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New geochronologic data from midcontinental Laurentia demonstrate that emplacement of the 1476–1470 Ma
Wolf River granitic batholith was not an isolated igneous event, but was accompanied by regional meta-
morphism, deformation, and sedimentation. Evidence for such metamorphism and deformation is best seen
in siliciclastic sedimentary rocks of the Baraboo Interval, which were deposited closely following the
1.65–1.63 GaMazatzal orogeny. In Baraboo Interval strata,muscovite parallel to slatey cleavage, in hydrothermal
veins, in quartzite breccia, and in metamorphosed paleosol yielded 40Ar/39Ar plateau ages of 1493–1465 Ma. In
addition, U–Th–total Pb dating of neoblastic overgrowths on detrital monazite gave an age of 1488 ± 20 Ma,
and recrystallized hematite in foldedmetapelite gave ameanU/Th–He age of 1411± 39Ma. Post-Baraboo, arko-
sic polymictic conglomerate, which contains detrital zircon with a minimum peak age of 1493Ma, was intruded
by a 1470 Ma granite porphyry at the northeastern margin of the Wolf River batholith. This episode of
magmatism, regional deformation and metamorphism, and sedimentation, which is designated herein as the
Baraboo orogeny, provides a midcontinental link between the Picuris orogeny to the southwest and the Pinware
orogeny to the northeast, completing the extent of early Mesoproterozoic (Calymmian) orogenesis for 5000 km
along the southernmargin of Laurentia. This transcontinental orogen is unique among Precambrian orogenies for
its greatwidth (~1600 km), the predominance of ferroan granites derived frompartialmelting of lower continen-
tal crust, and the prevalence of regional high T-Pmetamorphism related to advective heating by graniticmagmas
emplaced in the middle to upper crust.
©2021ChinaUniversity of Geosciences (Beijing) andPekingUniversity. Production andhostingby Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The 1476–1470 MaWolf River batholith is a prominent and impor-
tant feature in the Precambrian geology of Wisconsin, being the local
member of a transcontinental suite of geon 14 granites (Anderson,
1983), where the term, geon, refers to a 100 Ma interval of time
(Hofman, 1990). The batholith was first identified by Van Schmus et al.
(1975a), when it was interpreted to be an anorogenic feature, based
on the prevailing petrologic and tectonic paradigms for the southern
Lake Superior region (SLSR) at that time. However, we now document
here that emplacement of the Wolf River batholith was accompanied
by regional deformation, metamorphism, and sedimentation. Thus, the
ris).

g) and Peking University. Production
batholith was not an isolated igneous phenomenon, but rather, repre-
sents the igneous component of a distinctive geon 14 tectonomagmatic
event in the Laurentian midcontinent.

In this investigation, new detrital zircon ages constrain the ages for
two episodes of early Mesoproterozoic (Calymmian) sedimentation in
the SLSR, the earlier episode being deposition of the Baraboo Interval
quartzites after ~1.63 Ga (post–Mazatzal), and the later one being depo-
sition of the Baldwin conglomerate after ~1.46 Ga. In Baraboo Interval
quartzites, new U–Th–total Pb ages for metamorphic monazite
(1488 ± 20 Ma) and U/Th-He ages for metamorphic hematite
(1411 ± 39 Ma), combined with previously published and recalculated
40Ar/39Ar ages for metamorphic muscovite (1493–1465Ma), document
the timing and effects of deformation, metamorphism, and
K–metasomatism over a broad area in the SLSR. Consequently, we pro-
pose that this geon 14 tectonomagmatic event formally be called the
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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“Baraboo orogeny”, which provides a midcontinental link between the
Picuris orogeny to the southwest and the Pinware orogeny to the north-
east, thus completing the transcontinental extent of geon 14 orogenesis
for 5000 km along the southern margin of Laurentia.

2. Precambian framework of the Southern Lake Superior region

The Precambrian history of the SLSR is a 2.5-billion-year saga
that begins at 3.5 Ga with Paleoarchean growth of the Superior Craton
to the north and west and ends at 1.1 Ga with Mesoproterozoic
magmatism and sedimentation associated with rifting of midcont-
inental North America (Figure 1). The interim was occupied consecu-
tively by:

• 2.45–1.77 Ga deposition of craton margin and foreland basin sedi-
ments on the Archean craton, a 1.89–1.83 Ga growth and accretion
of volcanic arc associations in the Penokean Province;

• 1.80–1.75 Ga emplacement of granites in the Penokean Province in
east–central Minnesota and northern Wisconsin and granites and
rhyolites in the Yavapai Province in southern Wisconsin;

• ~1.63Ma recrystallization of Penokean and Yavapai basement inWis-
consin (note the 1.63 Ga thermal front in Fig. 1);

• post–Mazatzal (≤1.63 Ga) deposition of Baraboo Interval quartzites;
• 1.47 Ga emplacement of the Wolf River batholith.

2.1. Archean superior province

The Archean Superior Province in the SLSR is divided by the late
Neoarchean Great Lakes tectonic zone (GLTZ) into the Wawa
Subprovince to the north and the Minnesota River Valley Subprovince
to the south (Fig. 1; Holm et al., 2007a). The 2750–2680 Ma Wawa
Fig. 1. Geological map of Precambrian terranes and the Wolf River batholith in the southern L
2007b; Whitmeyer and Karlstrom, 2007). Baraboo Interval quartzites to the northwest (i
abbreviations: B, Barron; F, Flambeau; M, McCaslin; N, Necedah; P, Powers Bluff (including
illustrate generalized sediment transport directions for Baraboo Interval quartzites, with
Batholith; EPSZ, Eau Pleine shear zone; GLTZ, Great Lakes tectonic zone; NFZ, Niagara fault zon
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Subprovince is a classic granite–greenstone belt, comprising accreted is-
land arcs consisting of nearly vertical belts of metavolcanic and
metasedimentary rocks and associated elongate granitoid batholiths
(Williams, 1990). In contrast, the Minnesota River Valley Subprovince
is dominated by migmatitic gneisses with 3500–3400 Ma protolith
ages that were intruded by ca. 2600 Ma granitic plutons, all of which
were accreted to the southern margin of the Superior Province at ca.
2600 Ma during the Algoman orogeny (Bickford et al., 2006; Schmitz
et al., 2006; Satkowski et al., 2013).

2.2. Craton Margin Domain and Penokean Province

Sedimentary rocks of the Craton Margin Domain (Fig. 1) include
siliciclastic sediments, carbonate, and glaciogenic strata that were de-
posited between 2.45 and 2.2 Ga in rift basins developed on the Archean
continental margin. Following a 300 Ma hiatus, these rift-related strata
were succeeded by predominantly arc–derived turbidites that were de-
posited between 1.89 and 1.77 Ga in the foreland basin of the Penokean
arc (Young, 1983; Ojakangas et al., 2001a; Schulz and Cannon, 2007).
Included in this latter sedimentary section are the geologically and eco-
nomically important iron-formations of the region that were deposited
between 1.88 and 1.86 Ga (Schneider et al., 2002).

In the Penokean Province, the Wausau–Pembine terrane developed
as an oceanic volcanic arc at ~1890 Ma that was subsequently accreted
to the margin of the Superior craton at ~1875 Ma (Fig. 1; Schulz and
Cannon, 2007). The Marshfield terrane originated south (present day
coordinates) of the Wausau-Pembine terrane and comprises an island
arc built on an exotic fragment of Archean crust (Van Schmus and
Anderson, 1977); this composite terrane was then accreted to the
Wausau-Pembine terrane at ~1850 Ma, at which time the Penokean
ake Superior region (modified from Romano et al., 2000; Holm et al., 2007a; Holm et al.,
n yellow) are flat-lying, and those to the southeast (in orange) are folded. Quartzite
Veedum and Vesper); R, Rib Mountain; S, Seven Sisters; T, Thunder Mountain. Arrows
provenances indicated by colors. Other abbreviations: ECMB, East Central Minnesota
e; SLTZ, Spirit Lake tectonic zone; W, Wausau syenite–granite complex (in red).
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foreland basin was initiated. Plutonic and volcanic arc associations in
both terranes are calc-alkalic and magnesian in composition, and mag-
matic activity continued until ~1.83 Ga, when stitching plutons were
emplaced across the amalgamated terranes (Anderson and Cullers,
1987; Sims et al., 1989; Schulz and Cannon, 2007).

2.3. Yavapai Province

The geon 17 Yavapai Province in the SLSR is largely covered by
Paleozoic cratonic strata, although basement inliers are scattered
widely across this region, and the distribution of such inliers, com-
bined with drill core samples of basement, reveal the widespread
extent of the Yavapai Province along the southern margin of
Laurentia (Fig. 1). The Yavapai basement in Wisconsin consists of
calc–alkalic rhyolites and granites of the 1750 Ma Montello Batho-
lith, including both metaluminous and peraluminous types (Smith,
1978, 1983; Anderson et al., 1980; Holm et al., 2005; Van Schmus
et al., 2007). This magmatic suite in southern Wisconsin, which
underlies a minimum area of 6500 km2, is K-feldspar rich and
ferroan in composition, in contrast to Penokean granitoids, which
are plagioclase–rich and magnesian. Additional geon 17 plutons
in the region, outside the Yavapai Province itself, include the
1787–1772 Ma East Central Minnesota Batholith (Fig. 1), which is
located west of the Midcontinent Rift where it intrudes the Craton
Margin Domain and Penokean Province, and three other small plu-
tons in northern Wisconsin (not shown in Fig. 1), viz. the 1781 Ma
Park Falls granite north of the Niagara Fault Zone, the 1776 Ma
Radisson granite south of the fault zone in the Wausau–Pembine
terrane, and a 1760 Ma granite in the Marshfield terrane (Holm
et al., 2005; Craddock et al., 2018). The northwest to southeast de-
crease in age from the 1787–1772 Ma East Central Minnesota
Batholith to the 1750 Ma Montello Batholith has been attributed
to slab rollback during geon 17 subduction of oceanic crust be-
neath the Laurentian margin (Holm et al., 2005). Geon 17 arc de-
velopment was accompanied by extensive amphibolite facies
metamorphism and deformation in the geon 18 Penokean Province
(Holm et al., 2020).

2.4. Mazatzal Province

The geon 16 Mazatzal Province lies south of the Yavapai Province
along the southern margin of the SLSR (Fig. 1), where it is buried by
Paleozoic strata. The hidden Mazatzal terrane in the SLSR is thought
to be an island arc that was accreted to Laurentia at 1650–1630 Ma
(Holm et al., 2007b). The presence of Mazatzal crust beneath the Illi-
nois Basin is inferred from the occurrence of geon 16 detrital zircon
grains in basal Cambrian strata from deep drill core, in which 14 of
100 detrital zircon grains range in age from 1628 to 1683 Ma with a
mean age of 1658 ± 14 Ma (Freiburg et al., 2020). Although Mazatzal
crust itself is unknown in Wisconsin, the effects of geon 16 metamor-
phism are widespread in the Penokean and Yavapai Provinces there. A
1.63 Ga thermal front has been identified in northern Wisconsin and
the Upper Peninsula of Michigan (Fig. 1; Holm et al., 1998; Romano
et al., 2000; Holm et al., 2007b), south of which mica in the Penokean
and Yavapai provinces has 40Ar/39Ar cooling ages of 1614–1576 Ma,
and amphibole has a range of ages from 1796 Ma to 1638 Ma, due
to partial resetting at ~1650–1630 Ma. The effects of such recrystalli-
zation are also evident in the Montello batholith in southern Wiscon-
sin, which has a 1750 Ma crystallization age and a 1650 Ma Rb–Sr
whole–rock isochron age (Van Schmus et al., 1975b). In addition, al-
though 1750 Ma diorite, granite, and rhyolite in the Baraboo Range
in south–central Wisconsin retain their igneous textures and struc-
tures, they have been pervasively recrystallized under greenschist fa-
cies conditions, with calcic plagioclase having been replaced by
albite + epidote, biotite by chlorite, and hornblende by chlorite + ac-
tinolite (Medaris Jr., 2001 and Dott Jr., 2001).
3

2.5. Baraboo Interval sedimentary rocks

The term, Baraboo Interval, was introduced to encompass the depo-
sition of red, supermature quartzites in the SLSR between ~1750Ma, the
age of the youngest underlying basement, and ~ 1475 Ma, the age of in-
trusive Wolf River granites. These quartzites are key to interpreting the
Mesoproterozoic (Calymmian) evolution of the SLSR, including the
timing of sedimentation, the physiographic and climatic conditions at
the time of deposition, and the chronology of folding and associated
metamorphism. Baraboo Interval siliciclastic sediments were deposited
over aminimum area of ~300,000 km2 in themidcontinent (; Ojakangas
andWeber, 1984; Southwick et al., 1986;Medaris Jr. et al., 2003),where
they are nonconformable on Archean, Penokean, and Yavapai basement
(Fig. 1). Individual sedimentary sections across the region progress up-
ward from fluvial facies to shoreface marine facies and consist predom-
inantly of quartz arenite, accompanied by subordinate amounts of
quartz pebble conglomerate, quartz siltstone, and kaolinite mudstone.

Baraboo Interval sedimentswere originally interpreted to have been
deposited as a southward-thickening clastic wedge on the southern
margin of Laurentia, although subsidence modelling calls for local ex-
tension or transtension to provide the accommodation space necessary
for deposition of some quartzite sequences up to 1500m thick (Stewart
et al., 2018). Baraboo Interval quartzites are flat lying in the north and
west of the region and folded and metamorphosed in the south and
east (Fig. 1), where the separate quartzite localities represent synclinal
domains that remain after folding and subsequent erosion.

2.6. Wolf River Batholith

The 1476–1470MaWolf River batholith is a ferroan rapakivi granite
massif that underlies an area of ~9200 km2 in east–central Wisconsin,
where it intrudes the Penokean Province (both the Wausau–Pembine
and Marshfield terranes), the Yavapai Province, and Baraboo Interval
quartzites (Fig. 1; Van Schmus et al., 1975a; Anderson and Cullers,
1978; Anderson, 1980; DeWayne and Van Schmus, 2007;). The Wolf
River batholith is the only geon 14 igneous unit exposed in the SLSR, al-
though granites of this age are distributed widely in the subsurface to
the south (Bickford et al., 2015). Other post–Baraboo Interval granitic
rocks in the region occur in the Wausau syenite–granite complex,
which is located ~15 km west of the Wolf River batholith (Fig. 1;
Myers et al., 1984; Medaris Jr. and Koellner, 2010). This complex con-
sists of four overlapping, concentric, epizonal plutons, three of which
have U–Pb zircon ages of 1565 ± 4 Ma, 1522 ± 6 Ma, and 1506 ±
3 Ma (Van Wyck et al., 1994; DeWayne and Van Schmus, 2007). Al-
though the Wausau complex is 30–90 Ma older than the Wolf River
batholith, it shares many petrologic characteristics, such as a ferroan
composition. TheWausau complexwas emplaced followingBaraboo In-
terval sedimentation, thus suggesting that it may represent a precursor
to the Wolf River batholith and other geon 14 transcontinental ferroan
granites.

2.7. Midcontinent Rift

The final episode in the Precambrian evolution of the SLSR was de-
velopment of the ~1100MaMidcontinent Rift System(Fig. 1), which ex-
tends for ~1800 km from Lake Superior to Oklahoma (Hinze et al., 1997;
Ojakangas et al., 2001b). The rift is made up of a series of axial half–
grabens, separated by accommodation zones, that are filled with
~20 km of volcanic rocks and ~10 km of overlying sedimentary rocks.
The 1109–1087 Ma volcanic rocks, which consist of ~90% tholeiitic
flood basalt and ~10% rhyolite and icelandite, are accompanied by a va-
riety of intrusive rocks, including alkalic plutons, layered tholeiitic intru-
sions, and quartz and olivine tholeiite dikes and sills (Weiblen, 1982).
The post–rift clastic sedimentary rocks include two groups: an early, im-
mature, alluvial fan to fluvial red bed sequence with an intra–basin
provenance, and a later, more mature, fluvial red bed sequence with
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an extra–basin provenance (Ojakangas et al., 2001b). The original nor-
mal faults of the rift were reactivated and inverted to high–angle re-
verse faults, accompanied by development of an uplifted central horst.
Previously, such structural features were interpreted as reflecting far–
field effects of the Grenville orogeny to the east, but more recent work
has demonstrated that basin inversion was a post-Grenville, Paleozoic
reactivation phenomenon (Malone et al., 2016; Craddock et al., 2017).

3. Analytical methods

3.1. 40Ar/39Ar dating of muscovite (University of Wisconsin–Madison)

Previously, 40Ar/39Ar plateau ages for single muscovite crystals were
determined by step heating, using a defocused CO2 laser in the WiscAr
Lab at the Department of Geoscience, UW–Madison, following the
methods described in Medaris Jr et al. (2002, 2009); Medaris Jr. et al.
(2003) and Medaris Jr. and Singer (2010). In this investigation, the
40Ar/39Ar ages for the previously analyzed samples have been recalc-
ulated relative to the 28.201 Ma Fish Canyon sanidine standard
(Kuiper et al., 2008), which supersedes the prior standard, using the
decay constants of Min et al. (2000). The complete analytical data are
given in Supplementary data, Table 4.

3.2. LA-ICPMS U–Pb zircon geochronology (Arizona LaserChron Center)

Zircon from two samples of Waterloo quartzite, which is the south-
easternmost of the Baraboo Interval occurrences, and one of Baldwin
conglomerate was separated by conventional gravitational and
magnetic techniques. U–Pb geochronology of zircon was conducted
by laser ablation–inductively coupled plasma mass spectrometry
(LA-ICPMS) at the Arizona LaserChron Center, following the methods
of Gehrels et al. (2006, 2008) and Gehrels and Pecha (2014). Unknown
zircons were mounted with the standard Sri Lanka, FC-1, and R33
zircons on a 1″ puck with epoxy, sanded down to a depth of ~20 μm,
polished, and cleaned prior to analysis. The analyses were performed
by ablation of zircon with a Photon Machines Analyte G2 excimer
laser equipped with HelEx ablation cell using a spot diameter of
20 μm. The ablated material was carried in helium into the plasma
source of an Element2 HR ICPMS. Following analysis, data reduction
was performed with an in-house Python decoding routine and an
Excel spreadsheet (E2agecalc) that determined a “best age” for each
analysis, which is generally the 206/238 age for ages <900 Ma and the
206/207 age for ages >900Ma, and rejected analyseswith>10% discor-
dance, >5% reverse discordance, >400 ppm Pb204 or >10% internal
(measurement) uncertainty. The ages are presented on relative age–
probability diagrams using routines in Isoplot (Ludwig, 2012).

3.3. LA-SF-ICPMS U–Pb zircon geochronology (California State University,
Northridge)

Zircon was separated from five samples of Waterloo quartzite fol-
lowing standard methods involving crushing, pulverizing with jaw
crusher and disk mill, and density separation on a Wilfley gold table
and with heavy liquids. Samples were processed through a Frantz
isodynamic separator (side tilt = 5°, front tilt = 20°) at 0.5 amps to re-
move magnetic (non-zircon) minerals. Zircon was poured onto double
sided tape andmounted in epoxy, ground and polished, followed by im-
aging on a Gatan MiniCL detector attached to a FEI Quanta 600 SEM at
California State University Northridge.

Uranium‑lead ratios were collected using a ThermoScientific Ele-
ment2 SF-ICPMS coupled with a Teledyne Cetec Analyte G2 Excimer
Laser (operating at a wavelength of 193 nm). Prior to analysis, the Ele-
ment2 instrument was tuned using the NIST 612 glass standard to opti-
mize signal intensity and stability. Laser beamdiameter was ~30–40 μm
at 10 Hz and 75%–100% power. Ablationwas performed in a HelEx II Ac-
tive 2-Volume Cell™ and sample aerosol was transported with He
4

carrier gas through Teflon-lined tubing, where it was mixed with Ar
gas before introduction to the plasma torch. Flow rates for Ar and He
gases were as follows: Ar cooling gas (16.0 NL/min), Ar auxiliary gas
(1.0 NL/min), He carrier gas (~0.3–0.5 NL/min), Ar sample gas (1.1–1.3
NL/min). Isotope data were collected in E-scan mode with magnet set
at mass 202, and RF Power at 1245 W. Isotopes measured include
202Hg, 204(Pb + Hg), 206Pb, 207Pb, 208Pb, 232Th, and 238U. All isotopes
were collected in counting mode except for 232Th and 238U, which
were collected in analogue mode. Analyses were conducted in a ~ 40-
min time resolved analysis mode. Each zircon analysis consisted of a
20-s integration with the laser firing on sample, and a 20 s delay to
purge the previous sample and move to the next sample. Approximate
depth of the ablation pit was ~20–30 μm.

The primary standard, 91,500, was analyzed every 5–10 analyses to
correct for in-run fractionation of Pb/U and Pb isotopes. The second zir-
con standards, R33 and Plesovice, were analyzed every ~10 analyses to
assess reproducibility of the data. Total uncertainties (analytical + sys-
tematic)were determined by Iolite (Paton et al., 2011). U–Pb analysis of
R33 and Plesovice during all analytical sessions yielded concordant re-
sults and error-weighted average ages of 423.5 ± 3.3 Ma (n = 39)
and 337.6± 4.4Ma (n=48), both of which arewithin close agreement
of the accepted ages for R33 (419 Ma: Black et al., 2004), and Plesovice
(337 Ma: Sláma et al., 2008).

U–Pb isotopic data were plotted using Isoplot 4.15 (Ludwig, 2012).
Corrections for minor amounts of common Pb in zircon were made fol-
lowing the methods of Tera and Wasserburg (1972), using measured
207Pb/206Pb and 238U/206Pb ratios and an age appropriate Pb isotopic
composition of Stacey and Kramers (1975). Zircon analyses with large
common Pb corrections (e.g., analyses interpreted as having ~5% or
greater contribution from common Pb) were discarded from further
consideration. Zircon dates are reported using the 206Pb/238U date for
zircon <1400 Ma, and the 207Pb/206Pb date for zircon >1400 Ma.

A 10% discordance filter was applied to all data. For zircon
>1400 Ma, discordance is calculated as the percent difference between
the 207Pb/206Pb date and 206Pb/238U date. For zircon younger than
1400 Ma, the 207Pb/206Pb date is an unreliable indicator of discordance
due to low abundances of measured 207Pb. For such zircon, discordance
is calculated as the percent difference between the 207Pb/235U date and
206Pb/238U date.

3.4. (U–Th)/He dating of hematite (University of Arizona)

We measured (U–Th)/He ages of multiple aliquots of hematite as
single crystals or agglomerates of several crystallites. Detailed methods
are described in Evenson et al. (2014), but a brief description follows.
Hematite-bearing fragments were selected from hand-crushed whole-
rock samples and treated ultrasonically to isolate hematite crystals or
crystal aggregates with minimal proportions of other phases (largely
quartz in this case). Aliquots with dimensions on the order of tens of
mm were characterized by photomicroscopy and loaded into 1-mm
Nb tubes, heated to ~900–1200 °C by diode laser in <~10−8 Torr cham-
ber. Released gases were spiked with 3He, He was cryogenically puri-
fied, and 4He was quantified by sample-standard bracketing on spiked
aliquots of calibrated 4He standard shots. Uranium and Th were mea-
sured by isotope dilution on the same aliquots using HR-ICP-MS, follow-
ing spiking and bomb-acid dissolution. Concentrations of U and Thwere
measured using mass determinations based on both microbalance and
standard-peak comparisons on Femeasurements by ICP-MS andassum-
ing stoichiometric Fe2O3, which agreed to ~10 to 15%. Aliquots of hema-
tite from samples other than 17BQ15 (not reported here) had low eU
(U + 0.24*Th) of 1–2 ppm, resulting in relatively large uncertainties,
and aliquots formanyof those (non-17BQ15) samples showed evidence
for large U-losses (e.g., Hofmann et al., 2020) during lasing for He
extraction, compared with unlased aliquots of the same samples. Here
we only report results from aliquots from sample 17BQ15 that did not
display this behavior, showed no systematic difference between
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age/composition ratios between low and intense lasing conditions, and
had eU > 4 ppm.
3.5. U-Th-total Pb dating of monazite (University of Massachusetts–
Amherst)

Monazite dating was carried out at the University of Massachu-
setts using the methods of Williams et al. (2017). In brief, the ca.
20 μm-wide monazite grains were located using full-thin-section
compositional mapping. For this study, maps were collected for
Mg, K, Ca, Ce, and Zr. The Mg, K, and Ca maps show the distribution
of the major silicate phases, and the Ce and Zr maps show the loca-
tion of monazite and zircon grains, respectively. Individual monazite
grains were mapped at high resolution (<0.5 μ step size) for Y, Th, U,
Ca, and one other element (Si, Nd, Gd, As, etc.). The maps were proc-
essed simultaneously such that intensities were comparable from
grain map to grain map. Monazite dating was carried out on the
Cameca Ultrachron electron microprobe at the University of Massa-
chusetts. For each compositional domain, a single background anal-
ysis was acquired first, followed by 4–8 peak measurements near
the background location. Background intensities were determined
using the “multipoint” method (Allaz et al., 2019), and one “date”
was calculated for each domain. Uncertainty was calculated by prop-
agating measurement and background errors through the age equa-
tion (Williams et al., 2006). Dates are shown as a single Gaussian
probability distribution function (curve) for the dated domain.
4. Baraboo interval quartzites: Depositional age and composition

The depositional age, mineral and chemical compositions, and
structural features of Baraboo Interval sedimentary rocks are essen-
tial for deciphering the Mesoproterozoic (Calymmian) evolution of
the SLSR. Baraboo Interval quartzites were deposited between
1643 ± 11 Ma, the Maximum Depositional Age (MDA) for detrital
zircon in quartzite, as described below, and 1506 ± 2.7 Ma, the age
of granite that intrudes quartzite in the Wausau complex
(DeWayne and Van Schmus, 2007).
Fig. 2. Composite relative probability plot for detrital zircon in quartzite from the Michels
Quarry in the lower part of the Waterloo quartzite. Also shown is a composite relative
probability plot for detrital zircon from two samples of quartzite higher in the Waterloo
section at the Hubbleton and Mud Lake localities. The age spans of orogenies in the
southern Lake Superior region are indicated by the vertical bars.
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The transport direction for clastic detritus in most Baraboo Inter-
val localities was generally from northwest to southeast, as deter-
mined by paleocurrent measurements (Dalziel and Dott Jr., 1970),
which are indicated by the tricolored arrow in Fig. 1, and detrital zir-
con consequently exhibits Yavapai, Penokean, and Algoman ages of
the underlying basement (Van Wyck, 1995; Holm et al., 1998;
Medaris Jr. et al., 2003; Van Wyck and Norman, 2004 Stewart et al.,
2018;). In the Baraboo Range in southcentral Wisconsin (Fig. 1), de-
trital zircon age populations in the lower fluvial facies of the quartz-
ite differ from those in the upper shoreface marine facies (VanWyck
and Norman, 2004; Schwartz et al., 2018; Stewart et al., 2018). Detri-
tal zircon in the lower quartzites displays a predominant geon 17
peak, reflecting derivation largely from the underlying, proximal
1750 Ma Montello batholith; subsequent deposition buried the
geon 17 basement, and age populations of detrital zircon in the
upper quartzites shift to those of more distal geon 18 Penokean
and geon 25 Algoman provenances.

Scattered outcrops of supermature quartzite in southeastern Wis-
consin, which are referred to collectively as the Waterloo quartzite
(Fig. 1), provide the definitive constraint on the maximum depositional
age of the Baraboo Interval. Although paleocurrent directions have not
beenmeasured in theWaterloo quartzite, the presence of geon 16detri-
tal zircon grains in the lower part of the quartzite sequence (at the
Michels quarry) indicates a southern, Mazatzal provenance, as illus-
trated by the bicolored arrow in Fig. 1. Quartzite from the Michels
quarry displays a prominent combined geon 16 (Mazatzal) and geon
17 (Yavapai) signal, and diminished geon 18 (Penokean) and geon
25–27 (Algoman) signals (Fig. 2; Supplementary data, Table 2). An
abundance of geon 16 detrital zircon grains in five samples of quartzite
from the Michels quarry and a maximum depositional age of 1643 ±
11 Ma (n = 42; MSWD = 1.05) for quartzite sample 17WQ-8 demon-
strate that deposition of the Waterloo Quartzite was a late- or post–
Mazatzal event and imply that correlative Baraboo Interval quartzites
in the region also represent late- or post–Mazatzal deposition.
Stratigraphically higher in the Waterloo quartzite at the Hubbleton
and Mud Lake localities, sediment provenance shifted from southeast
to northwest, resulting in the disappearance of geon 16 detrital zircon,
the predominance of a combined Yavapai and Penokean population,
and a subdued, but distinct, Algoman population (Fig. 2; Supplementary
data, Table 3).

Baraboo Interval sediments are characteristically red due to the
presence of hematite (Fig. 3A), but where quartzite was intruded and
recrystallized by theWolf River batholith or granite in theWausau com-
plex, hematite was reduced to magnetite, imparting a gray color to the
quartzite (Fig. 3B and C).

Baraboo Interval siliciclastic rocks are among themostmature in the
geological record, and, in this respect, are unique in Precambrian strata
in the SLSR. Conglomerate contains quartz and ferricrete (or jasper)
pebbles (Figure 3), clasts of underlying lithologies are absent, sandstone
and siltstone are devoid of detrital feldspar, and shale contains kaolinite
or its metamorphic equivalent, pyrophyllite (Southwick and Mossler,
1984; Medaris Jr. et al., 2003), all of which attest to the extrememiner-
alogical maturity of the strata. Chemically, the strata are equallymature,
with pelitic layers having values of 97.5 to 99.0 for the Chemical Index of
Alteration (CIA = 100 × molar Al2O3 / (Al2O3 + K2O + Na2O + CaO),
compared to a value of 70.0 for average shale (Fig. 4; Supplementary
data, Table 1). Such extreme mineralogical and chemical maturities
are the result of complete removal of ferromagnesianminerals and feld-
spar from mature sub–Baraboo Interval paleosols across the region,
which locally reach a thickness of ten meters (Driese and Medaris Jr.,
2008). These paleosols developed under warm, humid climatic condi-
tions, which are estimated to have been a mean annual temperature
of 14.5 °C and a mean annual precipitation of 1180 mm/yr in the
Baraboo Range (Medaris Jr. et al., 2017). An important corollary to
these observations is that topographic relief must have been relatively
subdued in the SLSR to allow for development of such mature paleosols



Fig. 3.Baraboo Interval quartz pebble conglomerates. A: Polished surface of drill core in Baraboo quartzite, 0.6mabove the unconformity; note the ferricrete pebble near the center of view.
B: Waterloo quartzite with gray and white quartz pebbles; note the hammer handle for scale (lower left). C: Bedding surface in Thunder Mountain conglomerate; pebbles are quartz
(white) and magnetite (black, formerly jasper); the coin is 2.7 cm in diameter.
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and accompanying deposition of the supermature Baraboo Interval
quartzites.

5. Geon 14 sedimentation: Baldwin conglomerate

Three occurrences of Proterozoic metasedimentary rocks, viz. the
McCaslin quartzite, the Thunder Mountain quartzite, and the Baldwin
conglomerate, are located at the northeastern margin of the Wolf
River batholith, where all three are unconformable on Penokean volca-
nic rocks and are intruded by 1470 Ma Hager porphyry (Figure 5). Pre-
viously, these three sedimentary units were considered to belong to the
Baraboo Interval, but we now recognize that the Baldwin conglomerate
is a younger and compositionally less mature sedimentary deposit. The
Baldwin conglomerate is polymictic (Fig.) and contains pebbles and
cobbles of the underlying Penokean metavolcanic rocks (Waupee For-
mation) and gneiss (Macauley gneiss), all of which are set in an a
medium– to coarse–grained arkosic matrix. In addition, cobbles of
supermature quartzite are present (Fig. 6), presumably derived from
the McCaslin and Thunder Mountain quartzites.

A relative probability plot for detrital zircon in the Baldwin conglom-
erate displays a predominant population with a minimum age peak at
1493 Ma and subsidiary populations with peaks at 1598, 1674, 1789,
1888, and 2690 Ma (Fig. 7; Supplementary data, Table 3). The four
older peaks correlate with the Mazatzal, Yavapai, Penokean, and
Algoman orogenies, and the geon 15 population probably reflects
6

contributions from the 1565–1506 Ma Wausau syenite–granite com-
plexes, which are located 15 km west of the Wolf River batholith
(Fig. 1). The MDA for the youngest statistically homogenous population
of detrital zircon is 1458 ± 10Ma (MSWD= 0.2; n=13), which over-
laps within uncertainty with the age, 1470.5 ± 1.6 Ma, of the Hager
granite porphyry that intrudes the conglomerate (DeWayne and Van
Schmus, 2007). However, fifty-five detrital zircon grains have ages be-
tween 1522 and 1468 Ma, which is the age span for Wolf River
magmatism in the region. This, and the location of the Baldwin con-
glomerate in the epizonal, ~1470 Ma part of the batholith, suggests
that deposition of the conglomeratewas approximately contemporane-
ouswith emplacement (and possible eruption) of the northeastern part
of the batholith at a shallow crustal level.
6. Geon 14 Metamorphism, metasomatism and deformation

In the western and northern areas of the SLSR, the Baraboo Interval
Sioux quartzite and Barron quartzite are both flat–lying and
nonconformable on Archean and Penokean basement, respectively
(Fig. 1). In contrast, the remaining Baraboo Interval strata to the east
and south are folded and nonconformable on Penokean and Yavapai
basement. The flat–lying strata are unmetamorphosed and contain kao-
linite, whereas the folded strata are recrystallized and contain pyrophyl-
lite, which formed at ~300 °C through a reaction, such as:



Fig. 4. Compositional plot for mudstones and siltstones in terms of molar Al2O3 (A), CaO
(Ca*), Na2O (N), and K2O (K). The Baraboo, Barron, Sioux, and Waterloo samples are
from the Baraboo Interval; the Waterloo metapelite has experienced K-metasomatism
and plots near the composition of muscovite (ms). The Ortega metapelite and the
Rinconada Formation are from the Hondo Group in northern New Mexico, the
metasomatizedWhite Ledges metapelite is from the Hess Canyon Group in southern Ari-
zona, and the Pinal schist is from southern Arizona. The number of analyzed samples at
each locality is indicated in parentheses. CIA, Chemical Index of Alteration (see text for ex-
planation). Average upper continental crust (UCC) from Rudnick andGao (2004); average
shale and Amazon andCongo fine-grainedparticulates fromTaylor andMcLennan (1985).

Fig. 6. Outcrop of polymictic Baldwin conglomerate, containing rounded pebbles of
Waupee metavolcanic rocks (dark clasts), Penokean gneiss and granite (lighter clasts),
and quartzite (white clasts, arrow); the coin is 2.7 cm in diameter.
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Al4Si4O10(OH)8 (kln)+ 4SiO2 (qtz)= Al4Si8O20(OH)4 (prl) + 2H2O
(V). (1)

At higher temperatures, pyrophyllite is stable in the presence of
quartz up to ~385 °C (at a pressure of 2 kb).

In the Baraboo Range, hydrothermal veins at the base of the quartz-
ite (Fig. 8) contain the mineral assemblage, diaspore + pyrophyllite +
muscovite, which is stable between ~315 °C and ~ 365 °C (at 2 kb).
Fig. 5. Simplified geological map of Proterozoic rocks at the northeastern end of theWolf
River batholith, showing the outcrop distribution of the Baraboo Interval McCaslin and
Thunder Mountain quartzites and the geon 14 Baldwin conglomerate (modified from
Greenberg and Brown, 1984, Green, 1982). The Belongia granite and Hager porphyry
(syenite and granite) are members of the 1470 Ma epizonal part of the batholith.
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Quartzite breccia high in the quartzite section contains the assemblage,
quartz + kaolinite + muscovite, which combined with the composi-
tions of fluid inclusions in quartz, constrains P-T conditions during brec-
ciation to have been amaximumof ~2 kb (~7.5 km) and300 °C (Medaris
Jr et al., 2002). T-P conditions of 300–385 °C and 2 kb for the regional
metamorphic assemblage, pyrophyllite + quartz, are consistent with a
surface heat flow of 110–140 mWm−2, compared to an average conti-
nental surface heat flow of 65 mWm−2.

Where Baraboo Interval sedimentswere intruded by granite, such as
at the northeastern edge of theWolf River batholith (Figs. 1 and 5) and
in the Waterloo quartzite, where granite dikes, 0.3 to 1.2 m wide, in-
trude quartzite in the Michels quarry, andalusite crystallized in pelitic
layers at temperatures above ~400 °C though a reaction, such as:

Al4Si8O20(OH)4 (prl) = 6SiO2 (qtz) + 2Al2SiO5 (and) + 2H2O (V).
(2)

The absence of kyanite constrains recrystallization to have been at
pressures below 2 to 4 kbar over a temperature range of 400 to 500 °C.
Fig. 7. Relative probability plot for detrital zircon in the Baldwin conglomerate; the age
spans of orogenies in the southern Lake Superior region are indicated by the vertical bars.
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Fold axes in Baraboo Interval sedimentary rocks are oriented gener-
ally ENE–WSW, for whichfinite strain analyses document a NW–SE tec-
tonic shortening (Craddock and McKiernan, 2007). Finite strain
magnitudes increase from the undeformed Sioux and Barron quartzites
in the northwest to the folded Baraboo and Waterloo quartzites in the
southeast. In the folded quartzites, the axial ratios of strain ellipsoids
for quartz increase from 1.08:1:0.92 in the Flambeau quartzite in the
northwest to 1.24:1:0.79 in the Baraboo quartzite to the southeast.
The time of folding is constrained to have been between 1643 Ma,
which is the MDA for theWaterloo quartzite, and 1470 Ma, the crystal-
lization age of the Hager porphyry, which intrudes the synclinal struc-
ture of the McCaslin quartzite (Fig. 5). Although the Wolf River
batholith is largely undeformed, the orientations of healed microcracks
and planes of fluid inclusions in quartz record a NW–SE maximum hor-
izontal stress for the region at ~1470 Ma (Jang et al., 1989; Jang and
Wang, 1991), which is consistent with the strain regime for the folded
quartzites.

Previously, a 1630 Ma thermal front was identified in the Penokean
Province in northern Wisconsin, based on the distribution of 40Ar/39Ar
cooling ages of mica in pre–Baraboo Interval basement (Fig. 1; Holm
et al., 1998; Romano et al., 2000). North and west of this thermal
front, mica in basement beneath the flat–lying Sioux and Barron quartz-
ites has an age of 1760–1750 Ma, reflecting cooling and stabilization
after the Yavapai orogeny. South and east of this front,mica in basement
beneath folded quartzites has an age of 1614–1576 Ma, which records
the effects of Mazatzal deformation and metamorphism. Because the
1.63 Ga thermal front in the basement coincides spatially with the dis-
tribution of flat–lying and folded quartzites, it was suggested that fold-
ing of Baraboo Interval quartzites was the result of Mazatzal
deformation (Holm et al., 1998). However, although the mica ages
clearly record Yavapai and Mazatzal recrystallization in the pre–
Baraboo Interval basement, no isotopic ages were obtained from the
Baraboo Interval strata themselves. As demonstrated above, Baraboo In-
terval sediments were deposited after 1643 Ma, and folding of the
quartzites must therefore have been a post–Mazatzal event.

The relation between folding,metamorphism, and K–metasomatism
is best illustrated in the Baraboo Range, which is the best exposed and
most thoroughly investigated of the folded Baraboo Interval localities
(Dalziel and Dott Jr., 1970; Medaris Jr. et al., 2003; Stewart et al.,
2018). The Baraboo quartzite occurs in an asymmetric syncline, where
it is nonconformable on a 1.75 Ga basement of rhyolite, granite, and di-
orite and is overlain conformably by the Seeley slate (Fig. 8). Quartzite
andmetapelite contain a restricted mineral assemblage of quartz + py-
rophyllite+hematite, and because of this, fewgeochronologicmethods
are available to determine the age of recrystallization. However, musco-
vite, which was precipitated locally due to K–metasomatism promoted
Fig. 8. Schematic cross–section of the Baraboo syncline, illustrating folding of the Baraboo qu
(modified from Marshak et al., 2016). Geon 14 channelized fluid flow promoted K–metasoma
consists of several thin metasiltstone and metapelite layers high in the quartzite section. Sev
slate (totaling ~600 m in thickness), that occur in the axis of the syncline above the Seeley slat
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by hydrothermal fluid flow along permeable channels in the syncline,
can be dated by 40Ar/39Ar geochronometric methods. Such muscovite
occurs at the unconformity at the base of the quartzite, in hydrothermal
veins near the base of the quartzite, in a breccia zone in the upper part of
the quartzite, and pervasively along axial plane cleavage in the Seeley
slate that overlies quartzite (Fig. 8).

The crystallization of muscovite in all four settings was dated previ-
ously by application of the 40Ar/39Ar geochronometer, yielding geon 14
40Ar/39Ar plateau ages in each instance (Medaris Jr et al., 2002; Medaris
Jr. et al., 2003;Medaris Jr et al., 2009;Medaris Jr. and Singer, 2010). Here,
we recalculate the 40/39Ar ages relative to the 28.201 Ma Fish Canyon
sanidine standard (Kuiper et al., 2008), using the decay constants of
Min et al. (2000) (Fig. 9; Supplementary data, Table 4). Plateau ages
for muscovite are 1467 ± 11 Ma in paleosol at the unconformity,
1478 ± 12 Ma in hydrothermal veins low in the quartzite section, and
1472 ± 3 Ma in breccia high in the quartzite section (Fig. 9). In the
Seeley slate, which lies stratigraphically above the Baraboo quartzite
(Fig. 8), three samples yield whole–rock ages of 1473 ± 3, 1483 ± 3,
and 1493±3Ma (Fig. 9), and considering the low recrystallization tem-
perature of the Seeley slate, 300–350 °C, it is likely that the whole–rock
40Ar/39Ar plateau ages approximate the time ofmuscovite growth in the
slate. Elsewhere in the region, muscovite in the Waterloo metapelite,
which also experienced K–metasomatism (Fig. 4), has a 40Ar/39Ar pla-
teau age of 1465±5Ma (Fig. 9). Muscovite in the Seeley slate is aligned
parallel to axial–plane (slatey) cleavage (Fig. 10A), andmuscovite in the
Waterloo metapelite decorates crenulation cleavage (Fig. 10B). These
muscovite textural features link K–metasomatism, recrystallization,
and deformation, indicating that deformation in the Baraboo Range
and in Waterloo quartzite was a geon 14 event, and suggesting that
folding of other Baraboo Interval sedimentary rocks in the region was
also a geon 14 tectonic phenomenon.

Rubidium, which follows potassium geochemically, was also locally
introduced by hydrothermal fluid flow in folded Baraboo Interval strata.
Relative to Upper Continental Crust (Rudnick and Gao, 2004), 96% Rb
was added to Waterloo metapelite, 134% to Seeley slate, and 51% to
Baraboo paleosol (calculated from data in Table 1 and Medaris Jr.
et al., 2017). Nine samples of Baraboo paleosol define a Rb–Sr whole–
rock isochron age of 1336 ± 75 Ma (Figs. 4 and 5 in Medaris Jr. et al.,
2017), which is consistentwith the 40Ar/39Ar results formuscovite, con-
sidering the different behavior and blocking temperatures for the two
geochronologic systems.

Further evidence for geon 14 recrystallization of the Baraboo Interval
(unrelated to K–metasomatism) is provided by folded pyrophyllite
layers (metapelite) in the Baraboo Quartzite, which contain tiny grains
(50–100 μm) of neoblastic hematite (Fig. 10C). We measured (U–Th)/
He ages of multiple aliquots of this hematite, either as single crystals
artzite and development of axial–plane cleavage in the Seeley slate and Baraboo phyllite
tism in paleosol, hydrothermal veins, and breccia. Rather than a single layer, the phyllite
eral sub-Paleozoic sedimentary units, including dolomite, iron formation, quartzite, and
e are known only from drill core and are omitted from the cross–section.
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or agglomerations of several crystallites with dimensions on the order
of tens of μmusingmethods described in Evenson et al. (2014). Aliquots
from several samples had loweU (U+0.24*Th) of 1–2 ppm, resulting in
relatively large uncertainties, and aliquots for some samples showed
evidence for large U-losses (e.g., Hofmann et al., 2020) during lasing
for He extraction, compared with unlased aliquots of the same samples.
Here we report only results from aliquots from sample 17BQ15 that did
not display this behavior, showed no systematic difference between
age/composition ratios between low and intense lasing conditions,
and had eU > 4 ppm. The mean age of hematite aliquots from this
sample is 1411 ± 39 Ma (Fig. 11; Supplemental Table S5), which is
slightly younger than those obtained for muscovite by 40Ar/39Ar
geochronometry (1493–1465 Ma).

A third line of evidence for geon 14 recrystallization of the Baraboo
Interval is provided by U-Th-total Pb dating by electron microprobe of
monazite, small grains of which occur in trace amounts in the Seeley
Slate in the Baraboo Range. These grains commonly have detrital cores
overgrown by neoblastic rims that are elongated in the plane of axial
cleavage (Fig. 12). Detrital monazite cores yielded Penokean and Ar-
chean dates, whereas monazite rims in five domains of two samples
yielded dates of 1451, 1488, 1488, 1497, and 1528Ma, with a weighted
mean of 1502 ± 30 Ma (Fig. 12; Supplementary data, Table 6). When
the 1528 Ma age is excluded, one obtains a more statistically robust re-
sult of 1488±20Ma (MSWD=0.023, Chi-squared=0.98). This date is
within error of those provided by the 40Ar/39Ar and (U/Th)-He geochro-
nologic methods and further substantiates the existence of geon 14 re-
crystallization in the southern Great Lakes region.
7. Geon 14 magmatism: Wolf River batholith

The Wolf River batholith was first identified by Van Schmus et al.
(1975a) and subsequently investigated in detail by Anderson and
Cullers (1978) and Anderson (1980). Because the Wolf River batholith
plays an integral role in interpreting the early Mesoproterozoic evolu-
tion of the SLSR, its salient characteristics are summarized here. The
batholith was originally classified as anorogenic, or A-type, but it is
nowknown that emplacement of the batholithwas coevalwith regional
metamorphism and folding, so the term, anorogenic, is inappropriate
and has been abandoned.

The batholith contains anorthosite, monzonite (mangerite), and
rapakivi granite and is a midcontinental member of the
Anorthosite-Mangerite-Charnockite-Granite suite of igneous complexes
that extends across much of southern Laurentia (Anderson, 1983). The
batholith is predominantly granite, whose alkali feldspar–rich composi-
tions contrast markedly with the plagioclase–rich compositions of
Penokean quartz diorite–tonalite–granodiorite plutons in the region
(Fig. 13A). The batholith includes four types of granitic rocks: a sequence
of quartz syenite cumulate rocks, several intrusive monzogranite plu-
tons, the Wolf River syenogranite–monzogranite pluton itself, and a
group of differentiated syenogranite plutons (Fig. 13A). Three
monzogranite plutons and theWolf River pluton, which havemesozonal
characteristics, have a composite U–Pb zircon age of 1476 ± 2 Ma,
whereas five differentiated syenogranite epizonal plutons have a com-
posite age of 1470 ± 1 Ma (DeWayne and Van Schmus, 2007).

TheWolf River plutons have ferroan chemical compositions, again in
contrast to the Penokean plutons, which are magnesian (Fig. 13B).
Fig. 9. 40Ar/39Ar age spectra: Baraboo (upper panel), muscovite from quartz–muscovite
metapaleosol, muscovite-pyrophyllite-diaspore hydrothermal vein, and quartz–
muscovite–kaolinite breccia; Seeley slate (middle panel), whole rocks from
quartz–muscovite–chlorite slate; Waterloo (lower panel), muscovite from quartz–
muscovite–andalusite schist. Lengths of arrows indicate the steps included in the
plateau age calculation for each sample.



Fig. 10. A: Photomicrograph (crossed polarizers) of Seeley slate in the Baraboo Range,
illustrating the alignment of fine–grained muscovite parallel to the plane of S1 cleavage
(slatey cleavage). B: Photomicrograph (crossed polarizers) of Waterloo metapelite in the
Michels quarry, with crenulation cleavage illustrated by the orientation of muscovite
grains. C: Photomicrograph (plane polarized light) of metapelite in the Baraboo
Quartzite, showing neoblastic hematite grains in a matrix of fine-grained pyrophyllite.
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Further differences are found in their alkali–lime indices (Peacock,
1931), with the Wolf River batholith being alkalic, having an index of
47, whereas the Penokean plutons are calc–alkalic, having an index of
60. The Wolf River plutons and the Penokean plutons both range from
metaluminous to peraluminous, with the Wolf River plutons having a
slightly higher mean value of Aluminum Saturation Index (ASI; Shand,
1927), 1.03 ± 0.06, compared to that in the Penokean plutons, 0.98 ±
0.10, where.

ASI ¼ molecular Al2O3= K2Oþ Na2Oþ CaOð Þ

Wolf River plutons in the 1476 Ma group are increasingly refractory
from the oldest pluton (Wolf River granite, 1478 ± 3 Ma) to the youn-
gest (Red River granite, 1474 ± 2 Ma), viz. an increase in Ca#, CaO/
(CaO + Na2O), from 0.22 to 0.41 and a decrease in Fe#, FeO*/
(FeO* + MgO), from 0.95 to 0.81 (Fig. 13B). In contrast, plutons in the
1470 Ma group are more differentiated, having a lower Ca# (0.13 to
0.28) and a higher Fe# (0.91 to 0.98) compared to the 1476 Ma group
(Fig. 13B). These compositional differences between the older and
younger groups of plutons are accompanied by differences in silica con-
tent, with the younger group containing >35% modal quartz
and > 75 wt% SiO2 (Fig. 13B).

Major element, trace element, and Hf isotopic compositions are all
consistent with a crustal source for the Wolf River batholith with little
or no mantle input (Anderson and Cullers, 1978; Anderson, 1980;
Goodge and Vervoort, 2006). Based on phase equilibria modelling, the
plutons are thought to have been derived by partial melting of tonalitic
to granodioritic crust at depths of 25 to 36 km, followed by emplace-
ment of the 1470 Ma plutons at depths of 3.8 km or less (ibid.). The
crustal derivation of the Wolf River batholith places important con-
straints on the tectonomagmatic scenario for the Baraboo orogeny, as
discussed in Section 8.1.

8. Transcontinental extent of geon 14 orogenesis

Geon 14 orogenesis extends along the entire southern margin of
Laurentia, different segments of which are referred to, from southwest
to northeast, as the Picuris (Daniel et al., 2013), Baraboo (this paper),
Fig. 11. (U\\Th)/He ages of hematite in sample 17BQ15, plotted as a function of eU
(U + 0.24*Th) concentration, as determined by Fe concentration of aliquot and
assuming stoichiometric Fe2O3. Error bars on eU are shown as 10%, based on typical
variation between microbalance– and Fe–determined masses of aliquots. Error bars on
age are 2σ analytical precision.



Fig. 12.Monazite dates from the Seeley slate. Each Gaussian peak represents onemonazite
date from a single compositional domain. Individual dates involve a single multipoint
background analysis followed by multiple peak analyses. WDS maps (Th and Ca) are
shown for two representative monazite grains.

Fig. 13. A: Modal compositions of the Wolf River batholith and Penokean granitoids; Q,
quartz; A, alkali feldspar; P, plagioclase. B: Discrimination of ferroan and magnesian
granitoids in terms of Fe-index, FeO*/(FeO* + MgO), and wt% SiO2 (plot after Frost and
Frost, 2011; data from Anderson and Cullers, 1978, 1987).
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and Pinware orogenies (Tucker and Gower, 1994; Heaman et al., 2004;
Augland et al., 2015). This transcontinental orogenic belt was con-
structed on Penokean, Yavapai, Mazatzal, and Granite-Rhyolite base-
ment and includes geon 14 folding and metamorphism of 1.7–1.4 Ga
11
siliciclastic sedimentary rocks and emplacement of 1.48–1.35 Ga
ferroan granites (Fig. 14).We focus here on a comparison of the Baraboo
and Picuris orogenies, which share many geological features, whereas
discussion of the more complex Pinware orogeny, which was
overprinted by the Grenville orogeny and contains remnants of
1.50–1.45 Ga volcanic arcs (Groulier et al., 2020), is beyond the scope
of this investigation.

8.1. Geon 14 magmatism

One of the most striking features of this transcontinental orogenic
belt is the widespread, 1.48–1.35 Ga emplacement of mostly ferroan
granites in a 1600 km–wide swath across Laurentia (Fig. 14); such ex-
tensive igneous activity of this petrologic character has no Phanerozoic
analogue and is considered to be unique to the Proterozoic (Anderson
and Bender, 1989). The transcontinental extent of such granites was
first recognized by Silver et al. (1977) and subsequently documented
in detail by Anderson (1983), Anderson and Morrison (2005), Goodge
and Vervoort (2006), and Bickford et al. (2015). Three groups of gran-
ites, all of which are rich in alkali feldspar, have been identified: a
ferroan ilmenite series associated with anorthosite in the northeast
(and including the Wolf River batholith in Wisconsin and the Sherman
batholith in Wyoming), a ferroan magnetite series in the midcontinent
and southwest, and a magnesian two–mica (peraluminous) series that
transects the Yavapai and Mazatzal provinces, extending from central
Colorado to New Mexico and Arizona (Fig. 15; Anderson and Bender,
1989; Anderson and Cullers, 1999; Anderson and Morrison, 2005).
The differences among these three groups of granites are thought to re-
flect different conditions of melting of heterogeneous lower crust, com-
bined with different oxidation conditions during crystallization. That
the three groups of granite were derived from different crustal sources
is demonstrated by the existence in the granites of a “Nd line” extending
from Texas to Ohio that coincides with the boundary between the
Mazatzal and Granite–Rhyolite Provinces (Fig. 14; Van Schmus et al.,
2007). Nd model ages for granites on the southeastern side of this
boundary reflect derivation from ~1500 Ma crust, whereas Nd model
ages on the northwestern side reflect derivation from ≥1600 Ma crust,
with model ages increasing to the northwest (Bickford et al., 2015).

It has been proposed that the geon 14 granites were generated by
partial fusion of lower crust due to heating by underplating basaltic
magmas (Anderson and Morrison, 2005; Goodge and Vervoort, 2006)
and that such melting may have occurred in a continental back–arc en-
vironment (Whitmeyer and Karlstrom, 2007; Bickford et al., 2015).
Such a tectonic setting is supported by trace element discriminant
plots, in which samples of the Wolf River batholith and samples of the
magnetite series and peraluminous series in the southwestern US plot
in the “within plate” field, as defined by Pearce et al. (1984) (Fig. 16).
Following generation by partial melting of lower continental crust, the
granites were emplaced at middle to upper crustal levels, near and
above the ductile–brittle transition, e.g., ≤3.8 km for the Wolf River
batholith inWisconsin (Anderson, 1980); ~11.3 km for the Signal bath-
olith in Arizona (Nyman and Karlstrom, 1997); and 3.5–16.7 km for var-
ious plutons in California, Nevada, and Arizona (Anderson and Bender,
1989).

8.2. Post–Mazatzal deposition of supermature siliciclastic sediments

1.7–1.4 Ga siliciclastic sedimentary rocks are distributed across cen-
tral and western Laurentia (Fig. 14), where those deposited on
Penokean, Yavapai, and Mazatzal basement are folded (except for the
Barron quartzite), but those deposited on Archean basement are not.
Among these sedimentary rocks, quartzites of the post–Mazatzal
Baraboo Interval in the midcontinent are distinctive for their extreme
mineralogical and chemical maturity, as described in Section 4. Equally
mature quartzites occur in the southwestern U.S., including the Ortega
quartzite (Hondo Group, northern New Mexico; Jones III et al., 2011;



Fig. 14. Precambrian geological provinces in Laurentia at 1.3 Ga (modified from Whitmeyer and Karlstrom, 2007), including location of the Wolf River batholith, extent of 1.48–1.35
granites (in red), and distribution of 1.7–1.4 Ga siliciclastic sedimentary rocks (in yellow). Quartzite abbreviations: B, Baraboo Interval; D, Del Rio; F, Four Peaks; O, Ortega; WL, White
Ledges; WR, White Ridge. Other abbreviation: P, Pinal schist. The Penokean, Yavapai, Mazatzal, and Granite-Rhyolite provinces are shown in shades of orange, green, blue, and gray
green, respectively.
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Daniel et al., 2013), the Del Rio quartzite (Little Chino Valley, central Ar-
izona; Spencer et al., 2016), and the Four Peaks quartzite (Mazatzal
Group, southern Arizona; Mako et al., 2015), which are located in the
Yavapai province, and theWhite Ridge quartzite (Manzano Group, cen-
tral New Mexico; Holland et al., 2020), and the White Ledges quartzite
(Hess Canyon Group, southern Arizona; Doe et al., 2012), which are
located in the Mazatzal province (Fig. 14). In New Mexico, the dep-
ositional age of the White Ridge quartzite is bracketed by the
1665–1660 Ma Seviletta metarhyolite below and the 1588 Ma Blue
Fig. 15. Compositions of geon 14 granitic rocks in terms of Fe-index, FeO*/(FeO*+MgO),
and wt% SiO2 (data from Anderson and Cullers, 1978; Anderson and Bender, 1989; Frost
et al., 1999; Anderson and Morrison, 2005). The ilmenite–series includes the Sherman
batholith (WY), the Lincoln granite (WY), and the Wolf River batholith (WI) (excluding
cumulate rocks); the magnetite–series extends from New York to southern California
along the Yavapai, Mazatzal, and Granite–Rhyolite provinces; the peraluminous–series
transects the Yavapai and Mazatzal provinces in a belt from central Colorado to Arizona
(see Anderson and Morrison, 2005).

12
Springs metarhyolite above (Holland et al., 2020). In Arizona, the
White Ledges quartzite was deposited on 1657 Ma rhyolite (Doe et al.,
2012), and the Four Peaks quartzitewas also deposited on 1657Ma rhy-
olite (Mako et al., 2015). These field relations demonstrate the late- or
post-Mazatzal deposition of the quartzites.

Quartzites in the Yavapai province typically display prominent geon
17 probability peaks for detrital zircon, reflecting the influence of un-
derlying Yavapai basement. Detrital zircon grains in the upper Ortega,
middle Ortega, Del Rio, and Four Peaks quartzites yield age probability
peaks at 1741, 1722, 1737, and 1742 Ma, respectively (Jones III et al.,
2011; Mako et al., 2015; Spencer et al., 2016). However, each of these
quartzites also contains a small, but significant, number of geon 16 de-
trital zircon grains and yield MDA values of 1719 Ma for the upper
Ortega, 1717 Ma for the middle Ortega, 1715 to 1659 Ma for the Del
Rio, and 1719 Ma for the Four Peaks quartzite.

In the Mazatzal Province, the White Ledges quartzite contains a de-
trital zircon population whose age characteristics are similar to those in
quartzites in the Yavapai province (Doe et al., 2012). The lower and
upper members of the quartzite yield age probability peaks at 1726
and 1773 Ma, respectively, and again, contain a small, but significant,
number of geon 16 grains, e.g., 15 of 115 grains and 5 of 115, for
which the MDA values are 1631 and 1698 Ma, respectively. Three sam-
ples of White Ridge quartzite, also located in the Mazatzal province,
yield age probability peaks at 1676, 1667, and 1653 Ma, but in contrast
to the White Ledges quartzite contain a higher proportion of geon 16
detrital zircon grains in each sample, e.g., 235 of 302 grains, 78 of 114
grains, and 96 of 116 grains (Holland et al., 2020). MDA values for
these three quartzite samples are 1638, 1656, and 1648 Ma. Such detri-
tal zircon data, along with the field relations, demonstrate that the
supermature quartzites in the southwestern U.S. were deposited during
the waning stages or after the 1.68–1.63 Ga Mazatzal orogeny, as de-
fined by (Amato et al., 2008).

The quartzite sequences in New Mexico and Arizona, like those in
the Baraboo Interval, progress upwards from fluvial facies to shoreface
marine facies and are supermature mineralogically, consisting of
quartz–jasper pebble conglomerate and quartz arenite, both of which



Fig. 16. Trace element discriminant plots for granites in theWolf River batholith (upper panels; Anderson and Cullers, 1978) and geon 14 granitic plutons in the southwestern US (lower
panels; Anderson and Bender, 1989); discriminant fields from Pearce et al. (1984). Abbreviations: COLG, collision granites; ORG, ocean ridge granites; VAG, volcanic arc granites; WPG,
within plate granites.
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are devoid of detrital feldspar. The absence of detrital feldspar is due to
advanced chemical weathering, as seen in the paleosol beneath the Del
Rio quartzite, where feldspar was completely removed during
weathering (Spencer et al., 2016), as is also the case for paleosols be-
neath the Baraboo Interval. Additional evidence for the supermature na-
ture of these sedimentary sequences is provided by the chemical
composition of metapelite from the Ortega Formation, which has a
Chemical Index of Alteration >95 and lies near the A apex in an
A–C*N–K diagram (Fig. 4; Supplementary data, Table 1). In contrast to
metapelite in the Ortega Formation, metapelite in the overlying
Rinconada Formation is compositionally immature, having CIA values
between 69 and 86 (Fig. 4; McLennan et al., 1995).

Metapelite from theWhite Ledges Formation is also supermature, al-
though it has experienced K–metasomatism and plots near the compo-
sition of muscovite in the A–C*N–K diagram (Fig. 4; Supplementary
data, Table 1), as does the composition of Waterloo metapelite, which
also experienced K–metasomatism.

The Pinal schist in southernmost Arizona also contains geon16 detri-
talzircon,with foursamplesyieldingageprobabilitypeaksat1690,1685,
1675, and 1650Ma (Bickford et al., 2019). However, in contrast to the
supermaturequartzites inNewMexicoandArizona, thePinalschist isrel-
atively immature, having been derived from quartz wacke, feldspathic
wacke, and lithic wacke, whose CIA values range from 49 to 68 (Fig. 4;
Meijer,2014;Bickfordetal.,2019).These immaturesiliciclastic sedimen-
tary rocks are thought to have been deposited in a forearc–subduction
complex related to aMazatzal arc terrane (Meijer, 2014).

8.3. Geon 14 sedimentation

Siliciclastic sedimentation in the southwestern U.S. was associated
with geon 14 regional metamorphism, deformation, and plutonism, as
13
it was in the SLSR. In the Picuris Mountains of New Mexico (Yavapai
Province), the Pilar Formation in the Trampas Group contains a
1488 ± 6 Ma metatuff layer, and detrital zircon in the overlying Piedra
Lumbre Formation has a minimum age peak of 1475 Ma (Daniel et al.,
2013). TheMarqueñas Formation, which is separated from the Trampas
Group by a ductile shear zone, has a minimum age peak of 1472 Ma for
detrital zircon in the basal metaconglomerate and 1471 Ma for detrital
zircon in overlying quartzite (Daniel et al., 2013). Two additional sam-
ples from the upper Marqueñas Formation have age probability peaks
at 1479 and 1457 Ma and MDA values of 1477 ± 13 and 1453 ±
10 Ma, respectively (Jones III et al., 2011).

Geon 14 detrital zircon has also been identified in the Hess Canyon
Group (Mazatzal province) of southcentral Arizona, where detrital zir-
con from the uppermost Yankee Joe Formation has a minimum age
peak at 1495 Ma, and three samples from the overlying Blackjack For-
mation have minimum age peaks at 1515, 1499, and 1488 Ma (Doe
et al., 2012). The Blackjack Formation was intruded by the 1436 ±
2 Ma Ruin granite, which constrains deposition of the Hess Canyon
Group to have been between 1488 and 1436 Ma. In the nearby Four
Peaks area (Yavapai province), the MDA for the “upper pelite” in the
stratigraphic section is 1566 ± 14 Ma, and the pelite is intruded by
the 1449 ± 13 El Oso granite (Mako et al., 2015).

8.4. Geon 14 regional metamorphism and deformation

In the Yavapai Province in northern and central Colorado, biotite and
muscovite have 40Ar/39Ar ages of ~1.4 Ga, and hornblende yields a range
of ages from 1.7 to 1.4 Ga, reflecting regional greenschist facies meta-
morphismat temperaturesof 300–500 °C (Shawet al., 2005). In the clas-
sic Al2SiO5 triple point terrane in northern New Mexico (Grambling,
1981), Lu–Hf ages for garnet from amphibolite facies lithologies in the
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Hondo and Trampas Groups record three stages of recrystallization and
deformation at 1456–1450Ma, 1419–1405Ma, and<1400Ma (Aronoff
et al., 2016), and amore recent evaluation of Lu–Hf and Sm–Nd data re-
veals protracted garnet growth over 50–80 Ma to ca. 1350 Ma (Bollen
et al., 2019). Geon 14 metamorphic P–T–t paths passed in the vicinity
of the Al2SiO5 triple point at ~4 kb and ~ 500 °C (Williams and
Karlstrom, 1996), at which stage the Hondo and Trampas Groups were
buried to a depth of ~15 km and recrystallized under the influence of a
transient, elevated geotherm (~33 °C/km), corresponding to P-T condi-
tions associated with a high T/P metamorphic field gradient. From the
perspective of a steady–state geotherm, a temperature of 500 °C at a
depth of 15 km would require a surface heat flow of 100 mWm−2,
which is similar to thegeon14surfaceheatflowof110–140mWm−2 es-
timated for the SLSR (Section 6).

9. Discussion

A distinctive aspect of the Mesoproterozoic Picuris and Baraboo
orogenies is the widespread distribution of ferroan granites of crustal
derivation, in contrast to the subduction–related tonalites and granodi-
orites that are characteristic of the Archean Algoman and Paleoprote-
rozoic Penokean orogenies. The granite magmas were generated by
partial fusion of lower continental crust and subsequently emplaced
near and above the brittle–ductile transition at middle to upper crustal
depths between 16 and 4 km (Anderson, 1980; Anderson and Bender,
1989; Shaw et al., 2005), where the granites contributed advective
heat that promoted regional metamorphism.

The heatflux responsible for partialmelting of the lower continental
crust is thought to have been provided by mantle–derived basaltic
melts that underplated the continental crust. Evidence for suchmantle
melts is found in2.1–1.7Ga spinel peridotite xenoliths in theNavajoVol-
canic Field in theColoradoPlateau,whichcontainclinopyroxenethathas
a Sm–Nd isochron age of 1439±55Ma, indicatingmantlemelt produc-
tionand isotopic resettingat that time(Marshall et al., 2017). In addition,
lower crustal mafic xenoliths in the Navajo Volcanic Field have zircon
crystallization ages of 1435–1430Ma (Crowley et al., 2006), providing a
further linkbetweenmaficmagmatismandgranitemagmatismat1.4Ga.

It has been proposed that the Picuris-Baraboo terrane represents a
continental backarc plateau that formed in response to transpressional
convergence along the southern margin of Laurentia, accompanied by
the accretion of outboard volcanic arcs (Shaw et al., 2005; Bickford
et al., 2015; Holland et al., 2020). Little evidence for such volcanic arcs
remains, however, perhaps having been removed during the ~1.3 Ga
rifting and breakup of Nuna or the later Neoproterozoic rifting of
Rodinia, although the Pinal schist in southern Arizona, which was de-
posited in a forearc-subduction environment, may be a remaining frag-
ment of such an arc.

Mantle melting, continental underplating, and crustal melting are
commonly ascribed to decompressionmelting in an extensional setting.
However, such melting and underplating in the Baraboo-Picuris orogen
were apparently associated with transpression and crustal shortening,
rather than extension. One possible solution to this enigma could be de-
lamination, which promoted upwelling and melting of mantle and un-
derplating of continental crust beneath the backarc plateau (Holland
et al., 2020). Alternatively, a shallow–dipping, subducting slab undergo-
ing dehydration may have existed beneath the plateau. Such dehydra-
tion could trigger melting in the overlying mantle, thereby removing
extension as a requirement for mantle melting, and a shallow dip of
thesubductingslab couldexplain the greatwidthof ferroanmagmatism.

10. Conclusions

The geon 14 Baraboo orogeny is the penultimate Precambrian
tectonometamorphic event in the SLSR of Laurentia. Its defining features
include emplacement of the ferroan Wolf River batholith, NW–SE
crustal shortening and folding of Baraboo Interval sedimentary rocks,
14
regional greenschist facies metamorphism under the influence of an el-
evated geotherm, and local deposition of arkosic, polymictic conglomer-
ate. These characteristics are attributed to partial melting of the mantle,
underplating and heating of continental crust by the resulting basaltic
melts, generation of ferroan granitic magmas by partial melting of
lower continental crust, and subsequent emplacement of such granites
in the middle to upper crust, where advective heating promoted re-
gional high T-P metamorphism. The Baraboo orogeny provides a
midcontinental link between the Picuris orogeny to the southwest and
the Pinware orogeny to the northeast, thus completing the extent of
thismajor geon 14 orogenic belt for 5000 kmalong the southernmargin
of Laurentia.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gsf.2021.101174.
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