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Highlights 

• ~1,800 Lu-Hf/U-Pb analyses of detrital zircon from Archean successor basins 

• Zircon isotopic signatures characterize Archean crust-mantle reservoirs  

• Regional correlations reveal source domains in the Abitibi and adjacent subprovinces  

• Data are consistent with existence of MORB-like depleted mantle by ~2950 Ma 

• Results suggest presence of plate tectonic processes since the late-Mesoarchean 

Highlights
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Abstract 12 

Lu-Hf laser ablation – multi-collector – inductively coupled plasma – mass spectrometry 13 

(LA-MC-ICP-MS) analysis was conducted on ~1,800 detrital zircon grains from successor basins 14 

of the Archean Abitibi and Pontiac subprovinces of Ontario and Quebec, Canada, and paired with 15 

previous U-Pb LA-MC-ICP-MS analyses of the same grains. Results are used to constrain the 16 

isotopic character of magmatic source domains of the zircon grains to establish the sedimentary 17 

provenance of the ~2690–2670 Ma successor basins, to provide constraints on terrane 18 

configurations and amalgamations at the time of basin formation, and to assess their significance 19 

for the record of crust-mantle growth in the region. The majority of results (95%) yield ɛHf values 20 

of +1 to +10 for ~2850–2675 Ma zircon, and clusters along compositions of the Archean depleted 21 

mantle (DM), which is based on projections of modern MORB compositions. Subordinate results, 22 

comprising ~2% of the data set, yielded values (ɛHf >+10) corresponding to extremely depleted 23 

mantle compositions, reflecting anomalously depleted sources in the ~2950–2670 Ma age range. 24 

The remaining 3% correspond to chondritic uniform reservoir (CHUR)-like to negative ɛHf values 25 

that reflect primitive sources and/or evolved magmas in zircon that crystallized in the ~3250–3050 26 

Ma and ~2950–2670 Ma age ranges. While Neoarchean grains dominate the data set (~88%), 27 

approximately 12% are Mesoarchean. The Lu-Hf data collected on these zircon grains, when 28 

compared with published isotopic results, preserve signatures indicative of derivation from exotic 29 

crustal domains juxtaposed during ~2690–2670 Ma amalgamation of the southern Superior 30 

Province. Since depleted compositions are characteristic of Neoarchean and Mesoarchean zircon 31 

groups in the southern Superior Province, and sources include local and distal domains that were 32 

likely separated by many 100s of kilometers prior to amalgamation, it is inferred that a depleted 33 

upper mantle reservoir was not only well-established, but prevalent in the mantle below each of 34 

these areas during their construction. Based on the predominant Hf isotope signatures in the 35 

detrital zircon results and predicted isotopic trends produced by probable geodynamic 36 
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mechanisms, crustal growth by direct differentiation from a depleted mantle reservoir is likely to 37 

have been moderated by subduction-accretion processes.  38 

 39 

Keywords 40 
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1. Introduction 42 

Constraining the secular evolution of chemical composition and dynamics of the mantle is 43 

critical for the reconstruction of crustal growth processes through time (Korenaga, 2008; Fisher 44 

and Vervoort, 2018). The growth of continental crust in more recent geological times is generally 45 

accepted to have been driven by plate tectonic processes where much of the new continental 46 

crust is produced at convergent plate boundaries (Condie et al., 2011; Paterson et al., 2011). In 47 

a subduction setting, melts are predominantly extracted from a mantle with a time-integrated 48 

depletion history that reflects prior extraction of crust from the mantle at mid-ocean ridges 49 

(Hofmann, 1988; Griffin et al., 2002; Dhuime et al., 2011). However, it is unclear how applicable 50 

modern processes and their implied geodynamic settings are to the timing and processes of 51 

craton growth in early-Earth history (Smithies et al., 2005; Condie and Benn, 2006; Mueller and 52 

Wooden, 2012; Van Kranendonk et al., 2013; Bédard and Harris, 2014). The earliest evidence for 53 

Hadean to Eoarchean crust from the zircon record suggests derivation from a primitive, chondritic 54 

uniform reservoir (CHUR; Amelin et al., 1999; Kemp et al., 2010; Guitreau et al., 2012; Hiess and 55 

Bennett, 2016; Vezinet et al., 2018). In addition, the predominance of CHUR compositions in 56 

early-Earth zircon has been used, in part, to support the interpretation that Hadean to early 57 

Archean crustal growth occurred by derivation from a primitive mantle in plume-dominated 58 

regimes with little to no influence of older enriched crust or a coeval depleted mantle reservoir 59 

(Bédard, 2018; Fisher and Vervoort, 2018; Petersson et al., 2020). Where local signatures 60 

indicative of crustal differentiation from a depleted mantle (DM) reservoir are observed, the 61 

possible occurrence of nascent subduction has been invoked (Hoffmann et al., 2010). By the 62 

Neoarchean, evidence in crustal rocks for growth by derivation from a DM reservoir is more 63 

common (Guitreau et al., 2012). However, it is uncertain when the transition from CHUR to a 64 

globally extensive depleted upper mantle occurred. Placing constraints on the nature of, and 65 

processes associated with, the formation of the depleted mantle in the Meso- to Neoarchean is 66 
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therefore critical to understand this transition, which may relate to the onset of subduction-67 

accretion tectonic processes. 68 

Hafnium isotopic studies on zircon are one of the most useful approaches to investigate 69 

the chemical differentiation of crust and mantle. Such studies have provided insight into secular 70 

interactions among crust-mantle reservoirs (Guitreau et al., 2012), supercontinent cycles and the 71 

preservation potential of continental crust (Condie et al., 2011; Gardiner et al., 2016), and Hadean 72 

crustal growth processes (Kemp et al., 2010). Zircon is uniquely suited for these studies as it 73 

incorporates high Hf (weight percent) and low Lu (ppm) concentrations, thereby preserving an 74 

initial Hf isotope ratio close to that of the parent magma. The timing of crystallization from the 75 

parent magma can be independently constrained using the U-Pb isotopic system. The refractory 76 

nature of zircon leads to preservation through weathering and erosion, and subsequent 77 

concentration in clastic sedimentary rocks. This provides the potential to study the magmatic 78 

evolution of a broader cross-section of contributing source terranes, some of which may no longer 79 

be preserved at the surface. Consequently, the detrital zircon record has become an integral tool 80 

for investigating the Hf isotope evolution of the crust and mantle (Iizuka et al., 2005; Condie et al., 81 

2011). 82 

In this study, ~1,800 Lu-Hf analyses of zircon by laser ablation – multi-collector –83 

inductively coupled plasma – mass spectrometry (LA-MC-ICP-MS) are combined with existing U-84 

Pb LA-MC-ICP-MS data (Frieman et al., 2017) of detrital zircon grains from sedimentary rocks 85 

deposited during the terminal stages of crustal amalgamation of the southern Superior Province 86 

at ~2690–2670 Ma (Ayer et al., 2002; Davis, 2002; Percival et al., 2012). The detrital zircon record 87 

of these sedimentary deposits constrains the crustal growth histories of the hinterland sources 88 

where uplift and denudation were driven by terrane amalgamations (Frieman et al., 2017). Results 89 

indicate that an isotopically distinct DM reservoir was regionally extensive beneath the different 90 
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components of the southern Superior Province throughout protracted construction of juvenile arc 91 

terranes during the Meso- to Neoarchean. 92 

 93 

2. Regional geological framework 94 

The Superior Province contains an extensive record of crustal growth spanning the Eo- to 95 

Neoarchean. A series of subprovinces and domains are identified that have distinct pre-96 

amalgamation histories (Fig. 1; Stott et al., 2010). Furthermore, where common structural, 97 

magmatic, and isotopic histories are documented some of these have been grouped as composite 98 

regions (e.g., Percival et al., 2012). 99 

 100 

2.1 Eo- to Mesoarchean rocks of the Superior Province 101 

The oldest rocks of the Superior Province are Eo- to Paleoarchean (>3800–3200 Ma) and 102 

occur in the Hudson Bay region and Minnesota River Valley subprovince (Figs. 1 and 2). The 103 

Quebec portion of the Hudson Bay region contains ~3800–3400 Ma gneissic-plutonic rocks 104 

(Cates et al., 2013; O’Neil et al., 2013; Böhm et al., 2019) that display Nd and Hf isotopic 105 

signatures indicative of derivation from primitive mantle sources. Neodymium isotope anomalies 106 

suggest localized mixing with ~4300–3800 Ma source rocks (O’Neil et al., 2013; Guitreau et al., 107 

2013; O’Neil and Carlson, 2017; Böhm et al., 2019), indicating the potential for a preserved 108 

Hadean history. At the northwestern extent of the Hudson Bay region in Ontario, gneissic 109 

(paragneiss and orthogneiss) and tonalite-trondhjemite-granodiorite (TTG) intrusive rocks of the 110 

Assean Lake Complex occur (Fig. 1). The paragneiss units contain xenocrystic zircon cores with 111 

~3850–3200 Ma U-Pb ages and the ~3200 Ma orthogneiss and TTG units display whole-rock Nd 112 

model ages of >4000 Ma, which do not clearly correlate to known Eo- to Paleoarchean domains 113 

in the Superior Province (Böhm et al., 2019; Vezinet et al., 2020). Gneissic-plutonic rocks of the 114 
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Minnesota River Valley subprovince have ~3500–3100 Ma U-Pb magmatic zircon crystallization 115 

ages (Fig. 2; Bickford et al., 2006) in rocks with mantle extraction ages of ~3750–3500 Ma 116 

(Satkoski et al., 2013). 117 

While Eoarchean rocks are not spatially extensive, many domains contain a record of 118 

Paleo- to Mesoarchean (~3600–2800 Ma) crustal genesis (Figs. 1 and 2). These include the 119 

Arnaud River and North Caribou regions, the Winnipeg River and Marmion subprovinces of the 120 

southwestern Superior region, the Hawk domain within the Wawa subprovince, and the Opatica 121 

subprovince of the Moyen-Nord region (Fig. 1). The Arnaud River region contains inherited zircon 122 

and Nd model ages of ~2920–2800 Ma (Fig. 2; Percival et al., 2012). The North Caribou region 123 

forms the core of the northwestern Superior Province composed of Mesoarchean crustal 124 

components (Davis et al., 2005), which are characterized by 3000–2800 Ma volcanic-plutonic 125 

rocks with juvenile Nd signatures (Percival et al., 2012). The Winnipeg River subprovince is cored 126 

by ~3325–2825 Ma tonalitic rocks that yield evolved Nd and Hf isotopic signatures with model 127 

ages up to ~3500 Ma (Fig. 2; Henry et al., 2000; Davis et al., 2005; Bjorkman, 2017), potentially 128 

representing a rifted component of the North Caribou region (Davis et al., 2005). The Marmion 129 

subprovince contains ~3000–2800 Ma volcanic-plutonic rocks with juvenile, depleted mantle Hf 130 

and Nd signatures (Tomlinson et al., 2004; Davis et al., 2005; Melnyk et al., 2006; Bjorkman, 131 

2017). Rare Mesoarchean rocks occur as ~2820 Ma tonalitic rocks of the Opatica subprovince 132 

(Davis et al., 1994) as well as in ~2900–2800 Ma gneissic-plutonic rocks of the Hawk domain 133 

where an isolated fragment of older crust is exposed within the Wawa subprovince (Figs. 1 and 134 

2; Turek et al., 1992; Moser et al., 1996; Ketchum et al., 2008). 135 

 136 

2.2 Neoarchean rocks of the Superior Province 137 
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Neoarchean volcanic-plutonic successions in the Superior Province unconformably 138 

overlie and/or are structurally interleaved with Eo- to Mesoarchean rocks (Percival et al., 2012). 139 

However, many domains contain no older components and represent Neoarchean juvenile crust. 140 

These domains now comprise large proportions of the central to southern Superior Province, 141 

including the majority of the Moyen-Nord region, and the western Wabigoon, Wawa, and Abitibi 142 

subprovinces (Fig. 1). In these domains, extensive magmatism resulted in the formation of 143 

juvenile greenstone belts and the intrusion of coeval TTG complexes. Formation of greenstone 144 

belts occurred at ~2795–2755 Ma in the Opatica subprovince (Davis et al., 1994), ~2775–2720 145 

Ma in the western Wabigoon subprovince (Davis et al., 2005), ~2720–2700 Ma in the Eastmain 146 

subprovince (Goutier et al., 1999), ~2720 Ma in the Wawa subprovince (Corfu and Stott, 1998) 147 

and ~2795–2695 Ma in the Abitibi subprovince (Mortensen, 1993; Ayer et al., 2002; Thurston et 148 

al., 2008; Leclerc et al., 2012). Whole-rock and single mineral isotopic (Hf and Nd) and 149 

geochemical analyses indicate that greenstone belts were primarily derived from juvenile, 150 

depleted mantle sources that may represent intraoceanic arc to back-arc complexes (Smith et al., 151 

1987; Henry et al., 2000; Ayer et al., 2002; Polat and Kerrich, 2002; Davis et al., 2005; Lodge, 152 

2016; Bjorkman, 2017). 153 

 154 

2.3 Successor basins in the Superior Province 155 

Sedimentary successor basins are common throughout the Superior Province. These 156 

include regional (100s of km) to local (10s of km) sedimentary deposits that formed at <2750–157 

2670 Ma (Fig. 2; Percival et al., 2012). Successor basin formation postdates igneous construction 158 

of local volcanic supracrustal units by millions of years and is temporally associated with 159 

deformation driven by amalgamation. The timing of deposition in individual successor basins has 160 

been constrained by their youngest detrital zircon populations and/or by the age of cross-cutting 161 

igneous rocks (Fig. 2), with current estimates of ~2720–2710 Ma in the English River and North 162 

Caribou region (Davis et al., 2005), ~2715–2700 Ma in the southwestern Superior region 163 
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(including the western Wabigoon, Winnipeg River, and Marmion subprovinces; Stott et al., 2002; 164 

Sanborn-Barrie and Skulski, 2006), ~2715–2695 Ma in the Moyen-Nord region (Cleven et al., 165 

2020), ~2700–2690 Ma in the Quetico and northern Abitibi subprovinces (Davis et al., 1990; David 166 

et al., 2007), and ~2690–2670 Ma in the Wawa, southern Abitibi, and Pontiac subprovinces 167 

(Mortensen and Card, 1993; Corfu and Stott, 1998; Ayer et al., 2002; Davis, 2002). Successor 168 

basin deposits are progressively younger from north to south, reflecting propagation of the 169 

regional deformation front during Neoarchean amalgamation (Davis, 2002; Percival et al., 2012; 170 

Frieman et al., 2017). 171 

 172 

2.4 Geology of the Abitibi and Pontiac subprovinces 173 

The Abitibi subprovince in the southern Superior Province (Fig. 1) is one of the largest and 174 

best-preserved greenstone belts in the world (Monecke et al., 2017). Supracrustal rocks include 175 

~2795–2695 Ma submarine mafic to felsic volcanic successions (Figs. 2 and 3; Mortensen, 1993; 176 

Ayer et al., 2002; Thurston et al., 2008; Leclerc et al., 2012; McNicoll et al., 2014; Mathieu et al., 177 

2020) consisting of basalt-komatiite and basalt-rhyolite associations that may have formed in arc-178 

related settings (Dostal and Mueller, 1997; Ayer et al., 2002; Polat and Kerrich, 2006). 179 

Plutonic rocks occur as syn-volcanic, syn-deformational, and post-deformational 180 

intrusions (Ayer et al., 2002; Monecke et al., 2017). Syn-volcanic intrusions display compositions 181 

similar to coeval volcanic units and occur as spatially restricted ~2795–2695 Ma complexes 182 

(Corfu, 1993; Mortensen, 1993; Ayer et al., 2002; Monecke et al., 2017). Syn-deformational 183 

intrusions are ~2690–2670 Ma and include TTG, monzonite, syenite, granite, and diorite (Corfu, 184 

1993; Mortensen, 1993; Ayer et al., 2002; McNicoll et al., 2014). Post-deformational intrusions 185 

are ~2670–2650 Ma and are dominated by granite (Monecke et al., 2017). 186 



10 
 

 

Whole-rock and single mineral Nd and Hf isotopic studies indicate that magma sources to 187 

the volcanic-plutonic rocks display juvenile (depleted) signatures and record no significant 188 

interaction with older crustal material (Cattell et al., 1984; Shirey and Hanson, 1986; Corfu and 189 

Noble, 1992; Vervoort et al., 1994; Ayer et al., 2002). This has led to the interpretation that they 190 

formed in an oceanic basin setting prior to accretion with the Superior Province (Ayer et al., 2002; 191 

Polat and Kerrich, 2006). However, rare ~2900–2800 Ma inherited xenocrystic zircon grains have 192 

been documented (Ayer et al., 2002; Ketchum et al., 2008), possibly indicating that the Abitibi 193 

subprovince formed proximal to a Mesoarchean crustal fragment, perhaps represented by the 194 

Hawk domain (Ketchum et al., 2008) and/or the Opatica subprovince (Davis et al., 1994). 195 

Two distinct successor basin successions are recognized in the southern Abitibi 196 

subprovince (Fig. 3), which formed in response to progressive deformation driven by collision of 197 

the Abitibi subprovince with domains to the north at ~2690–2670 Ma (Ayer et al., 2002; Davis, 198 

2002). The Porcupine assemblage, a subaqueous, turbidite-dominated sedimentary succession, 199 

was deposited at ~2690–2685 Ma (Ayer et al., 2002; Davis, 2002) during the initial phases of 200 

deformation, while the Timiskaming assemblage, a subaqueous to subaerial, coarse clastic-201 

dominated sedimentary succession, was deposited during later stages of deformation at ~2679–202 

2669 Ma (Corfu, 1993; Ayer et al., 2002; Davis, 2002). The Porcupine assemblage 203 

disconformably overlies the ~2750–2695 Ma volcanic assemblages whereas the Timiskaming 204 

assemblage unconformably overlies all older rocks of the Abitibi subprovince (Monecke et al., 205 

2017). 206 

Sedimentary rocks of the Pontiac subprovince located immediately to the south of the 207 

Abitibi subprovince (Figs. 1 and 3) consist of ~2685–2682 Ma, predominately turbidite 208 

successions (Mortensen and Card 1993; Davis, 2002), displaying similar sedimentological 209 

characteristics to the Porcupine assemblage. They were intruded by post-deformational (2660–210 

2640 Ma) granitic batholiths (Fig. 3; Mortensen and Card, 1993; Davis, 2002). 211 
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Samples from successor basins of the Abitibi and Pontiac subprovinces display broadly 212 

similar detrital zircon age patterns (Davis, 2002; Frieman et al., 2017), defined by a majority (80–213 

95%) of Neoarchean and subordinate amount (5–20%) of Mesoarchean grains (Frieman et al., 214 

2017). Similarities are interpreted to reflect the persistence of relatively local and shared 215 

provenance domains throughout their deposition at ~2690–2670 Ma. However, the younger 216 

Timiskaming assemblage deposits contain a higher proportion of Mesoarchean zircon grains 217 

relative to the older Porcupine and Pontiac successor basins, which likely reflects greater inputs 218 

from distal sources as regional amalgamation and hinterland emergence progressed (Frieman et 219 

al., 2017). 220 

 221 

3. Methods 222 

Zircon grains from sixteen samples, originally collected for U-Pb dating (Frieman et al., 223 

2017) were analyzed for Lu-Hf isotopes - six samples from the Porcupine assemblage, eight from 224 

the Timiskaming assemblage and two from the Pontiac subprovince (Table 1, Fig. 3). Sample 225 

descriptions and details on the sampling methodology and zircon separation techniques are given 226 

in Frieman et al. (2017). All samples yielded heavy mineral separates from which >125 zircon 227 

grains were mounted in epoxy plugs and polished to half depth. Back-scattered electron (BSE), 228 

secondary electron (SE), and panchromatic cathodoluminescence (CL) images were collected for 229 

each mount at the U.S. Geological Survey in Lakewood, Colorado, using a JOEL 5800LV 230 

scanning electron microscope (SEM) operated at 15 kV and 5 nA. Additional BSE and SE imaging 231 

was conducted at the Department of Geology and Geological Engineering, Colorado School of 232 

Mines, using a TESCAN MIRA3 field emission-scanning electron microscope operated at 15 kV 233 

and 11 nA. The SEM images were used to select the location of analytical spots. Where possible, 234 

analytical spots were placed in zones representing magmatic growth such as simple oscillatory 235 

or sector zoning (Fig. 4). 236 
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Isotopic analyses were conducted by LA-MC-ICP-MS at the University of California Santa 237 

Barbara, using a Nu Plasma multi-collector coupled to a Photon Machines Excite 193 nm laser-238 

ablation system, following the procedures of Kylander-Clark et al. (2013). The U-Pb and Lu-Hf 239 

isotopes were measured during separate analytical sessions. Initially, the U-Pb laser spots (~15 240 

µm) were placed and then the Lu-Hf spots (~40–50 µm) were overlain or placed directly adjacent 241 

within the same textural domain (Fig. 4). 242 

The U-Pb analyses used here are a subset of those reported by Frieman et al. (2017) on 243 

which Lu-Hf analyses were performed. The U-Pb data were processed in Iolite v2.5 (Paton et al., 244 

2011) where the time-integrated signals for each ablation period were assessed for isotopic and 245 

trace element homogeneity. Where compositional heterogeneity was observed, either the spot 246 

analysis was rejected or the signal was clipped to only include the homogenous portion of the 247 

isotopic signals. For additional details concerning the collection and post-processing of the U-Pb 248 

data the reader is referred to Frieman et al. (2017). Where U-Pb analyses were more than >5% 249 

discordant, the U-Pb and corresponding Lu-Hf data were rejected from further analysis. The 250 

accepted data are provided in Supplemental Table 1. Uncertainties are reported as 2, unless 251 

stated otherwise. 252 

The Hf isotope data were normalized using an exponential mass bias correction and a 253 

natural 179Hf/177Hf ratio of 0.7325 (Stevenson and Patchett, 1990). Isobaric interferences of 176Yb 254 

and 176Lu on 176Hf were corrected using 173Yb/171Yb and 176Yb/173Yb values of 1.123575 and 255 

0.786847 (Thirlwall and Anczkiewicz, 2004), respectively, as well as a 176Lu/175Lu value of 0.02655 256 

(Vervoort et al., 2004). Secondary reference materials used included 91500, GJ-1, Plešovice, 257 

Mud Tank, Mun-3, and Mun-4 (Wiedenbeck et al., 1995; Morel et al., 2008; Sláma et al., 2008; 258 

Fisher et al., 2011). Each reference material yielded weighted-mean 176Hf/177Hf ratios within 1-3% 259 

of the accepted value indicating that isobaric interferences were well-corrected. The mass-260 

corrected 176Lu/177Hf isotopic ratios were used to calculate the initial 176Hf/177Hf ratios and ɛHf 261 
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values at the time of crystallization, based on the U-Pb age (Supplemental Table 1). The reported 262 

uncertainty on the initial 176Hf/177Hf ratios and ɛHf values includes propagation of the 2σ uncertainty 263 

on the measured 176Lu/177Hf ratios and the 207Pb/206Pb dates calculated in quadrature. The 176Lu 264 

decay constant of 1.867 ± 8 x 10-11 (Söderlund et al., 2004) and CHUR values of 176Lu/177Hf = 265 

0.0338 and 176Hf/177Hf = 0.282793 were used (Iizuka et al., 2015). The resultant initial 176Hf/177Hf 266 

ratios and ɛHf values are plotted against the isotope evolution curves for the DM and CHUR. The 267 

depleted mantle curve was calculated based on the modern MORB-DM values of ɛHf = +17, 268 

176Lu/177Hf = 0.0384, and 176Hf/177Hf = 0.283250 (Griffin et al., 2002), using the aforementioned 269 

176Lu decay constant. To visualize the high density of data, the ɛHf – 207Pb/206Pb age results are 270 

also presented as a bivariate histogram plot, which was constructed using standard Matlab 271 

routines with 10 Ma and 0.5 ɛHf unit bin spacing. The statistical distribution of the results was 272 

assessed using HafniumPlotter v1.7 (Sundell et al., 2019). In this application, each data point is 273 

converted to a 3D Gaussian and plotted on a 512 by 512 cell grid using the aforementioned kernel 274 

density bandwidth to produce a bivariate data density map. This data density map was then 275 

contoured to display the ≥95% and ≥68% data density intervals of the results.  276 

 277 

4. U-Pb and Lu-Hf isotopic results 278 

The U-Pb ages discussed here are from only those zircon grains analyzed by Frieman et 279 

al. (2017) for which paired Lu-Hf spot analyses were also obtained. These results consist of 1790 280 

U-Pb determinations that met the filtering criterion given above. Detrital zircon data from the 281 

Abitibi and Pontiac subprovince samples are grouped together since they are interpreted to have 282 

a shared provenance (Frieman et al., 2017) and, thus, can collectively be used to constrain crustal 283 

growth processes that occurred in the inferred source domains. A frequency histogram, a 284 

normalized probability density curve, and a cumulative probability density curve for these data are 285 
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displayed in Figure 5A. The U-Pb age data are ~12% Mesoarchean and ~88% Neoarchean, 286 

displaying a prominent peak at ~2715 Ma (Fig. 5A). 287 

The initial 176Hf/177Hf ratios for all analyses are between 0.280667 and 0.281464 with an 288 

average uncertainty of ± 0.000093 (Supplemental Table 1). They correspond to ɛHf values 289 

between -6.5 to +17.2 with a mean of +5.3, although the majority of the data (n=1641) fall between 290 

+2 and +10 ɛHf units (Fig. 6). The 2σ uncertainty on the ɛHf data, including covariance on all 291 

parameters, ranges from 1.5 to 9.3 ɛHf units with a mean uncertainty of 3.3 epsilon units. 292 

To facilitate discussion, analyses are subdivided into six groups (Fig. 6). Group 1 293 

comprises the largest proportion of results (n=1693; 95%) and is defined by the dominant 294 

statistical population from the Gaussian, bivariate kernel density distribution of the results (Fig. 295 

6B). This group forms a large cluster of data that plots between 2850 Ma and 2670 Ma with ɛHf 296 

values of +0.5 to +9.5. Group 1a comprises a subgroup that contains 68% (n=1211) of the results, 297 

defining a peak cluster that plots between 2750 Ma and 2690 Ma with ɛHf values of +2.5 to +8. 298 

The remaining 5% of the results were split into five distinct groups based on similar U-Pb age and 299 

ɛHf distributions (i.e., groups 2–6; Fig. 6B). Group 2 is defined by zircon grains with ɛHf values 300 

similar to group 1 (ɛHf of +2 to +8), but lie outside the 95% confidence interval and spread to older 301 

ages up to ~3000 Ma. Group 3 is defined by data that display lower ɛHf values that plot below the 302 

3100 Ma crustal evolution line and display ages of ~2950–2670 Ma. These have been subdivided 303 

into two groups. Group 3a represents a younger cluster that yields ages of ~2800–2670 Ma 304 

(n=16). Group 3b (n=18) represents an older population in the 2950–2800 Ma age range. Group 305 

4 (n=6) is defined by analyses that plot below the DM curve (ɛHf values of +4 to -1) and display U-306 

Pb ages of ~3250–3000 Ma. Groups 5 and 6 are defined by clusters of data that largely yield ɛHf 307 

values of > +9 (Fig. 6), with group 5 (n=30) composed of ~2950–2670 Ma zircon grains and group 308 

6 (n=9) of ~3150–2950 Ma zircon grains. 309 

 310 
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5. Discussion 311 

5.1 Lu-Hf data trends and regional correlations 312 

Newly acquired Lu-Hf isotopic analyses are coupled with previously published U-Pb 313 

isotopic analyses of detrital zircon grains from successor basins of the Abitibi and Pontiac 314 

subprovinces. This data set represents the largest and most comprehensive multi-isotope detrital 315 

zircon data set compiled to date for rocks within the southern Superior Province. It provides 316 

constraints on the isotopic character of source rocks to successor basin sedimentary deposits. 317 

The U-Pb age patterns of successor basin detrital zircon grains from the Abitibi and 318 

Pontiac subprovinces indicate that these rocks were derived from a mixture of both local and 319 

distal sources (Fig. 5B; Davis, 2002; Frieman et al., 2017). In part, this interpretation is based on 320 

the presence of Mesoarchean zircon grains in the successor basin sedimentary rocks and the 321 

absence of volcanic-plutonic rocks of this age in the Abitibi and Pontiac subprovinces (Fig. 5). 322 

Zircon grains with U-Pb ages that are ≥2800 Ma account for ~12% of the total data set (n=215; 323 

Fig. 5A), requiring a substantial component of mixing between local, <2800 Ma and distal, >2800 324 

Ma sources to produce the observed age spectra (Fig. 5B). Statistical comparisons with published 325 

zircon age data from the southern Superior Province suggest that the occurrence of ‘exotic’ 326 

Mesoarchean zircon grains are best explained by sources from areas juxtaposed during 327 

amalgamation at ~2690–2670 Ma, such as the Winnipeg River, Marmion, and Opatica 328 

subprovinces (Fig. 5B; Frieman et al., 2017). The absence of any Eo- to Paleoarchean 329 

components in the Abitibi successor basin sedimentary rocks implies that sources from terranes 330 

of the northern Superior Province were unlikely (Frieman et al., 2017) or contributed negligible 331 

components. The new Lu-Hf data paired with previously published U-Pb data provide a means to 332 

assess the validity of this interpretation. 333 
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Of the Lu-Hf results obtained in this study, group 1 (~2850–2670 Ma) represents the 334 

majority of data (95%) and is likely to reflect a mixture of local Abitibi, and distal non-Abitibi 335 

subprovince sources (Fig. 5; Frieman et al., 2017). These results cluster near DM-like 336 

compositions with a subordinate spread towards more distributed ɛHf values between +10 and 337 

+0.5 (Fig. 6). Group 1a zircon grains are 2750–2680 Ma and have ɛHf values between +8 and +2.5 338 

(Fig. 6). Volcanic-plutonic rocks of the Abitibi subprovince are ~2795–2695 Ma in age (Fig. 5B) 339 

with the oldest, ~2795–2760 Ma units being restricted to the northern Abitibi subprovince 340 

(Vervoort et al., 1994; David et al., 2007; Mathieu et al., 2020). Previously published zircon data 341 

for Abitibi subprovince igneous rocks yielded ɛHf values of -4 to +11, with the majority of results 342 

clustering between +2 and +7 (Figs. 7A and 8; Corfu and Noble, 1992; Ketchum et al., 2008), 343 

consistent with the ɛHf-age distributions observed in group 1a (Figs. 6B and 8). The whole-rock 344 

Nd data primarily display ɛNd values of 0 to +5 (Fig. 7C), similar to the dominant population 345 

observed in the zircon Hf data (Figs. 6 and 7A; Cattell et al., 1984; Dupré et al., 1984; Shirey and 346 

Hanson, 1986; Walker et al., 1988; Vervoort et al., 1994; Vervoort and Blichert-Toft, 1999). Thus, 347 

the dominant proportion of the results (group 1a; Fig. 6) are interpreted to reflect local derivation 348 

from the Neoarchean igneous source rocks that make up the Abitibi subprovince, similar to 349 

previous interpretations (Davis, 2002; Frieman et al., 2017). However, Neoarchean igneous rocks 350 

with comparable depleted Hf and Nd isotopic compositions are also abundant in the Wawa (Smith 351 

et al., 1987; Henry et al., 2000; Polat and Kerrich, 2002), western Wabigoon (Henry et al., 2000; 352 

Davis et al., 2005; Bjorkman, 2017), and Marmion (Tomlinson et al., 2004; Davis et al., 2005; 353 

Bjorkman, 2017) subprovinces (Figs. 7 and 8). Consequently, some of the detrital zircon grains 354 

in group 1a may have also been derived from adjacent domains (the Wawa subprovince) or those 355 

juxtaposed during regional amalgamation (the western Wabigoon, Winnipeg River, and Marmion 356 

subprovinces), as has been previously interpreted from the U-Pb age patterns (Frieman et al., 357 

2017). 358 
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Since no rocks older than ~2800 Ma occur in the Abitibi subprovince (Fig. 5B; Monecke et 359 

al., 2017) the ~3000–2800 Ma zircon grains (Fig. 6) were likely sourced from juxtaposed domains 360 

that also contain a history of Mesoarchean crustal genesis. We suggest that the Marmion 361 

subprovince is the most probable source for these grains, because volcanic-plutonic rocks of the 362 

Marmion subprovince contain evidence for partial derivation from a DM reservoir at ~3000–2800 363 

Ma (Figs. 7B, 7D, and 8; Tomlinson et al., 2004, Davis et al., 2005; Melnyk et al., 2006; Bjorkman, 364 

2017), providing a potential source that is consistent with the results observed in group 2 (Fig. 6). 365 

Alternatively, the Hawk domain (Figs. 1 and 2) may have constituted a proximal source of detritus. 366 

The extent of this domain is poorly constrained, but is interpreted to extend from the western 367 

portion of the Abitibi subprovince (Ketchum et al., 2008) through the Paleoproterozoic 368 

Kapuskasing uplift (Moser et al., 1996) to present-day exposures of ~3000–2900 Ma gneissic-369 

plutonic rocks in the eastern part of the Wawa subprovince (Turek et al., 1992). Inherited zircon 370 

grains that have ages of ~2925 Ma and ~2860–2850 Ma have been reported from ~2740–2700 371 

Ma volcanic-plutonic rocks of the Abitibi subprovince (Ayer et al., 2002; Ketchum et al., 2008) and 372 

may have been derived from the Hawk domain or equivalent lower crustal components in the 373 

southern Superior Province. However, it is unlikely that zircon grains derived from the Hawk 374 

domain significantly contributed to our samples, since these rocks may have been exhumed 375 

relatively late in the amalgamation history at ~2615 Ma (Turek et al., 1992) and, thus, were not 376 

extensively exposed at the time of successor basin formation (Frieman et al., 2017). 377 

The more evolved (low positive to negative) ɛHf values of groups 3 and 4 (Fig. 6) may 378 

reflect interactions with Mesoarchean and older crust in source domains of the successor basin 379 

sedimentary rocks as they plot along the 3500–3100 Ma ɛHf evolution lines for Superior Province 380 

crust (176Lu/177Hf = 0.015; Stevenson and Patchett, 1990). This suggests that zircon grains of 381 

groups 3 and 4 may have crystallized from magmas either derived directly from melting of older 382 

sources or from primitive mantle melts that partially mixed with these magmas (Fig. 8). These 383 
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associations suggest that rocks from which these zircon grains were derived may contain a late 384 

Paleo- to Mesoarchean crustal component and/or reflect a component of older (>3000 Ma) 385 

CHUR-derived mantle melts (Fig. 8). A potential source for detrital zircon grains with this signature 386 

is from the Winnipeg River subprovince, which contains an older (~3500–3000 Ma), evolved 387 

basement component (Fig. 7B and D; Davis et al., 2005; Bjorkman, 2017). Therefore, it is inferred 388 

that groups 3 and 4 (Fig. 6) represent sources from the southwest Superior Province such as the 389 

Winnipeg River and Marmion subprovinces (Fig. 8). 390 

Detrital zircon grains with ɛHf values of ≤0 and U-Pb ages of ~3200–2900 Ma and ~2700 391 

Ma have been observed in sedimentary rocks of the intervening Quetico subprovince (Fig. 7B; 392 

Davis et al., 2005) and may have constituted a source for zircon grains in groups 3 and 4 of the 393 

samples investigated in this study (Fig. 6). The Marmion and Winnipeg River subprovinces likely 394 

were the primary sources for detritus in the Quetico subprovince during deposition at ~2700–2690 395 

Ma (Fralick et al., 2006). However, due to its impingement between the Wawa and 396 

Marmion/western Wabigoon subprovinces, sedimentation in the Quetico subprovince ceased at 397 

~2690 Ma as it began to experience deformation, uplift, and erosion (Corfu and Stott, 1998; 398 

Sanborn-Barrie and Skulski, 2006). Thus, starting at ~2690 Ma, following initiation of deposition 399 

in the successor basins of the Abitibi and Pontiac subprovinces, detrital zircon grains with Meso- 400 

to Neoarchean ages and evolved isotopic signatures were more likely derived directly from 401 

erosion of the Winnipeg River and Marmion subprovinces, or indirectly from other exotic domains 402 

to the north (e.g., the North Caribou region; Fig. 1) through recycling of the Quetico subprovince 403 

sedimentary rocks (Frieman et al., 2017). 404 

While statistically minor (<2%), the > +10 ɛHf values documented for group 5 (Fig. 6) are 405 

enigmatic as anomalously depleted signatures are rare in Meso- to Neoarchean rocks worldwide 406 

(Guitreau et al., 2012). However, elevated ɛHf signatures represent a subordinate proportion of Hf 407 

isotope results from the Yilgarn craton of western Australia (Mole et al., 2019) and have been 408 
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observed in the Superior Province. For example, ɛHf values as high as +8 to +12 have been 409 

reported from whole-rock and zircon samples from the Abitibi and Wawa subprovinces (Figs. 7A 410 

and 8; Smith et al., 1987; Ketchum et al., 2008). It has been proposed that these ɛHf values reflect 411 

derivation from melt sources in the upper mantle to lower crust that experienced prior melt 412 

histories and therefore have highly depleted compositions (Smith et al., 1987). In this 413 

interpretation, melts sourced from garnet-rich residues, which have elevated Lu-Hf ratios due to 414 

preferential partitioning of Lu into garnet, may inherit anomalously high ɛHf (Zheng et al., 2005; 415 

Hoffmann et al., 2010). Therefore, we interpret the ɛHf values > +10 to reflect derivation from 416 

volumetrically minor crustal or mantle regions that were locally supra-depleted as a result of multi-417 

stage melt histories (Fig. 8). 418 

While groups 1–5 can be interpreted within the framework of the published isotopic data 419 

and geological history of the southern Superior Province (Fig. 7), data from group 6 are not 420 

consistent with the published data as they display anomalously depleted (> +10 ɛHf) isotopic 421 

signatures in the ~3150–2950 Ma age range (Fig. 6). It is possible that they may correlate with 422 

undocumented lithologies, reflect multi-stage melt processes, and/or represent artifacts of data 423 

reduction. An assessment of U-Th-Pb data following the method of Guitreau and Flahaut (2019) 424 

was carried out to compare measured 232Th/238U ratios with time-integrated 232Th/238U ratios 425 

calculated using 208Pb/206Pb ratios and 207Pb/206Pb ages (Fig. 9). While rare in other groups (Fig. 426 

9A-B), analyses in group 6 display calculated 232Th/238U ratios that are high relative to measured 427 

ratios, suggesting that these results are likely affected by common Pb contamination (Fig. 9C) 428 

and the measured U-Pb ages for these grains are likely overestimated.  429 

 430 

5.2 Significance of Lu-Hf results to the record of crust-mantle reservoirs in the southern Superior 431 

Province 432 
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Our data set is dominated by late Meso- to Neoarchean zircon grains with ɛHf signatures 433 

that are moderately to strongly depleted (ɛHf of +4 to +8), displaying values that plot near a 434 

predicted MORB-DM projection (Fig. 6). As discussed above and based on evaluation of the U-435 

Pb ages (Frieman et al., 2017), a significant proportion of these zircon grains were likely derived 436 

from proximal sources within the Abitibi subprovince. Abundant geochronology in the Abitibi 437 

subprovince indicates that it is composed solely of Neoarchean (~2795–2670 Ma) rocks (Fig. 5B; 438 

Monecke et al., 2017), and previously reported Hf and Nd isotopic results indicate a primarily 439 

juvenile, isotopically depleted source for these rocks (Fig. 7A and C; Cattell et al., 1984; Dupré et 440 

al., 1984; Shirey and Hanson, 1986; Walker et al., 1988; Corfu and Noble, 1992; Vervoort et al., 441 

1994; Vervoort and Blichert-Toft, 1999). However, minimal contamination from older, 2900–2800 442 

Ma crust has been inferred based on lower observed ɛHf values (Ketchum et al., 2008). Thus, the 443 

existing evidence is consistent with the interpretation that igneous rocks of the Abitibi subprovince 444 

were primarily derived from a moderately to strongly depleted mantle reservoir with typical ɛHf 445 

values of +4 to +8. 446 

The presence of Mesoarchean ages in the detrital zircon populations documented here 447 

(Fig. 5A) cannot be explained by local provenance. Instead, this requires derivation from exotic 448 

domains of the southern Superior Province that were juxtaposed with the Abitibi subprovince 449 

during regional amalgamation (Figs. 5B and 8; Frieman et al., 2017; see section 5.1). Potential 450 

source domains include the western Wabigoon, Winnipeg River, and Marmion subprovinces. 451 

These domains each contain abundant Neoarchean rocks that yield zircon Hf and whole-rock Nd 452 

isotopic compositions indicative of crustal generation from a DM reservoir (ɛHf of +3 to +6 and ɛNd 453 

values of +2 to +4; Figs. 7B, 7D, and 8; Tomlinson et al., 2004; Davis et al., 2005; Bjorkman, 454 

2017). Therefore, they are also interpreted to have contributed zircon to group 1a (Figs. 6 and 8). 455 

The consistently depleted character of isotopic signatures from Neoarchean volcanic-plutonic 456 

rocks has been noted by previous authors (Corfu and Noble, 1992; Davis et al., 2005) and is well-457 
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represented in the statistically dominant populations in the data from this (Fig. 6) and previous 458 

studies, regardless of location within the southern Superior Province (Fig. 8). Thus, it is possible 459 

that juvenile crust formed in disparate domains throughout the southern Superior Province was 460 

largely derived from similar, geochemically distinct DM reservoirs that may have been local or 461 

regional in extent. 462 

In Proterozoic and younger settings, it is well established that the evolution of crust and 463 

mantle reservoirs is predominately moderated by plate tectonic processes where geochemically 464 

differentiated crust and depleted mantle are complementary (Hofmann, 1988). While the 465 

operation of plate tectonic processes in the Archean is uncertain (Smithies et al., 2005; Piper, 466 

2013; Bédard and Harris, 2014; Bédard, 2018; Petersson et al., 2020), it has been proposed that 467 

subduction may have been transient (Moyen and van Hunen, 2012), producing isolated mantle 468 

domains with DM-like signatures. Alternatively, Archean geodynamic processes may have 469 

included more sustained plate tectonics with long-lived subduction (Shirey et al., 2008) that 470 

produced a regional to globally extensive depleted mantle reservoir. In the absence of a plate 471 

tectonic model, it has been proposed that whole mantle-scale overturn/upwelling events (Stein 472 

and Hofmann, 1994; Bédard and Harris, 2014; Bédard, 2018) with intervening periods of 473 

stagnant-lid behavior (Piper, 2013; Bédard, 2018), or the upwelling of smaller-scale plumes 474 

similar to modern ocean island basalt settings (Mueller and Wooden, 2012; Van Kranendonk et 475 

al., 2013; Petersson et al., 2020), were largely responsible for crustal growth and the resultant 476 

geochemical record in crust and mantle reservoirs. 477 

Based on differing processes of crust-mantle growth, predictions can be made about the 478 

resultant geochemical signatures, providing a framework to evaluate the operation of the various 479 

geodynamic models. Early in Earth’s history, owing to periods of inefficient to restricted mantle 480 

convection and the presence of stagnant crustal lids, the mantle may have developed periodic 481 

instabilities and undergone whole mantle-scale overturn/upwelling events (Piper, 2013; Bédard 482 
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and Harris, 2014). The recurrence of these events has been invoked to explain the global record 483 

of episodic crustal growth in the Hadean to early Archean (Griffin et al., 2014; Bédard, 2018) and 484 

has been proposed as a mechanism to explain widespread Neoarchean (~2800–2700 Ma) crustal 485 

genesis in the Superior Province (Bédard and Harris, 2014). In this model, magmas are formed 486 

above the upwelling zone through high degrees of decompression melting. Furthermore, pre-487 

existing crustal domains above the upwelling zone would be strongly reworked, undergoing 488 

magmatic underplating, crustal delamination, and/or intra-continental rifting. Therefore, isotopic 489 

signatures of any new crust formed in these domains would either record the primitive signature 490 

of the upwelling mantle or display evolved, negative ɛHf signatures of the reworked crustal 491 

material. This type of Hf isotope signature is well-documented in magmatic rocks of the 492 

Paleoproterozoic Bushveld large igneous province that has been interpreted to have formed 493 

during a ~2060 Ma superplume event (Rajesh et al., 2013; Zirakparvar et al., 2019). These rocks 494 

display ɛHf values that range from -3 to -21 and are interpreted to reflect the mixing of deeply 495 

sourced primitive mantle inputs with pre-existing continental crust and/or sublithospheric mantle 496 

(Zirakparvar et al., 2019), consistent with the framework described above. Consequently, the 497 

long-term effect of a superplume or mantle overturn event would be to produce crust and mantle 498 

domains that display a predominately primitive (CHUR-like) signature or more evolved (strongly 499 

negative) εHf signatures due to reworking of this material. This is due to the fact that upwelling will 500 

transport large volumes of primitive lower mantle material to the upper mantle, either 501 

homogenizing the upper mantle to a CHUR-like lower mantle, or strongly shifting the bulk upper 502 

mantle towards this primitive composition. As a result, ongoing crustal growth would display a 503 

shift toward predominately primitive Hf compositions. 504 

The detrital zircon isotope results indicate that juvenile, ~3000–2700 Ma crust primarily 505 

records εHf values of +4 to +8 (Fig. 6) and similarly depleted signatures are observed throughout 506 

the southern Superior Province (e.g., Fig. 8; Corfu and Noble, 1992; Ayer et al., 2002; Tomlinson 507 
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et al., 2004; Davis et al., 2005; Bjorkman, 2017), indicating that crustal differentiation occurred by 508 

derivation from a DM reservoir. If late Meso- to Neoarchean crust of the southern Superior 509 

Province was primarily derived from a mantle overturn/upwelling system, a larger proportion of 510 

zircon with CHUR-like or negative εHf values would be expected. However, this is not observed 511 

(Fig. 8). It is also possible that smaller-scale mantle plumes similar to modern ocean island basalt 512 

settings contributed to crustal growth processes in the Archean (Smithies et al., 2005; Mueller 513 

and Wooden, 2012; Van Kranendonk et al., 2013). However, similar to the overturn/upwelling 514 

model, primary melts derived from a plume source are predicted to display a CHUR-like primitive 515 

mantle signature, and melts influenced by any secondary mixing or magma differentiation 516 

processes would display an evolved (negative) isotopic signature. This type of εHf signature is 517 

observed in a statistically less significant proportion of the detrital zircon data set (group 3; Figs. 518 

6 and 8). Thus, if present, plume-derived melts were minor in volume compared with magmas 519 

derived from the depleted mantle. This suggests that the negative ɛHf signatures are a result of 520 

secondary processes such as mixing of juvenile magmas with those derived from older crust 521 

and/or crustal reworking/amalgamations (Fig. 8). The detrital zircon data suggest that protracted 522 

to episodic growth from a well-established, regional DM reservoir occurred over time-frames 523 

spanning 100s of millions of years in the late Mesoarchean to Neoarchean (Fig. 8). Therefore, it 524 

is difficult to reconcile the observed data from the southern Superior Province with sustained to 525 

intermittent periods of mantle overturn or plume activity that would have resulted in crustal 526 

differentiation from a predominately primitive mantle reservoir with a CHUR-like composition. As 527 

a result, it is likely that an alternative geodynamic mechanism played a significant role in late 528 

Archean crustal growth in the southern Superior Province, which is further discussed below. 529 

It is possible that modern-style plate tectonic processes were in operation during Archean 530 

crustal construction and amalgamation of the southern Superior Province (Dostal and Mueller, 531 

1997; Ayer et al., 2002; Polat and Kerrich, 2002, 2006; Benn and Moyen, 2008; Polat, 2009; 532 
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Percival et al., 2012; Lodge, 2016; Frieman et al., 2017). In Proterozoic and younger settings, 533 

juvenile arc terranes commonly display depleted isotopic signatures with temporal shifts towards 534 

more evolved (CHUR-like to negative) ɛHf values due to magmatism during later internal 535 

reworking, perhaps driven by collisional events (Guitreau et al., 2014; Gardiner et al., 2016). In 536 

this model, the predominately depleted Hf signatures of detrital zircon in this study (group 1; Fig. 537 

6) represent magmatism in juvenile arc to back-arc complexes that formed by partial melting at 538 

subduction zones from a regional or, perhaps, globally extensive DM reservoir. While it is possible 539 

that long-lived subduction was responsible for the development and geochemical maintenance of 540 

the observed depleted upper mantle reservoir (Shirey et al., 2008), it is also possible that 541 

intermittent subduction (Silver and Behn, 2008) contributed to its formation and secular evolution. 542 

Furthermore, in the subduction model, the subordinate non-DM-like populations, including those 543 

that display less-depleted to negative values (groups 3 and 4; Fig. 6) are interpreted to reflect 544 

magmatic reworking and/or Neoarchean or earlier arc accretion processes (Fig. 8). Regardless, 545 

the less-depleted to negative isotopic data represent a small proportion of the overall results 546 

(<3%; Fig. 8; Supplemental Table 1), indicating that reworking and/or mixing with older crustal 547 

reservoirs within the juvenile terranes was minimal, possibly due to the short-lived nature of the 548 

arcs and/or their strongly depleted character. This type of signature dominates the juvenile, 549 

Neoarchean domains of the southern Superior Province such as the Abitibi, Wawa, and western 550 

Wabigoon subprovinces, where amalgamations of arc to back-arc complexes is inferred to have 551 

occurred shortly after their initial formation (Dostal and Mueller, 1997; Ayer et al., 2002; Polat and 552 

Kerrich, 2002, 2006; Benn and Moyen, 2008; Polat, 2009; Percival et al., 2012; Lodge, 2016; 553 

Frieman et al., 2017). In addition to contributions from older crustal material, these amalgamation 554 

events have been invoked to explain evolved compositions observed in their Hf isotope record 555 

(Davis et al., 2005; Ketchum et al., 2008; Bjorkman, 2017). It is possible that the CHUR-like to 556 

negative results observed in >3000 Ma zircon (Fig. 8) reflect non-plate tectonic processes and 557 

that these processes may have contributed to the formation of the observed late Mesoarchean to 558 
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Neoarchean DM reservoir. However, the paucity of Hf data from early to middle Mesoarchean 559 

detrital and igneous zircon makes inferences about the earlier evolution of the crust and mantle 560 

associated with the southern Superior Province difficult. 561 

The data presented here record no evidence for a temporal progression from CHUR 562 

towards DM compositions in the upper mantle during late Meso- to Neoarchean volcano-plutonic 563 

construction in the southern Superior Province, and no coeval complementary enriched reservoir 564 

in the crustal record is observed (Figs. 6 and 7). Thus, it is unlikely that the depleted signature 565 

was locally restricted. While depleted Hf isotope signatures dominate Neoarchean signatures 566 

(Figs. 6, 7, and 8), the trends become less clear in the Mesoarchean. The detrital zircon data 567 

contain a large population of grains with depleted Hf isotope signatures in the ~3000–2800 Ma 568 

age range (group 2; Fig. 6). Corresponding isotopic signatures in zircon of this age range are 569 

defined by more limited clusters of previously reported zircon Hf and whole-rock Nd data (Figs. 7 570 

and 8). For example, for the southwestern Superior Province, data cluster along ɛHf values of +3 571 

to +5 in the 3000–2800 Ma age range (Fig. 8). In part, these results correspond to those of slivers 572 

of supracrustal rocks in the Marmion subprovince that comprise the Lumby Lake greenstone belt 573 

(Tomlinson et al., 2004; Bjorkman, 2017). While these contain an earlier, Mesoarchean (3000–574 

2800 Ma) record of juvenile crustal growth from a DM-like reservoir (Henry et al., 2000; Tomlinson 575 

et al., 2004; Davis et al., 2005), they also contain more evolved isotopic signatures due to the 576 

mixing and amalgamation with older, Paleoarchean crust of the Winnipeg River subprovince (Fig. 577 

8; Davis et al., 2005; Bjorkman, 2017). Due to earlier amalgamation events and/or localized 578 

mixing with older crust, this depleted mantle signature is less well defined in the previously 579 

published data (Fig. 7) than it is in the late Mesoarchean (~2950–2800 Ma) detrital zircon data 580 

(Fig. 6), perhaps, suggesting that a preservation bias exists in present-day exposures. 581 

Regardless, the combined igneous and detrital zircon record support the presence of a DM 582 
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reservoir throughout late Meso- to Neoarchean crustal growth in the southern Superior Province 583 

(Fig. 8). 584 

The magnitudes of separation between the southern Superior Province source domains 585 

prior to their amalgamation in the Neoarchean are unknown (Percival et al., 2012). However, 586 

based on their present-day configuration, an estimate of the amount of shortening recorded 587 

(~50%) across the terranes, and a >25 Myr record of convergence defined by amalgamation 588 

events from ~2715 Ma in the Winnipeg River and western Wabigoon subprovinces to ~2690 Ma 589 

in the Abitibi and Wawa subprovinces (Percival et al., 2012), the terranes were potentially several 590 

thousands of kilometers apart (assuming conservative convergence rates of 60 km/Myr) prior to 591 

their amalgamation. Based on this interpretation and the broad area of provenance observed, we 592 

suggest that a DM-like reservoir was not only well-established within the mantle beneath each of 593 

the domains within the southern Superior Province when they formed, but was pervasive in the 594 

mantle by the late Meso- to Neoarchean and, as a result, may reflect a predominance of modern-595 

style plate tectonic processes at this time. 596 

 597 

6. Conclusions 598 

The ~1,800 paired U-Pb and Lu-Hf analyses of detrital zircon grains from successor basins 599 

of the Abitibi and Pontiac subprovinces represent the most comprehensive single multi-isotope 600 

detrital zircon data set in the region. The dominant portion of the data yield moderately to strongly 601 

depleted Hf isotope compositions that are interpreted to reflect repeated crustal growth from a 602 

well-established, DM reservoir. The subordinate CHUR-like or more evolved results are best 603 

explained by a combination of reworking after short-lived (<50 Ma) crustal residence and local 604 

derivation from or mixing with magmas derived from older, Mesoarchean crust. Anomalously 605 

depleted data are interpreted in terms of volumetrically minor crustal or mantle sources that 606 
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retained multi-stage melt histories. Through a comparison to the regional geology and the 607 

previously published isotopic record, potential local and distal detrital zircon sources are identified 608 

throughout the southern Superior Province. These include the western Wabigoon, Winnipeg 609 

River, Marmion, Quetico, and Wawa subprovinces. Based on these regional correlations, we 610 

suggest that the protracted record of late Mesoarchean to Neoarchean crustal growth recorded 611 

in the southern Superior Province occurred by differentiation from a well-established, isotopically 612 

distinct, and regionally extensive depleted mantle reservoir. Since a depleted signature is 613 

dominant and no temporal progression from CHUR-like values or a coeval complementary 614 

enriched reservoir is observed, it is suggested that non-plate tectonic processes alone cannot 615 

explain the observed trends. A model where subduction-accretion plate tectonic processes 616 

occurred during widespread late Meso- to Neoarchean crustal genesis is favored. 617 
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Figure Captions 938 

Fig. 1. Geology of the Superior Province displaying the distribution of predominantly magmatic 939 

subprovinces or domains colored by their oldest magmatic zircon ages and of primarily 940 

sedimentary subprovinces with depositional ages given in parentheses (modified from Stott et al., 941 

2010).  942 

Fig. 2. Schematic diagram illustrating the relative temporal and spatial relationships between 943 

gneissic-plutonic basement rocks, greenstone belt magmatism, granitic plutonism, deposition of 944 

successor basins, and phases of shortening deformation from north to south in the Superior 945 

Province. Temporal relationships are simplified using a wide variety of methods (field 946 

relationships, U-Pb dating of zircon, Hf and Nd model ages, etc.) and published studies (after 947 

Percival et al., 2012, and references therein).  948 

Fig. 3. Map of the Abitibi and Pontiac subprovinces displaying the distribution of volcanic 949 

assemblages, mafic and felsic to intermediate intrusions, and primary sedimentary assemblages. 950 

The locations of detrital zircon samples investigated in the present study are given. Modified from 951 

Thurston et al. (2008) and Monecke et al. (2017). 952 

Fig. 4. Cathodoluminescence images of representative detrital zircon grains analyzed from 953 

successor basin rocks of the Abitibi and Pontiac subprovinces organized by age from youngest 954 

to oldest. The analysis locations, sample/spot reference numbers, 207Pb/206Pb ages, and ɛHf 955 

values for each grain are labeled. Indicated uncertainty for all analyses is 2σ. 956 

Fig. 5. Frequency histograms (rectangles), probability density function curves (filled solid colored 957 

lines), and cumulative distribution function curves (solid and dashed lines) for U-Pb zircon data in 958 

the study region. (A) Selected concordant 207Pb/206Pb ages of detrital zircon grains from the Abitibi 959 

and Pontiac subprovinces from Frieman et al. (2017) on which Lu-Hf analyses were performed 960 

(this study). (B) Compilation of published U-Pb zircon age data for volcanic-plutonic rocks of the 961 
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Abitibi subprovince and adjacent domains in the southern Superior Province (Winnipeg River, 962 

Marmion, and Opatica subprovinces) (modified from Frieman et al., 2017). The published age 963 

data for volcanic-plutonic rocks of the Abitibi subprovince (solid green line) do not perfectly match 964 

the detrital zircon age pattern observed in successor basin samples of the Abitibi and Pontiac 965 

subprovinces (black dashed line). However, the observed distribution of ages in our samples can 966 

be explained by a component of mixing between Abitibi and older source rocks (southern 967 

Superior; purple irregular dashed line). 968 

Fig. 6. Plots displaying the isotopic results obtained by LA-MC-ICP-MS analysis of detrital zircon 969 

grains from Abitibi and Pontiac subprovince successor basin samples in this study. (A) The ɛHf - 970 

207Pb/206Pb age results. Error bars in are 2σ uncertainty. (B) A bivariate histogram plot of the data 971 

displayed in (A) using 10 Ma and 0.5 ɛHf unit bin spacing. An approximate average 2σ uncertainty 972 

is indicated, and groups with similar distributions are outlined (see text for detailed descriptions 973 

of the group subdivisions labelled 1-6). The vertical gray bar represents the approximate age 974 

threshold between Abitibi (younger) and non-Abitibi (older) ages. The green line represents the 975 

evolution of depleted mantle (DM) compositions as calculated from modern MORB values of 976 

Griffin et al. (2002). The purple line corresponds to compositions of the chondritic uniform 977 

reservoir (CHUR). Gray dashed lines represent ɛHf growth curves calculated using 176Lu/177Hf = 978 

0.015, which is the approximate mid-point between reported end-member values for crustal mafic 979 

rocks (0.022; Amelin et al., 1999) and Precambrian granitoid rocks (0.0093; Vervoort and 980 

Patchett, 1996). This value also coincides with the average crustal composition of the Superior 981 

Province as derived from whole-rock geochemical analyses of sedimentary rocks (Stevenson and 982 

Patchett, 1990). 983 

Fig. 7. Plots displaying previously published paired Hf (A-B) and Nd (C-D) isotopic and age data 984 

for the southern Superior Province. (A) 207Pb/206Pb age and ɛHf zircon data from the Abitibi (Corfu 985 

and Noble, 1992; Ketchum et al., 2008) and Wawa (Smith et al., 1987; Bjorkman, 2017) 986 
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subprovinces. (B) 207Pb/206Pb age and ɛHf zircon data from the Quetico, Western Wabigoon, 987 

Marmion, and Winnipeg River (Davis et al., 2005; Bjorkman, 2017) subprovinces. (C) 207Pb/206Pb 988 

age and whole-rock ɛNd data for the Abitibi (Cattell et al., 1984; Dupré et al., 1984; Shirey and 989 

Hanson, 1986; Walker et al., 1988; Vervoort et al., 1994; Vervoort and Blichert-Toft, 1999) and 990 

Wawa (Polat and Kerrich, 2002; Polat, 2009; Lodge, 2016) subprovinces. (D) 207Pb/206Pb age and 991 

whole-rock ɛNd data for the Western Wabigoon (Beakhouse and McNutt, 1991; Larbi et al., 1999; 992 

Ayer and Dostal, 2000), Marmion (Tomlinson et al., 2004), and Winnipeg River (Henry et al., 993 

2000; Tomlinson et al., 2004) subprovinces. Vertical gray bars represent the approximate age 994 

threshold between Abitibi (younger) and non-Abitibi (older) ages. See Fig. 6 for a description of 995 

the parameters used to calculate the depleted mantle (DM) and ɛHf growth curves shown in (A) 996 

and (B). The previously published Hf isotope compositions displayed in (A) and (B) were 997 

calculated using the same reference parameters as those used is this study (see section 3). Initial 998 

ɛNd values displayed in (C) and (D) were calculated based on chondritic uniform reservoir (CHUR) 999 

values of 147Sm/144Nd = 0.1960 and 143Nd/144Nd = 0.512630 (Bouvier et al., 2008). The DM 1000 

evolution curves displayed in (C) and (D) were calculated from modern day MORB-DM values of 1001 

147Sm/144Nd = 0.2135 and 143Nd/144Nd = 0.513151 (ɛNd = +10) after DePaolo and Wasserburg 1002 

(1976) and Pearson et al. (1995). 1003 

Fig. 8. Plot comparing the statistical distribution of 207Pb/206Pb age and ɛHf data from the southern 1004 

Superior Province. All Gaussian, bivariate population density distributions were calculated in 1005 

HafniumPlotter v1.7 (Sundell et al., 2019) using a kernel density spacing of 0.5 ɛHf and 10 Ma. 1006 

Colored fields reflect detrital zircon data from this study: 100% of data (blue), data falling within 1007 

~95% of the mean (yellow), and all data falling within ~68% of the mean (red). The dashed lines 1008 

represent published data for the Abitibi and Wawa subprovinces (purple; Smith et al., 1987; Corfu 1009 

and Noble, 1992; Ketchum et al., 2008; Bjorkman, 2017) and southwestern Superior Province 1010 

(blue; western Wabigoon, Winnipeg River, and Marmion subprovinces; Davis et al., 2005; 1011 
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Bjorkman, 2017); thin dashed lines represent all data within ~95% of the population mean, and 1012 

thick dashed lines all data within ~68% of the population mean. The previously published results 1013 

and data from this study were both calculated using the same reference parameters (see section 1014 

3). The secular age-Hf isotope patterns are inferred to reflect crustal growth in the southern 1015 

Superior Province from a primarily chondritic source at >3000 Ma (blue bar) and an isotopically 1016 

distinct, depleted mantle source at ~3000–2700 Ma (green bar). More evolved, statistically 1017 

subordinate CHUR-like to negative values are interpreted to reflect internal reworking of older 1018 

crust and/or mixing of evolved crust with juvenile, depleted mantle inputs during progressive 1019 

growth and regional amalgamation events. Statistically minor, strongly-depleted signatures are 1020 

interpreted to reflect volumetrically minor crust or mantle source domains that experienced multi-1021 

stage melt depletion histories.  1022 

Fig. 9. Measured 232Th/238U ratios versus 232Th/238U ratios calculated from measured 208Pb/206Pb 1023 

ratios for a representative subset of analyses from groups 1 and 2 (A), groups 3 and 4 (B), and 1024 

groups 5 and 6 (C). The 2σ uncertainty is less than symbol size. 1025 

Table 1. List of graywacke samples from successor basins of the Abitibi and Pontiac subprovinces 1026 

used for U-Pb and Lu-Hf LA-ICP-MS detrital zircon analysis. 1027 
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Sample # Location

UTM zone 

(NAD83) Northing (m) Easting (m)

P-1 Timmins 17U 5371274 484261

P-2 Timmins 17U 5377126 493189

P-3 Timmins 17U 5393390 473340

P-4 Larder Lake 17U 5318272 597448

P-5 LaRonde Penna 17U 5346548 690224

P-6 LaRonde Penna 17U 5345265 680339

PS-1 Rouyn-Noranda 17U 5337608 651829

PS-2
western Pontiac 

subprovince
17T 5285124 610613

T-1 Timmins 17U 5371207 484998

T-2 Timmins 17U 5369513 483540

T-3 Kirkland Lake 17U 5331699 569426

T-4 Kirkland Lake 17U 5330831 570190

T-5 Morris-Kirkland 17U 5333712 580331

T-6 Rouyn-Noranda 17U 5339898 646428

T-7 Rouyn-Noranda 17U 5340052 650339

T-8 LaRonde Penna 17U 5344928 680437
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