying
depths that are ~2.3 km deeper.

Thermochronology data give additional insight into emplacement temperatures (and thereby depth). Both
the Ar-Ar hornblende dates published by Holm et al. (2005) and the U-Pb apatite dates developed in this
study from ECMB lithologies are indistinguishable from the crystallization ages of the intrusions (Figure 8).
The closure temperature for Ar in hornblende is ~580°C-490°C (Harrison, 1982). The closure of the U-Pb
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system in the dated apatite grains is ~500°C-460°C. The consistency between the U-Pb zircon crystalliza-
tion and the U-Pb apatite and Ar-Ar hornblende cooling dates indicates that the present-day erosion level of
the ECMB was at a shallow enough depth that the crustal temperatures were lower than these closure tem-
peratures at the time of emplacement of the plutons. Geothermal gradients in continental arc settings are
typically between 25°C/km and 45°C/km-potentially higher at 1.8 Ga (Rothstein & Manning, 2003). Taking
a geothermal gradient of 30°C/km and the closure temperature constraints indicates that the plutons were
emplaced at 15 km or shallower in the continental lithosphere. This emplacement depth is consistent with
the Al-in-hornblende paleobarometry estimates.

Ar-Ar biotite dates provide insight into even lower temperatures as the system blocks at ~330°C (Grove &
Harrison, 1996), well below the blocking temperature of magnetite magnetization in the dikes. Ar-Ar biotite
dates from ECMB plutons range from overlapping the crystallization dates to being younger by ~20 million
years (Figure 8). Ar-Ar biotite dates from older host lithologies to the ECMB are either older than the age
of the batholith itself or the same age as the Ar-Ar biotite dates from the batholith (Figure 8). These data
suggest that the batholith was emplaced near the upper depth range estimates from the Al-in-hornblende
barometry (~10 km) and underwent exhumation to below the ~330°C closure temperature of the K-Ar
biotite system soon after emplacement of the plutons. These data also indicate that there has not been re-
heating or pervasive fluid flow that would have perturbed the Ar-Ar thermochronometers in the granites in
the time since initial cooling. The magnetization used to develop the paleomagnetic pole comes from rema-
nence held by low-Ti magnetite that dominantly unblocks between 540°C and 560°C (Figures 3 and 5). The
thermochronology results constrain the rocks to have cooled through the magnetite blocking temperatures
at the time that the dikes were emplaced within the batholith and to not have experienced reheating that
would have perturbed the thermochronometers. These data support an interpretation that the magnetite
remanence within the ECMB dikes is a primary thermal remanent magnetization.

These thermochronology data also demonstrate that following the emplacement of the ECMB there were
not regional tectonothermal events with the potential to have thermally modified the magnetization of the
magnetite within the ECMB diabase dikes. Subsequent Paleoproterozoic Yavapai and Mazatzal accretion
occurred to the southeast of the Spirit Lake Tectonic zone on the other side of the Minnesota River Valley
promontory (~160 km south of the study region; Figure 1; Holm et al., 2007). In contrast to the north-
east-trending dikes in the ECMB, northeast-trending dikes in Wisconsin within ca. 1,840 Ma plutons were
metamorphosed to amphibolite facies associated with such accretionary orogenesis (Holm et al., 2019). Ma-
zatzal orogeny deformation and metamorphism occurred ca. 1,650 to 1,630 Ma within the juvenile accreted
island arc of the Wisconsin Magmatic Terrane (Holm, Schneider, & Coath, 1998). The region of the ECMB
was not affected by these tectonothermal events (Figure 1, Holm et al., 2005). Holm et al. (2005) proposed
that the voluminous ECMB batholith stabilized the continental lithosphere and prevented the region from
being modified during subsequent collisions along the margin. This lack of deformation in the region of the
ECMB is further supported by the nearly horizontal bedding of ca. 1.63 Ga siliciclastic sedimentary rocks
on either side of the batholith (Holm, Schneider, & Coath, 1998; Medaris et al., 2021). In southwestern Min-
nesota, plutons coeval with the ECMB are overlain by the subhorizontal Sioux Quartzite (Figure 1) with the
correlative Barron Quartzite of northwestern Wisconsin also being undeformed (Southwick et al., 1986).
This lack of deformation contrasts with correlative Baraboo quartzite south of the Spirit Lake Tectonic
Zone (~400 km from the ECMB) that underwent compressional deformation during subsequent orogenesis
(Holm, Schneider, & Coath, 1998; Medaris et al., 2021). The Yavapai and Mazatzal terranes were intruded by
ca. 1,470-1,430 Ma granites of the Eastern Granite Rhyolite Province and there is a sizable pluton of this age
within accreted Penokean rocks in northern Wisconsin (the ca. 1,470 Ma Wolf River batholith; Dewane and
Van Schmus, 2007). However, the thermal effects of the Wolf River batholith (~370 km east of the ECMB
study area) were limited to a 10-15 km wide contact zone surrounding the intrusion (Holm et al., 2019).

The one major subsequent tectonothermal event in the region for which there is localized evidence in the
ECMB is the development of the Midcontinent Rift that initiated ca. 1,109 Ma and in which magmatic activ-
ity continued to ca. 1,084 Ma (Figure 1; Fairchild et al., 2017; Swanson-Hysell et al., 2019). While the main
rift axis can be inferred from gravity and aeromagnetic anomaly data to be located ~75 km southeast of
the study region (Figure 1), the studied northwest-trending dike has a magnetization direction that implies
that it was emplaced during Midcontinent Rift development ca. 1,096 Ma (Figure 5). The baked contact
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test between that dike (NWD1) and the northeast-trending dike that it cross-cuts (NED17), indicates that
the thermal effect of the dike emplacement and the Midcontinent Rift in general was localized within the
immediate vicinity of that dike (a few meters; Figure 5). However, this Midcontinent Rift magmatic activity
did result in local hydrothermal alteration as evidenced by magnetization held by monoclinic pyrrhotite
that is variably present through the ECMB dikes and is in the same direction as the magnetization of the
northwest-trending dike (Figure 3). This chemical remanent magnetization held by monoclinic pyrrhotite
likely formed at relatively low temperatures. Phase relationships in the Fe-S system developed through
hydrothermal recrystallization experiments show monoclinic pyrrhotite to form at temperatures below
250°C and likely above 75°C (Kissin & Scott, 1982). While in some sites, this pyrrhotite-forming alteration
obscured the primary thermal remanence held by magnetite (e.g., NED36 in Figure 3), in the majority of
sites the magnetite remanence direction can be well-resolved (e.g., NED2, NED12 and NED34 in Figure 3).
As a result, the paleomagnetic directions used to calculate the paleomagnetic pole shown in Figure 6 are
held by (titano)magnetite that recorded a thermal remanent magnetization upon cooling of the diabase
dikes. This evidence for variable late Mesoproterozoic hydrothermal alteration of the dikes provides an
explanation for Ar-Ar data developed from two northeast-trending diabase dikes that were reported in Bo-
erboom and Holm (2000). These Ar-Ar data did not yield a plateau age, but give whole rock total gas dates
that are late Mesoproterozoic in age. An interpretation that these whole rock total gas ages correspond with
the age of emplacement is difficult to reconcile with the cogenetic relationship between the diabase dikes,
the quartz-feldspar porphyry dikes and the ECMB granites. K-Ar whole-rock ages of 1,570-1,280 Ma from
the dikes reported in Hanson (1968) and discussed in Horan et al. (1987) are attributed to partial resetting.
The evidence for fluid flow that led to the formation of pyrrhotite ca. 1,096 Ma supports the hypothesis
put forward by Horan et al. (1987), as well as by Boerboom and Holm (2000), that there was Mesoprotero-
zoic disruption of the K-Ar isotopic system in the dikes such that the Mesoproterozoic Ar-Ar dates are the
result of alteration of dikes which are Paleoproterozoic in age. The field relationships indicating that the
northeast-trending diabase dikes are comagmatic with ECMB granites is also consistent with whole rock Pb
isotope data that reveal very similar arrays implying a ca. 1.8 Ga isochron age for both lithologies (Horan
et al., 1987).

Overall, the constraints requiring that the ECMB granites were emplaced at depths where the ambient tem-
perature was below the closure of U-Pb apatite and Ar-Ar hornblende systems indicate that the comagmatic
diabase dikes would have acquired their magnetization at the time of emplacement. The lack of significant
thermal events that could have reset the magnetite magnetization is indicated by the geologic setting, the
thermochronology data (including the Paleoproterozoic Ar-Ar biotite dates), and the positive inverse baked
contact test. We therefore interpret the pole calculated from the magnetite remanence of the ECMB diabase
dikes as a high-quality constraint on the paleogeographic position of Laurentia at the time the dikes intrud-
ed (1,779.1 + 2.3 Ma). The ECMB diabase dikes pole meets six of the seven criteria for the quality criteria
Van der Voo (1990) and the Meert et al. (2020) reliability criteria with the only one not satisfied being due
to the lack of dual polarity directions. This single polarity normal polarity is consistent with the polarity of
the Cleaver Dykes and the proposal of Irving (2004) that there was a normal geomagnetic superchron that
followed the Trans-Hudson orogeny.

6.2. Laurentia’s Paleomagnetic Poles Following the Trans-Hudson Orogeny

The Trans-Hudson orogeny is a major event in the formation of Laurentia resulting from collision between
the Superior province and the Churchill plate consisting of the composite Slave + Rae + Hearne provinces
(Corrigan et al., 2009; Hoffman, 1988; Weller & St-Onge, 2017). Geologic data on the timing of Trans-Hud-
son orogenesis include a ***Pb/***U date of 1,854.2 + 1.6 Ma from the base of a foredeep sedimentary suc-
cession on the northern margin of the East Superior province that constrains flexural subsidence associated
with Trans-Hudson orogenesis to have initiated at that time (Hodgskiss et al., 2019). This timing of orogen-
esis is consistent with *’Pb/**Pb dates of monazite within garnet of THO ecologites for which a mean date
of 1,831 + 5 Ma has been interpreted to record peak metamorphism (Weller & St-Onge, 2017). A similar
timing of ca. 1,860-1,820 Ma peak Trans-Hudson metamorphism resulting from collisional orogenesis has
been interpreted from U-Pb zircon rim and monazite dates from the orogen in Baffin Island, Nunavut, Can-
ada (Skipton et al., 2016). These geologic data strongly support that the Superior Province was conjoined
with the Slave + Rae + Hearne provinces prior to 1,800 Ma in their present-day relative positions (Figure 1).

SWANSON-HYSELL ET AL.

150f 22



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2021TC006751

There are high-quality paleomagnetic poles for the Superior province during the time interval when the
Manikewan Ocean was closing leading up to the Trans-Hudson orogeny (the ca. 1,880 Molson dykes pole
and the ca. 1,870 Ma Haig/Flaherty pole; Figure 9). There are no Paleoproterozoic paleomagnetic poles for
the Superior Province during or after the Trans-Hudson orogeny that can test Laurentia's coherency with
paleomagnetic data. The new 1,779.1 + 2.3 Ma ECMB paleomagnetic pole fills this gap.

While abundant paleomagnetic data have been developed from rocks within the THO (Symons & Har-
ris, 2005), both the primary nature of the remanence directions as well as the age of remanence acquisition
has been challenging to establish. As a result, relatively few poles from this interval during and following
Laurentia's amalgamation have been included in curated pole compilations such as that compiled by the
Nordic paleogeography workshops (Evans et al., 2021). The best constrained of these poles comes from the
post-orogenic 1,740 + 5 Ma Cleaver Dykes of the Great Bear Magmatic Arc on the western margin of the
Slave Province (Figure 1; Irving, 2004). The age of these dikes is constrained by a U-Pb baddeleyite date and
there is a positive baked contact test supporting the interpretation that the pole is primary. As can be seen
in Figure 6, the position of this ca. 1,740 Ma Cleaver Dykes pole for Laurentia (Irving, 2004) is similar to the
new pole for the ca. 1,780 Ma ECMB diabase dikes (Figure 6). They do not share a common mean (as de-
termined through Watson and bootstrap common mean tests; Tauxe et al., 2016), but are within 11° of one
another (less when considering uncertainty). The similarity in these pole positions provides an independent
test of the coherency of the Laurentia craton at that time.

An additional pole for comparison comes from hematite remanence of volcanics and sediments of the Bak-
er Lake Group of the Dubawnt Supergroup which were deposited in a basin atop the suture between the
Rae and Hearne provinces (Figures 1 and 6; Park et al., 1973). Both the depositional age of the succession
and the age of hematite remanence are roughly constrained leading to a wide assigned age range of 1,820
to 1,750 Ma in Evans et al. (2021) for the pole. While the loose age constraints hinder firm comparisons,
the broad similarity of this pole with the Cleaver Dykes pole of the Slave Province as well as that for Martin
Formation (1,818 + 4 Ma) and the Sparrow dikes (1,827 + 4 Ma) of the Rae Province establishes a largely
consistent position of the Churchill plate from ca. 1,820 to 1,740 Ma.

A less robust pole for comparison with the new ECMB pole comes from the post-orogenic Jan Lake Gran-
ite within the THO in southeast Saskatchewan developed in Gala et al. (1995). A U-Pb zircon date of
1,758 + 1 Ma for this granite was reported in Bickford et al. (2005). Directional data from the Jan Lake
Granite falls into two groups. Based on thermal demagnetization behavior, Irving (2004) interpreted the “A”
grouping to be a TRM held by magnetite that was acquired at the time of the emplacement of the intrusion
ca. 1,758 Ma. The ECMB dikes pole shares a common mean with this Jan Lake Granite pole with overlap-
ping Ays confidence circles (Figure 6). This result is consistent with both the Jan Lake Granite and ECMB
being post-orogenic magmatic events that occurred following the amalgamation of Laurentia. This similari-
ty suggests that despite the large uncertainty on the Jan Lake Granite pole and the ambiguity resulting from
multiple directional groups that the pole does constrain the position of Laurentia ca. 1,758 Ma.

A pole that does not hold up to such comparative scrutiny is that developed for the Deschambault Pegma-
tites from within the THO (Figure 6c; Symons et al., 2000). This pole has been interpreted to constrain the
position of Laurentia ca. 1,766 Ma—an age based on U-Pb monazite and allanite dates of other pegmatites
in the region. As noted in D'Agrella-Filho et al. (2020), there are no field tests for this pole and the rema-
nence directions from which it is calculated are quite close to the modern geomagnetic field. This pole was
included in the curated Nordic paleogeography workshop compilation of Evans et al. (2021) less because
of the quality of the individual pole, but rather because there are a number poles of similar position to this
one from the THO (Figure 6). Many of these poles have individual VGPs that are streaked between direc-
tions similar to the Jan Lake Granite and that of the present-local field. The direction of the Deschambault
pole is far from the new ca. 1,780 Ma ECMB dikes pole. In contrast, the similarity of pole position between
the new ECMB dikes pole and the ca. 1,758 Ma Jan Lake Granite pole as well as the ca. 1,740 Ma Cleaver
Dykes pole supports that these poles, rather than the Deschambault Pegmatites pole, constrain Laurentia’s
position during this interval. This Deschambault Pegmatites pole played a role, in conjunction with other
poles from the THO, such as that from the Wapisu gneiss and the Deschambault Post pluton, in an inter-
pretation that Laurentia’s pole path was at a standstill in the vicinity of the Deschambault Pegmatites pole
from ca. 1,800 Ma through to ca. 1,766 Ma (Symons et al., 2000; Symons & Harris, 2005). As reviewed in
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Figure 9. Paleogeographic reconstructions at five different times in the Paleoproterozoic and the position of the
provinces at present. Paleomagnetic poles within 20 Myr of the given time (10 Myr for 1,888 and 1,868 Ma) are shown
from the compilation of Evans et al. (2021) as well as the new East-Central Minnesota batholith (ECMB) pole. These
data illustrate differential plate motion between the Superior and Slave Provinces that is required by the data leading up
to the closure of the Manikewan Ocean and the assembly of Laurentia during the Trans-Hudson orogeny. The ECMB
pole is consistent with an assembled Laurentia following the Trans-Hudson orogeny which contrasts with the disparate
orientations and paleolatitudes between Laurentia's constituent provinces prior to the orogeny.
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Raub (2008), there are numerous difficulties in interpreting these data from the Trans-Hudson orogen as
useful constraints including: (1) a lack of field tests; (2) uncertainty in the timescale of cooling and the tim-
ing of the acquisition of magnetization in these slowly cooled units; (3) poorly constrained tilt corrections
and (4) large secondary viscous remanent magnetizations that are prevalent due to the coarse grain-size
of the igneous lithologies. The preferred interpretation of Raub (2008), which is echoed in D'Agrella-Filho
et al. (2020), is that there is component mixing between primary directions (which would be in the vicinity
of the Jan Lake Granite A Group pole and our new ECMB pole) and the present-day north pole as the result
of unresolved viscous overprints (Figure 6). This component mixing leads to streaked site mean directions
in individual studies as well as the database of Trans-Hudson orogen poles including the Deschambault
Pegmatites pole (Figure 6; Raub, 2008). The new ECMB pole significantly strengthens this interpretation by
demonstrating that a proposed northerly apparent polar wander path to satisfy the Deschambault Pegma-
tites pole and other Trans-Hudson orogen poles streaked between the Jan Lake Granite and the modern-day
pole is indeed fictitious (Figure 6). Instead, the ECMB pole and the Cleaver Dykes pole establish the paleo-
geographic position of Laurentia to have been relatively consistent ca. 1,780-1,740 Ma (Figure 9).

6.3. The Paleogeography of Laurentia

As is expected by the geologic record of Trans-Hudson orogenesis, the similarity in pole positions from the
southeastern margin of the Superior Provinces (the new ECMB pole) and the northwestern margin of the
Slave Province (the Cleaver Dykes pole; Figure 6) indicate a coherent assembled Laurentia following 1.8 Ga
(Figure 9). The coherency of the record of high-quality paleomagnetic poles at this time when the geologic
record indicates a recently assembled Laurentia increases confidence that differing pole positions between
Laurentia's Archean provinces earlier in the Paleoproterozoic are indeed a record of differential plate tec-
tonic motion (Figure 9). There is a particularly rich record of paleomagnetic poles from the Archean Supe-
rior and Slave provinces that can be paired between 2.23 and 1.89 Ga that constrain the provinces to not be
in their modern relative orientation and to be undergoing differential motion (Buchan et al., 2016; Mitchell
et al., 2014; Swanson-Hysell, 2021). These poles result in reconstructions where prior to the Trans-Hudson
orogeny there was an ocean basin between the Superior province and the Hearne + Rae + Slave provinces
known as the Manikewan Ocean (Figure 9; Stauffer, 1984). The poles are consistent with the Superior Prov-
ince approaching the joint Slave + Hearne + Rae provinces prior to the onset of the Trans-Hudson orogeny
(Figure 9). These data provide strong evidence for mobile lid plate tectonics from 2.23 Ga onward (Buchan
et al., 2016; Mitchell et al., 2014; Swanson-Hysell, 2021).

The orogenesis associated with Laurentia's assembly is hypothesized to have resulted in the formation of the
supercontinent, or semi-supercontinent, Nuna (Hoffman, 1997; Evans et al., 2016; Evans & Mitchell, 2011).
Given that Laurentia is the largest craton hypothesized to have been part of this supercontinent, its pale-
ogeographic position is key to reconstructions of Nuna. The new ECMB pole provides higher confidence
in the paleogeographic position of Laurentia in the time just following its formation from the collision of
constituent Archean provinces (Figure 9). This new pole can be used to evaluate hypothesized connections
between Laurentia and other cratons. There is an increasingly rich global database of paleomagnetic poles
ca. 1,780 Ma including poles from the Amazonia, Baltica, India, Rio de la Plata, Sdo Francisco and North
China cratons (Bispo-Santos et al., 2014; D'Agrella-Filho et al., 2020; Shankar et al., 2018; Xu et al., 2014;
Zhang et al., 2012).

One hypothesized connection of particular interest is that with Baltica. The two cratons have been hypoth-
esized to have been conjoined such that they shared a margin with a long-lived history of accretionary
orogenesis (Hoffman, 1997; Karlstrom et al., 2001). The proposed NENA configuration between Lauren-
tia and Baltica allows for such a shared margin (Buchan et al., 2000; Evans & Pisarevsky, 2008; Gower
et al., 1990). The increased concordance between ca. 1,780 and 1,750 paleomagnetic poles from Laurentia
and Baltica upon the NENA rotation of Baltica can be seen in Figure 10. Paleomagnetic poles support a con-
tinued NENA connection until at least 1,260 Ma (supported by poles from Baltica's ca. 1,258 Ma post-Jotni-
an intrusions and Laurentia's ca. 1,267 Ma Mackenzie dikes) and perhaps to 1,120 Ma (where the paleomag-
netic comparison is reliant on the ca. 1,122 Ma Salla dike of Baltica developed from a single cooling unit;
Salminen et al., 2009). This connection supports the long-lived active margin where Laurentia grew through
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Figure 10. (a) Paleomagnetic poles for Laurentia and Baltica between 1,780 and 1,750 Ma with the Baltica poles shown
with and without the NENA rotation (Euler pole for Baltica of [47.5°, 001.5°, +49.0°] as in Evans and Pisarevsky, 2008).
Baltica is shown in its present day location in dark red and shown in the NENA position in light red. (b) Same data as in
panel A shown with a different center of projection which allows for easier visualization of the reconstructed position.
(c and d) Comparison between poles between 1,780 and 1,110 Ma between Baltica and Laurentia without (c) and with
(d) the NENA rotation. The poles that are shown are those from the Nordic compilation with “A” and “B” grades as well
as the new East-Central Minnesota batholith (ECMB) pole from this study.

the rest of the Paleoproterozoic and through the Mesoproterozoic until the ca. 1.08 Ga continent-continent
collision of the Grenvillian orogeny (Whitmeyer & Karlstrom, 2007).

7. Conclusions

The ECMB was emplaced following Penokean orogenesis on the southeast margin of the Superior Province.
While the southeast margin of Laurentia experienced subsequent intervals of accretionary orogenesis, ther-
mochronology data constrain the batholith to have a straight-forward history of post-emplacement rapid
exhumation without substantial reheating. Subsequent orogenesis occurred well southeast of the batho-
lith—consistent with the batholith having played a role in stabilizing Laurentian lithosphere. Comagmatic
diabase dikes of the ECMB can be constrained through U-Pb geochronology on the felsic units to have been
emplaced at 1,779.1 + 2.3 Ma. A new paleomagnetic pole developed from the magnetite remanence of these
dikes provides a high-quality constraint on the position of Laurentia following Trans-Hudson orogenesis.
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This pole confirms the coherency of an amalgamated Laurentia at the time and supports the NENA con-
nection with Baltica. This paleomagnetic coherency further strengthens the case that previously disparate
pole positions between the Superior and Slave provinces are the result of ca. 2.2-1.8 Ga mobile-lid plate
tectonics. The geologic and paleomagnetic record of Laurentia is inconsistent with a stagnant-lid regime
anytime over the past 2.2 billion years.
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