
SUPPLEMENTARY INFORMATION 

Supplementary Table 1 

Paleosol Age 
(Ga) 

Lower age constraint Upper age constraint Paleolatitude estimate Parent Data source 

Basal 
Pongola 

3.0 3,105±3 Ma zircon U-Pb age 
in parent 

2,980±10 Ma youngest 
detrital zircon U-Pb age in 
overlying Nsuze Group 

27-33° (Luskin et al.,
2019)

Granodiorite New, ICP-MS

Denny Dalton 2.96-
2.87 

2,968±6 Ma zircon U-Pb age 
in parent 

2,866±2 Ma baddeleyite U-
Pb age in crosscutting 
Hlagothi Complex1 

NA (age uncertain) Basaltic andesite 
(Nsuze Group) 

New, ICP-MS 

Lake 
Voronye 

2.81 2,795±19 Ma zircon U-Pb 
age in parent 

2,807±3 Ma zircon U-Pb 
age in overlying andesite 
(Okhta Sequence) 

NA (not available) Granite Alfimova et al. 
(2011), XRF 

Mt. Roe #2 2.76 2,763±8 Ma zircon U-Pb age 
in underlying basalt 

2,760±10 Ma zircon U-Pb 
age in overlying basalt 

49° (Strik et al., 
2003) 

Basalt (Mt. Roe) Macfarlane et al. 
(1994), XRF 

Black Reef 2.71-
2.59 

2,714±8 zircon U-Pb age in 
underlying basalt 
(Venterstorp Fm.) 

2,588±7 Ma zircon U-Pb 
age in overlying tuff (Oak 
Tree Fm.) 

NA (age uncertain) Hydrothermally 
altered granite 

Maynard et al. 
(1995), XRF 

Saganaga 2.685 2,6903±0.26 Ma zircon U-Pb 
age in parent 

~2680 Ma inferred 
deformation age of 
overlying Ogishkemuncie 
Conglomerate 

NA (rapid apparent 
polar wander) 

Tonalite (Saganaga) Driese et al. 
(2011), XRF 

Lauzon Bay 2.45 ~2.7-2.4 Ga K-Ar age in 
parent 

~2,457 Ma youngest detrital 
zircon U-Pb age in 
overlying Matinenda Fm. 

14° (Evans and Halls, 
2010, from 
Matachewan dikes) 

Granite (Algoman) Sutton and 
Maynard 
(1992), XRF; 
New, ICP-MS 

Pronto 2.45 ~2.7-2.4 Ga K-Ar age in 
parent 

~2,457 Ma youngest detrital 
zircon U-Pb age in 
overlying Matinenda Fm. 

14° (ibid.) Granite (Algoman) Murakami et al. 
(2011), XRF 

Denison 2.45 ~2.7-2.4 Ga K-Ar age in 2,452.5±6.2 Ma zircon U-Pb 14° (ibid.) Tonalite (Algoman) Prasad and 
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parent age in overlying Copper 
Cliff rhyolite 

Roscoe (1996), 
XRF 

Quirke II 2.45 2,452.5±6.2 Ma zircon U-Pb 
age in Cooper Cliff 
rhyolite, correlative with 
parent 

~2,457 Ma youngest detrital 
zircon U-Pb age in 
overlying Matinenda Fm. 

14° (ibid.) Diabase (Dollyberry) Prasad and 
Roscoe (1991), 
XRF 

Cooper Lake 2.45 2,452.5±6.2 Ma zircon U-Pb 
age in Cooper Cliff 
rhyolite, correlative with 
parent 

~2,457 Ma youngest detrital 
zircon U-Pb age in 
overlying Matinenda Fm. 

14° (ibid.) Diabase (Dollyberry) Babechuk et al. 
(2019), XRF 

Ville Marie 2.25 2,290±90 Ma Rb-Sr age of 
underlying Gowganda Fm. 

2,219±4 Ma ziron U-Pb age 
in overlying Nipissing 
Diabase 

1° (Schmidt and 
Williams, 1999) 

Granite (Ville Marie) Rainbird et al. 
(1990), XRF 

Hekpoort 2.1 2,193±71 Ma Rb-Sr age of 
parent 

2,061±2 Ma zircon U-Pb 
age in overlying Rooiberg 
Group volcanics  

NA (rapid APW) Basalt (Hekpoort) Beukes et al. 
(2002), XRF 

Beaverlodge 
Lake 

1.9 1,931±1 zircon U-Pb age of 
parent 

1,906±1 zircon U-Pb age in 
overlying Zebulon Fm. 
volcanics 

2-12° (Toma et al., 
2019) 

Feldspar ±quartz 
porphyry (Hottah) 

Toma et al. 
(2019), ICP-
AES 

Flin Flon 1.85 1,900-1,880 Ma zircon U-Pb 
age range of parent 

1,847±2 Ma youngest 
detrital zircon U-Pb age in 
overlying Missi Group 

NA (arc terrane) Hydrothermally 
altered basalt (Flin 
Flon Belt volcanics) 

Babechuk and 
Kamber (2013), 
XRF 

Baraboo 1.7 1,749±12 Ma zircon U-Pb 
age of parent 

1,782-1,712 Ma detrital 
zircon U-Pb age range in 
overlying Baraboo 
Quartzite 

60° (Kotzer et al., 
1992, from correl. 
Manitou Falls Fm.) 

Granite (Baxter 
Hollow) 

Driese and 
Medaris (2008), 
XRF 

Avontuur 1.25 2,426±3 Ma baddeleyite U-
Pb age in underlying basalt 
(Ongeluk Fm.) 

1,245±20 Ma zircon U-Pb 
age in overlying Mapedi 
Fm. tuff bed2 

26° (Evans et al., 
2002) 

Diabase Kock et al. 
(2020), XRF 

Drakenstein 1.25 2,426±3 baddeleyite U-Pb 
age of parent2 

1,245±20 Ma zircon U-Pb 
age in overlying Mapedi 
Fm. tuff bed2 

26° (ibid.) Basalt (Ongeluk Fm.) Wiggering and 
Beukes (1990), 
XRF 

Temperance 
River 
 

1.097-
1.094 

1,097±2 Ma zircon U-Pb age 
in underlying Palisade Head 
Rhyolite 

1,099-1,094 Ma zircon U-
Pb age range of overlying 
Duluth complex 

26° 
(Fairchild et al., 

2017) 

Basalt (North Shore 
Volcanic Group) 

Sheldon (2013), 
XRF 



Sigula 0.60-
0.56 

595-600 Ma zircon U-Pb age 
range of underlying basalt 

558±1 Ma zircon U-Pb age 
in overlying Redkino 
volcanics 

NA (rapid APW) Metagabbro Liivamägi et al. 
(2015), XRF 

Roded 0.58-
0.52 

610-580 Ma zircon U-Pb age 
range of underlying dykes 

Late early Cambrian 
biostratigraphic age of 
overlying Timna Fm. 

NA (rapid APW) Granite (Elat) Sandler et al. 
(2012), ICP-
OES 

Timna 0.58-
0.52 

610-580 Ma zircon U-Pb age 
range of underlying dykes 

Late early Cambrian 
biostratigraphic age of 
overlying Timna Fm. 

NA (rapid APW) Monzodiorite (Timna) Sandler et al. 
(2012), ICP-
OES 

Verde River >0.52 1,729±6 zircon U-Pb age in 
parent 

Early Cambrian 
biostratigraphic age of 
overlying Tapeats Fm. 

NA (possibly rapid 
APW) 

Hydrothermally 
altered gabbro 
(Payson Ophiolite) 

New, XRF 

Elk Point >0.503 1,733±2 Ma zircon U-Pb age 
in parent 

503 Ma biostratigraphic age 
in overlying Bonneterre 
and Eau Clair Fms. 

5° (Torsvik et al., 
2012) 

Metagabbro Horodyskyj et al. 
(2012), ICP-
AES 

St. Francois 
Mtns. 

>0.503 850-640 Ma zircon (U-Th)-
He thermochronologic age 
for parent exhumation3   

503 Ma biostratigraphic age 
in overlying Bonneterre 
and Eau Clair Fms. 

5° (Torsvik et al., 
2012) 

Granite (Granite-
Rhyolite Province) 

New data, ICP-
MS 

Dunn Point 0.485-
0.460 

Early Ordovician 
biostratigraphic age in 
underlying Ferrona Fm.   

460±3 Ma zircon U-Pb age 
in overlying rhyolite 

40-60° (Hamilton and 
Murphy, 2004) 

Basalt (Dunn Point 
Fm.) 

Jutras et al. 
(2009), XRF 

Boulder 
Creek 

0.323-
0.299 

Bashkirian biostratigraphic 
age in regionally underlying 
Glen Eyrie Mbr.4 

Gzhelian biostratigraphic 
age in overlying Fountain 
Fm.4 

3-13° (Torsvik et al., 
2012) 

Granodiorite (Boulder 
Creek) 

Condie et al. 
(1995), XRF 

Ischigualasto 0.228 229±5 Ma K-Ar age in 
underlying Los Rastros Fm. 

227.8±0.3 Ma sanidine Ar-
Ar age in overlying 
Ischigualasto Fm. 

48° S (Torsvik et al., 
2012) 

Basalt (Ischigualasto 
Fm.) 

Tabor et al. 
(2004), ICP-
OES 

Bidar 0.0659 65.9±0.05 Ma zircon U-Pb 
age in entrained ashfall5 

65.9±0.05 Ma (ashfall 
contemporaneous with soil 
formation) 

28° S (Radhakrishna 
and Joseph, 2012) 

Basalt (Ambenali Fm.) Babechuk et al. 
(2014), XRF 

Picture Gorge 0.166-
0.163 

16.572±0.018 Ma zircon U-
Pb age in underlying 
Imnaha Basalt5 

16.288±0.039 Ma zircon U-
Pb age in overlying 
Grande Ronde Basalt5 

45° N (Mankinen et 
al., 1987) 

Basalt (Picture Gorge) Sheldon (2003), 
XRF 

Lower Rice 0.166- 16.572±0.018 Ma zircon U- 16.288±0.039 Ma zircon U- 46° N (ibid.) Basalt (Grande Ronde, Hobbs and Parrish 



Creek 0.163 Pb age in underlying 
Imnaha Basalt5 

Pb age in overlying 
Grande Ronde Basalt5 

R1 unit) (2016), XRF 

Lawyer 
Canyon 

0.166-
0.163 

16.572±0.018 Ma zircon U-
Pb age in underlying 
Imnaha Basalt5 

16.288±0.039 Ma zircon U-
Pb age in overlying 
Grande Ronde Basalt5 

46° N (ibid.) Basalt (Grande Ronde, 
N1 unit) 

Thomson et al. 
(2014), ICP-
OES 

Upper 
Shumaker 

0.161-
0.159 

16.066±0.040 Ma zircon U-
Pb age in underlying 
Vantage interbed5 

15.895±0.019 Ma zircon U-
Pb age in overlying 
Wanapum Basalt5 

46° N (ibid.) Basalt (Wanapum, 
Eckler Mtn Mbr.) 

Thomson et al. 
(2014), ICP-
OES 

   1Age constraint from Gumsley et al. (2013) 
   2Age constraints from Rasmussen et al. (2020). 
   3Age constraint from DeLucia et al. (2018) 
   4Age constraints from Sweet et al. (2015). 
   5Age constraints from Kasbohm and Schoene (2018). 
 
Note: New ICP-MS data used in this analysis is for Mg only. ICP-MS data for Al and Ti are reported in Colwyn et al. (2019). 

 

 



Abiogenic baseline calculations 

Our method for determining an abiogenic baseline for weathering relates Al, Ti, and Mg loss in 
paleosols to relative percent losses determined experimentally by Hausrath et al. (2009). For 
each sample within a profile, we divided Mg percent loss relative to the parent by Mg percent 
loss over the duration of the experiment (Δ%Mgexp) to produce a paleosol-specific amplification 
factor, AMg: 

AMg = (Mgpaleosol/Mgparent – 1) * 100 / Δ%Mgexp 

We then multiplied percent losses of Al and Ti in the experiment (Δ%[Al,Ti]exp) by AMg to 
determine expected losses for these elements (Δ%[Al,Ti]abio) if the parent material weathered 
under the same conditions as the experiment over the course of its formation: 

Δ%[Al,Ti]abio = AMg * Δ%[Al,Ti]exp 

Finally, we used these expected losses to calculate an expected τTi,Al for each sample under 
abiogenic weathering: 

ΔAl/Tiabio= (Alparent * (100 − Δ%Alabio) /  Tiparent * (100 − Δ%Tiabio))  / (Al/Ti)parent – 1 

Estimated pCO2 requirements for abiotic Al mobilization 

Treating rainwater as a solution with zero total alkalinity gives the following relationship 
between pH and dissolved CO2: 

[CO2]aq = [H+]2 / k1k2, where k1k2 = 4.25e-7 at 25°C 

Assuming rainwater is equilibrated with the atmosphere, the partial pressure of CO2 in the 
atmosphere (pCO2) can be determined with Henry’s law: 

pCO2 = ([CO2]aq / kH), where kH = 0.034 M/atm for CO2 at 25°C 

Assuming that aluminosilicate dissolution rates increase significantly below pH 4-5, the 
following are possible lower bounds for pCO2 relative to the pre-industrial atmospheric level 
(PIAL, 280 ppm) necessary to mobilize Al in the absence of organic acids: 

pCO2 = 24.7x PIAL for pH 5 

 247x PIAL for pH 4.5 

 2470x PIAL for pH 4 

Paleolatitude correlations 

Estimated paleolatitudes in Supplementary Table 1 come from paleomagnetic pole 
measurements taken either directly from paleosols (e.g. the Drakenstein paleosol; Evans et al., 
2002), from the parent (e.g. the Mt. Roe #2 paleosol; Strik et al., 2003), from overlying 
sediments (e.g. the Ville Marie paleosol; Schmidt and Williams, 1999), or from correlative rocks 
within the terrane that hosts the paleosol (e.g. the basal Huronian paleosols of the Superior 
Craton, including Lauzon Bay, Pronto, Denison, Quirke II, and Cooper Lake; Evans and Halls, 
2010). In some cases, highly uncertain paleomagnetic poles from host terranes were replaced 
with poles from tectonically adjacent terranes. For example, the Hottah arc terrane, which hosts 
the 1.9 Ga Beaverlodge Lake paleosol, was likely close to accretion with the Slave Craton at the 



time of paleosol formation. Likewise we do not report estimates for the 1.85 Ga Flin Flon 
paleosol, as tectonic relationships between the Flin Flon arc and its current nearest terranes, the 
Hearne and Superior cratons, are uncertain at 1.85 Ga (David Evans, personal communication). 
Lastly, we do not report latitudes for paleosols that formed during times of rapid apparent polar 
wander, as even moderate uncertainties in the age of paleosol formation will lead to significant 
uncertainties in pole positions. 

Correlations between τTi,Al values (means, minima, and maxima) and estimated paleolatitudes for 
paleosols are shown in Supplementary Figure 1. Paleolatitude estimates reported as ranges in 
Table 1 were converted to averages. Data were separated into positive and negative subsets to 
independently assess gain and loss, respectively. 

 

Provenance tracers 

An important criterion for effective provenance tracers in soils and paleosols is that they are 
relatively immobile, meaning that their relative abundance does not change with weathering. 
Another important criterion when using elements as tracers is that their abundance should vary 
considerably between rock types. Th and Zr satisfy both of these criteria and work well for 
distinguishing mafic from felsic sediment sources (Hallberg, 1984; McLennan et al., 1993). This 
means that Th/Zr ratios in soils and paleosols should match that of their parent if underlying rock 
is the single source of weatherable material. 

One of the most common sources of added material in soils is wind-blown dust or ash, which 
may significantly offset mass loss during weathering (Porder et al., 2007). Within paleosols, up-
profile enrichments in K and Rb have been cited as evidence for aeolian deposition given that 
dust and ash are often enriched in these elements relative to average continental crust (Sheldon, 
2003). However, K enrichments in paleosols are more often linked to metasomatism, which is a 
post-depositional process (Fedo et al., 1995). 

We produced cross plots of Rb vs. K in addition to Th vs. Zr to assess the possibility of 
allochthonous input to paleosols. Strong correlation between Rb and K suggests a single source 
of weatherable material, meaning that up-profile K enrichments are likely products of 
metasomatism rather than dust input. Interestingly some paleosols exhibit strong Rb-K but poor 
Th-Zr correlation. If scatter in Th-Zr space indicates mixture of multiple source materials, then 
corresponding scatter in Rb-K space would also be expected. Strong correlation instead suggests 
that K and Rb enrichments postdated soil formation and were probably associated with 
metasomatism (Supplementary Figure 2). Consequently, we do not consider K and Rb effective 
provenance tracers for paleosols. 

 

  



Supplementary Figures 

 
Supplementary Figure 1. Correlations between ΔAl/Ti and estimated paleolatitudes for 
paleosols. Positive minima and negative maxima are not shown due to a lack of data satisfying 
those conditions. All correlations demonstrate the expected inverse relationship between the 
magnitude of loss or gain and latitude, but this relationship is only weakly supported. Moreover, 
the most highly negative and positive ΔAl/Ti values are not confined to a discrete low-latitude 
belt, but vary continuously with latitude. 



 
Supplementary Figure 2. Crossplots of Th-Zr (A) and Rb-K (B) in the Verde River paleosol. 
Poor correlation between Th and Zr indicate input and mixture of multiple sources of 
weatherable material despite strong correlation between Rb and K. This suggests Rb and K 
enrichments were likely post-depositional.  
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