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Glacial diamictites deposited in the Mesoarchean, Paleoproterozoic, Neoproterozoic, and Paleozoic eras 
record temporal variations in their average compositions that reflect the changing composition of the 
upper continental crust (UCC). Twenty six of the 27 units studied show elevated chemical index of 
alternation (CIA) and low Sr abundances, regardless of their age, documenting pervasive weathering 
of the average UCC. Lower abundances of transition metals reflect a shift towards more felsic crustal 
compositions after the Archean. Superimposed on this chemical difference is the signal of the rise of 
oxidative weathering of the continents, recorded by changes in the absolute and relative abundances 
of the redox sensitive elements Mo and V. Neoproterozoic and Paleozoic diamictites show pervasive 
depletion in Mo and V, reflecting their loss from the continents due to increasing intensity of oxidative 
weathering, as also recorded in some of the Paleoproterozoic diamictites. A few of the Paleoproterozoic 
diamictites deposited after the Great Oxidation Event show no depletion in Mo and V (e.g., Gowganda), 
but such signatures could be inherited from their provenance. In contrast, the pre-GOE Duitschland 
diamictite (ca. 2.3–2.5 Ga) from South Africa reveals evidence of intense oxidative weathering (i.e., large 
depletions in Mo), supporting a growing body of observations showing the presence of measurable 
atmospheric oxygen prior to permanent loss of the mass independent fractionation signal in sulfur 
isotopes.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Earth is unique amongst all known planets in containing 
an atmosphere rich in free oxygen, which has been critical for 
the evolution and diversification of plants and animals. The his-
torical record of fluctuations in atmospheric oxygen is therefore 
an area of central interest in the Earth sciences. Geological evi-
dence documents that the Earth experienced significant rises in 
atmospheric oxygen levels in the early Paleoproterozoic (∼2.4 to 
2.2 Ga) and late Neoproterozoic (∼0.7 to 0.55 Ga) eras (see Lyons 
et al., 2014, for a recent review). The former event is referred to as 
the Great Oxidation Event (GOE, Holland, 2006) and is identified 
in the sedimentary record by the disappearance detrital uraninite, 
pyrite, and the mass independent fractionation (MIF) of sulfur iso-
topes and the first appearance of redbeds and a positive carbon 
isotope anomaly (e.g., Roscoe, 1973; Grandstaff, 1980; Farquhar et 
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al., 2000; Guo et al., 2009; Bekker and Kaufman, 2007), which 
are collectively believed to reflect the production of oxygen and 
its persistence of atmospheric oxygen levels above 2 ppmv (Pavlov 
and Kasting, 2002).

The trajectory of oxidation of the atmosphere following the GOE 
and prior to the Phanerozoic is largely derived from studies of re-
dox sensitive metals and their isotopes, particularly in black shale 
deposits (Anbar et al., 2007; Asael et al., 2013; Gilleaudeau and 
Kah, 2013; Kendall et al., 2013; Partin et al., 2013; Reinhard et al., 
2009; Sahoo et al., 2012; Sekine et al., 2011; Siebert et al., 2005;
Wille et al., 2007, 2013). Among these, Mo, Cr, and V are insoluble 
when reduced and soluble when oxidized (Calvert and Pedersen, 
1993). The concentrations of these metals in fine-grained black 
shales reflect their changing budget in the oceans, which in turn 
reflects changing input from the continents. Oxidative weather-
ing releases the oxidized, water soluble forms of these elements, 
which are later sequestered into carbon-rich muds in the reduced 
environments in which black shales accumulate. More direct evi-
dence for oxidative weathering of continental rocks may be derived 
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from studying paleosols (Beukes et al., 2002; Crowe et al., 2013;
Gay and Grandstaff, 1980; Grandstaff et al., 1986; Rye and Holland, 
1998; Yang and Holland, 2003), whose mineralogy and behavior 
of redox-sensitive elements reflect prolonged interaction with the 
atmosphere.

In this study we open a new window into the history of sub-
aerial oxidative weathering using the geochemistry of redox sen-
sitive elements in glacial diamictites spanning ages from 2.9 to 
0.3 Ga. These rocks are poorly-sorted lithified sediments derived 
from widespread physical erosion of the upper continental crust 
(UCC) by ice sheets and primarily deposited in marginal marine 
environments. Because these glacial deposits are geographically 
dispersed for a given time period, the systematic changes in the 
composition of the deposits can be used to track the changing 
composition of the UCC through time, including the rise of atmo-
spheric oxygen and onset of oxidative weathering. We have ana-
lyzed major and trace elements in 125 diamictite samples from 27 
formations in order to track the evolving composition of the UCC 
through time. Our data record systematic depletion of Mo and V 
in glacial deposits starting in the Paleoproterozoic, reflecting the 
loss of these elements from the continents due to increasing levels 
of oxidative weathering and hence increasing levels of free oxy-
gen. Notably, the immediately pre-GOE ∼2.3–2.5 Ga Duitschland 
diamictite shows evidence of intense oxidative weathering (large 
depletions in Mo), supporting a growing body of observations in-
dicating the presence of intermittent, but significant atmospheric 
oxygen prior to permanent loss of the MIF signal in sulfur isotopes.

2. Samples

Glacial diamictites are poorly sorted sedimentary aggregates of 
material derived from the abrasion and erosion of soil and bedrock, 
followed by transport and deposition of the resulting sediments 
by melting glaciers and sea ice. While the term tillite is broadly 
synonymous for deposits on land, diamictite encompasses all such 
poorly-sorted deposits, whether deposited on land or in a shal-
low marine environment. Glacial diamictites typically consist of 
angular and rounded clasts of various sizes in a fine-grained ma-
trix. Evidence of glacial origin include faceted and striated clasts 
of heterogeneous composition, and the presence of dropstones in 
otherwise fine-grained and finely-laminated intervals. The sedi-
ment that accumulates as glacial diamictite is typically derived 
from physically eroded bedrock with little evidence for chemical 
weathering (Nesbitt and Young, 1996) and diamictites derived from 
continental ice sheets have the potential to reflect an expansive 
provenance. For these reasons, V.M. Goldschmidt (1933) suggested 
that Pleistocene glacial sediments could provide a robust average 
composition of the UCC; a recent geochemical survey of valley tills 
from British Columbia lends credence to this approach (Canil and 
Lacourse, 2011).

Pre-Cenozoic glacial deposits occur in four broad geological in-
tervals: Mesoarchean (ca. 2.9 Ga; Young et al., 1998), Paleopro-
terozoic (ca. 2.2 to 2.4 Ga; Bekker et al., 2001; Crowell, 1999; 
Melezhik et al., 2013), Neoproterozoic (ca. 0.75–0.58 Ga; Hoffman 
and Li, 2009), and Paleozoic (0.30 and 0.45 Ga; Hambrey, 1985;
Visser, 1982). We have sampled glacial diamictites from all four 
of these intervals, spanning four modern continents; the individual 
stratigraphic units are listed in Table 1 with references for their 
ages and geological context. Individual sample locations are given 
in Table A1 and are plotted in Fig. A1. Samples consist primarily 
of massive diamictites and also include a few dropstone-bearing 
argillites. Samples of the Mesoarchean Coronation and Promise 
formations and Paleoproterozoic Timeball Hill, Duitschland, and 
Makganyene formations, and Ordovician Pakhuis Formation were 
obtained from drill cores, as were some of the Paleozoic Dwyka 
Group samples. All other samples were taken from outcrops (Ta-
ble 1).

Details pertaining to the early Paleoproterozoic ice ages are pro-
vided here because the GOE occurred during this interval. The 
Paleoproterozoic Huronian Supergroup in Canada contains three 
discrete glacial diamictites: the Ramsay Lake, Bruce, and Gow-
ganda formations (in ascending stratigraphic order) (Melezhik et 
al., 2013; Young et al., 2001). The Pecors Formation, which con-
tains dropstone-bearing argillites, directly overlies the Ramsay Lake 
diamictite and was also sampled here. Here, the loss of sulfur iso-
tope MIF appears to occur between the Bruce and Ramsay Lake 
formations (Papineau et al., 2007). Correlative diamictites are also 
present in the Snowy Pass Group in the USA (Bekker et al., 2003; 
Houston et al., 1992), but of these, we have only sampled the Bot-
tle Creek Formation, and its absolute age and age relative to the 
sulfur MIF signal is unknown. In South Africa, Paleoproterozoic 
diamictites occur in two sub-basins of the Transvaal Supergroup. 
The Duitschland and Timeball Hill formations occur in the eastern 
Transvaal sub-basin where the disappearance of sulfur MIF is well 
documented between the two glacial deposits (Bekker et al., 2004;
Guo et al., 2009). The Makganyene Formation occurs in the Gri-
qualand West sub-basin, but its absolute age and position relative 
to the GOE and other Paleoproterozoic diamictites is unresolved 
(Moore et al., 2001; Coetzee et al., 2006; Moore et al., 2012;
Hoffman, 2013). The relationship between the eastern Transvaal 
and Huronian supergroups has recently been constrained by U–
Pb zircon geochronology of volcanic ash beds (Rasmussen et al., 
2013), which reveals that the Timeball Hill Formation represents 
the fourth and youngest glacial event in the Paleoproterozoic, oc-
curring after the Gowganda Formation, whereas the Duitschland 
diamictite probably correlates with the Ramsay Lake Formation.

3. Methods

3.1. Sample preparation

Samples were crushed in a ceramic jaw crusher, and the result-
ing chips were handpicked to exclude clasts larger than 1 mm in 
diameter. Chips of diamictite matrix were then ground to a fine 
powder in a ceramic swing mill.

3.2. X-ray fluorescence analysis

Major element compositions used to calculate the chemical in-
dex of alteration in this paper were measured at Franklin and 
Marshall College. After determining loss on ignition, 0.4 g of an-
hydrous powder were mixed with 3.6 g of lithium tetraborate 
flux and fused in a platinum crucible. This fusion disc was then 
analyzed for major element abundances. Further details on the 
method and precision and accuracy are available at http :/ /www.
fandm .edu /earth-and-environment /x-ray-laboratory.

3.3. Total organic carbon analysis

For TOC measurements, ∼5 g aliquots of powder were sequen-
tially acidified with 3 M HCl for quantitative digestion of carbonate 
and repeatedly washed with H2O until solutions were pH neutral. 
Decalcified residues were dried overnight in an 80 ◦C oven, homog-
enized, and ∼2–5 mg weighed into tin cups for organic carbon 
measurement with a Eurovector elemental analyzer. Abundances 
determined for residues were calculated from calibrations based 
on the carbon content of standard urea and normalized to whole 
rock values based on the percent carbonate determined through 
acidification.

http://www.fandm.edu/earth-and-environment/x-ray-laboratory
http://www.fandm.edu/earth-and-environment/x-ray-laboratory
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ge Age Ref. Age relative 
to GOE

Mukasa et al. (2013) Pre-GOE
Armstrong et al. (1991); 
Kositcin and Krapez (2004)

Pre-GOE

Armstrong et al. (1991); 
Kositcin and Krapez (2004)

Pre-GOE

Armstrong et al. (1991); 
Kositcin and Krapez (2004)

Pre-GOE

Rasmussen et al. (2013) Pre-GOE
Rasmussen et al. (2013) Post-GOE
Rasmussen et al. (2013) unknown
Rasmussen et al. (2013) Pre-GOE
Rasmussen et al. (2013) Pre-GOE
Rasmussen et al. (2013) Post-GOE
Rasmussen et al. (2013) Post-GOE
Premo and Van Schmus, 1989 unknown
Keeley et al. (2013) Post-GOE
Rankin (1993) Post-GOE
Bowring et al. (2003) Post-GOE
Zhang et al. (2008) Post-GOE
Liu et al. (2008) Post-GOE
Prave et al. (2011) Post-GOE
Frimmel (2011) Post-GOE
Kaufman et al. (2009) Post-GOE
Hoffman (2011) Post-GOE
Frimmel (2011) Post-GOE
Hoffmann et al. (2004) Post-GOE
Starck and Papa (2006) Post-GOE
Starck and Papa (2006) Post-GOE
Sutcliffe et al. (2000) Post-GOE
Isbell et al. (2008) Post-GOE
Table 1
Glacial diamictites investigated in this study.

Stratigraphic unit Country (state/province) Drill core 
or 
outcrop?

Number 
of samples

Number of sampled 
outcrops/cores

General reference Depositional 
environmental

Max age 
(Ma)

Min a
(Ma)

Mozaan Grp S Africa O 7 1 Young et al. (1998) subaqueous 2980 2954
Afrikander Frm* S Africa O 2 1 Guy et al. (2010) subaqueous (?) 2981 2935

Coronation Frm* S Africa DC 2 1 Guy et al. (2010) subaqueous (?) 2981 2935

Promise Frm* S Africa DC 2 1 Guy et al. (2010) subaqueous (?) 2981 2935

Duitschland Frm S Africa DC 5 2 Melezhik et al. (2013) subaqueous 2480 2310
Timeball Hill Frm S Africa DC 6 1 Melezhik et al. (2013) subaqueous 2256 2193
Makganyene Frm S Africa DC 6 1 Melezhik et al. (2013) subaqueous 2431 2222
Ramsay Lake Frm Canada (Ontario) O 5 2 Melezhik et al. (2013) both 2450 2308
Pecors Frm Canada (Ontario) O 2 1 Melezhik et al. (2013) subaqueous 2450 2308
Bruce Frm Canada (Ontario) O 3 1 Melezhik et al. (2013) subaqueous 2450 2308
Gowganda Frm Canada (Ontario) O 13 8 Melezhik et al. (2013) subaqueous 2450 2308
Bottle Creek Frm USA (Wyoming) O 4 1 Houston et al. (1992) subaqueous (?) 2460 2090
Pocatello Frm USA (Idaho) O 6 1 Keeley et al. (2013) subaqueous 705 667
Konnarock Frm USA (Virginia) O 8 3 Rankin (1993) subaqueous 760 570
Gaskiers Frm Canada (Newfoundland) O 4 1 Carto and Eyles (2011) subaqueous 581 580
Nantuo Frm China (Hubei) O 13 6 Zhou et al. (2004) subaqueous 655 635
Gucheng Frm China (Hubei) O 5 5 Liu et al. (2008) subaqueous 703 655
Blaubeker Frm Namibia O 3 1 Prave et al. (2011) subaqueous 750 635
Kaigas Frm Namibia O 3 1 Frimmel (2011) subaqueous 771 741
Blasskranz Namibia O 1 1 Kaufman et al. (2009) subaqueous 637 633
Chuos Frm Namibia O 1 1 Le Heron et al. (2013) subaqueous 746 635
Numees Frm Namibia O 4 2 Frimmel (2011) subaqueous 741 555
Ghaub Frm Namibia O 3 1 Hoffman (2011) subaqueous 637 633
Machareti Group Bolivia O 3 1 Starck and Papa (2006) subaqueous 326 299
Mandiyuti Group Bolivia O 3 1 Starck and Papa (2006) subaqueous 326 299
Pakhuis Frm S Africa DC 1 1 Young et al. (2004) subaqueous 445 443
Dwyka Group S Africa and Namibia O & DC 10 6 Visser (1982) subaqueous 312 288

O = outcrop, DC = drill core.
* The Afrikander, Coronation, and Promise Formations are components of the Witwatersrand Supergroup and are grouped as such in figures.
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3.4. ICP-MS analysis

3.4.1. Sample digestion
Most samples were digested for analysis by conventional high 

pressure HF/HNO3 dissolution in Teflon Parr bombs, closely follow-
ing the approach of Zhang et al. (2012a). Fifty milligrams of sample 
powder were dissolved in bombs with 3 mL HF + 1 mL HNO3 for 
at least 5 days at ∼180 ◦C. Solutions were then evaporated on a 
hot plate. Two mL of HNO3 were added and evaporated, followed 
by the addition of 1 mL of HNO3 and 2 mL of H2O. Bombs were 
then capped and returned to the oven for 12 h, after which sam-
ple solutions were transferred to centrifuge tubes and diluted to 
15 mL with 2% HNO3 containing a trace of HF.

A subset of samples was digested using the new NH4HF2
method developed by Zhang et al. (2012b). For this approach 
∼0.2 g of purified NH4HF2 was added to 50 mg of sample pow-
der with a drop of water in a Teflon screw-top Savillex beaker. 
Beakers were placed in an oven for 12 h at ∼230 ◦C. Upon return 
to room temperature, 2 mL of HNO3 were added to the solid salt 
and the beakers were placed capped on the hot plate at 160 ◦C for 
at least an hour. Beakers were then uncapped and solutions were 
evaporated. Next, 1 mL of HNO3, 2 mL of H2O, and a trace of HF 
were added to the final salt and the beaker was capped and placed 
on the hot plate for at least 6 h.

3.4.2. ICP-MS protocols
Most samples were analyzed for trace elements on a Thermo-

Finnigan Element 2 high resolution-ICP-MS in the Department of 
Geology at the University of Maryland. Instrumental parameters 
are reported in Table A2. Samples were analyzed along with USGS 
whole-rock reference materials AGV-2, BHVO-1, GSP-1, and W-2 
that were prepared at the same time as the samples. A constant 
amount of indium spike was added to each sample and used for 
drift correction. Elemental concentrations in samples were deter-
mined from calibration curves constructed from the four USGS 
standards. Overall precision and accuracy were evaluated by re-
peat analysis of separately dissolved AGV-2 aliquots treated as 
unknowns. These results, shown in Table A3, indicate that all el-
ements are reproducible to better than 3% (based on % 1-sigma 
RSD of the mean), with the exceptions of V (6%), Mo (12%), and Sc 
(13%). Average values are within 10% of the working GEOREM val-
ues, with the exception of Pr, although the latter is only 2% outside 
the full published range of values.

Samples from the Konnarock, Nantuo, and Gucheng formations 
were analyzed on an Agilent 7700x quadrupole ICP-MS in the State 
Key Laboratory for Geological Processes and Mineral Resources at 
the China University of Geoscience in Wuhan, China. Instrumental 
parameters are reported in Table A2. Calibration was conducted 
using multi-element standard solutions as a basis and adjusting 
this calibration after analysis of dissolved whole-rock standards.

3.4.3. Standard addition analyses
The concentration of Mo was determined in a subset of samples 

by standard addition, which provides a means of circumventing 
problems caused by differences between the matrices of the sam-
ples and standards, and by uncertainties in the Mo concentrations 
in the reference materials. Standard addition analyses consisted of 
analyzing four solutions per unknown sample. These consisted of: 
1) a total analytical blank; 2) an unspiked aliquot of sample; 3) 
a spiked aliquot of sample; and 4) an aliquot of sample spiked 
with twice the volume of spike as the previous one. All aliquots 
were also spiked with an Rh standard solution, which was used 
for instrumental drift correction. Further description of standard 
addition analysis of Mo is provided in Gaschnig et al. (2014).
4. Data presentation

Major and selected trace elements are presented in Table 2. 
Also provided is the chemical index of alteration (CIA = molar 
Al2O3/(Al2O3 + K2O + Na2O + CaO∗)), where CaO∗ is corrected to 
remove the contribution of apatite and carbonate. The apatite cor-
rection was conducted by assigning all P2O5 and a corresponding 
stoichiometric proportion of CaO to apatite. The carbonate correc-
tion was conducted following the approach of McLennan (1993), 
which assumes that the molar ratio of CaO to Na2O should be ≤1 
in igneous systems and assigns excess CaO to carbonate after cor-
recting for apatite.

Major element compositions of the diamictites vary widely 
within formations, and especially between formations of different 
age (Fig. 1). At least some of these variations reflect differences in 
the regional geology of the surfaces traversed by the glaciers. In 
addition, CIA values of the diamictites are generally higher than 
those of fresh igneous rocks (Fig. 2: Young and Nesbitt, 1982), 
demonstrating that most samples record a history of weathering.

The rise of oxidative weathering is best documented by the 
behavior of multivalent elements whose solubility changes as a 
function of the oxidation state of the system. For this purpose, we 
focus on the behavior of Mo, Cr, and V. All three of these ele-
ments are more soluble in their oxidized forms (6+ for Mo and 
Cr, 5+ for V) relative to their reduced forms (4+ for Mo and V, 
3+ for Cr). To quantify the magnitude of depletion or enrichment 
of these elements, we plot them relative to elements that have 
typically a single oxidation state and show similar partitioning be-
havior during mantle melting. Molybdenum’s partitioning behavior 
is comparable to those of the light rare earth elements (LREE, 
all 3+), so it is plotted between Pr and Ce on a multi-element 
plot (Newsom and Palme, 1984) (Fig. 3). Strontium (2+), which is 
highly soluble and can be used as a monitor of subaerial weather-
ing, has similar partitioning behavior during mantle melting and is 
plotted between Pr and Nd (Fig. 3). Multivalent, moderately com-
patible transition metals, V and Cr, are plotted after the heavy rare 
earth elements (HREE) alongside similar metals with a single oxi-
dation state (Fig. 4). Data are normalized to the UCC compositional 
model of Rudnick and Gao (2003), with all elements additionally 
normalized to the average UCC concentration of Y in Figs. 3 and 
4 (and Al2O3 in Fig. 8), in order to remove the effects of quartz 
and/or carbonate dilution.

Fig. 3 shows that nearly all of the Neoproterozoic and Paleo-
zoic samples are depleted in Mo relative to neighboring REE, in 
some cases by as much as an order of magnitude. In contrast, most 
Paleoproterozoic samples from Wyoming, Ontario, and the west-
ern Transvaal sub-basin in South Africa (Makganyene Formation), 
and the Mesoarchean samples have Mo abundances similar to the 
LREEs, or are more enriched. However, Paleoproterozoic samples 
from the Timeball Hill and Duitschland formations in South Africa 
are generally depleted in Mo relative to the LREEs. Nearly all sam-
ples, regardless of age, are depleted in Sr, sometimes by more 
than an order of magnitude (Fig. 3). Exceptions are two carbonate-
bearing Neoproterozoic diamictites from Namibia, which are en-
riched in Sr, and the Paleoproterozoic Wyoming samples that show 
no significant Sr depletions.

Fig. 4 shows the double normalized log-normal mean concen-
trations of HREE and first row transition metals for each local-
ity. Means are plotted here because the intra-locality variability 
is generally small for these elements. The exceptions to this are 
the Paleozoic Dwyka Group of South Africa, and the Paleoprotero-
zoic localities from South Africa, which, for this reason, are plotted 
separately. Like Mo, age-dependent variations exist in the relative 
abundances of the first row transition metals, with Neoproterozoic 
and younger localities generally being depleted in transition met-
als relative to the HREE and the UCC, and Paleoproterozoic and 
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Eu Gd Tm Yb Lu V/Va , g Cr/Cra , g Mo/Moa , g Sr/Sra , g

2 0.559 2.04 0.179 1.17 0.175 1.156 4.310 3.350 0.341
9 0.593 2.12 0.180 1.17 0.174 1.228 4.110 2.847 0.452
3 0.626 2.25 0.184 1.22 0.186 1.207 4.280 1.899 0.124
1 0.618 2.23 0.193 1.22 0.190 1.324 5.247 1.456 0.290
1 0.627 2.30 0.186 1.19 0.183 1.162 3.866 1.858 0.642
5 0.584 2.00 0.168 1.08 0.164 1.228 4.484 2.006 1.122
1 0.498 1.65 0.143 0.923 0.139 1.209 3.550 1.734 0.299
0 0.410 1.43 0.167 1.06 0.166 1.300 5.648 1.242 1.831
6 0.413 1.42 0.163 1.03 0.162 1.227 5.462 0.465 1.932
2 1.47 3.55 0.273 1.76 0.260 1.178 4.160 0.880 0.096
3 0.248 0.56 0.044 0.282 0.045 0.937 2.713 0.676 2.060
6 1.14 3.58 0.230 1.50 0.233 1.038 3.423 0.864 0.244
8 1.02 3.21 0.219 1.46 0.223 1.303 3.591 1.101 0.267

6 0.842 2.49 0.196 1.31 0.202 1.263 1.648 0.582 0.834
2 0.621 2.07 0.189 1.24 0.195 1.291 1.514 1.526 1.013
1 0.473 1.40 0.150 1.02 0.160 1.417 1.660 1.384 1.666
4 0.665 1.93 0.173 1.12 0.170 1.294 1.787 1.001 0.738

7 0.615 2.44 0.122 0.765 0.122 0.988 0.910 0.910 0.822
9 0.765 3.13 0.197 1.23 0.172 1.436 1.656 2.147 0.054
4 0.768 2.31 0.180 1.23 0.181 1.229 1.103 1.635 0.270
4 0.759 2.31 0.193 1.30 0.199 2.509 2.493 1.554 0.283
3 0.982 2.98 0.196 1.35 0.207 1.636 1.395 0.941 0.354
1 1.14 3.86 0.343 2.26 0.369 1.332 2.304 1.417 0.333
9 0.794 2.85 0.219 1.45 0.220 1.091 1.418 1.710 0.343
9 0.807 3.05 0.214 1.37 0.209 2.023 1.279 2.494 0.220
5 1.12 4.34 0.329 2.04 0.319 0.931 0.766 1.828 0.194
8 1.00 3.50 0.325 2.07 0.317 1.267 0.609 1.721 0.163
6 0.922 3.13 0.214 1.33 0.199 1.514 1.504 1.653 0.649
4 1.02 3.57 0.221 1.37 0.205 1.467 1.362 1.534 0.481
4 0.753 2.41 0.124 0.885 0.141 1.618 1.313 5.412 0.346
0 0.909 2.94 0.164 1.08 0.181 1.508 2.060 2.774 0.311
0 1.15 4.11 0.280 1.74 0.272 1.210 1.393 1.156 0.413
2 1.07 4.07 0.302 1.91 0.290 1.256 1.417 2.539 0.388
0 0.765 2.54 0.176 1.11 0.172 1.181 1.258 6.241 0.475
0 0.786 2.48 0.191 1.19 0.183 1.537 1.173 3.588 1.097
1 1.01 3.43 0.209 1.31 0.196 1.307 1.176 1.046 0.433
6 0.821 2.59 0.196 1.25 0.196 1.678 1.080 1.834 1.465
1 0.684 2.06 0.161 1.05 0.164 1.615 0.956 1.366 0.503
0 1.13 4.81 0.308 1.95 0.304 1.091 1.116 1.493 0.129
8 0.975 4.28 0.394 2.53 0.366 1.563 1.328 1.792 0.097

6 0.729 2.85 0.229 1.46 0.224 0.847 1.371 1.497 0.279
6 0.754 3.15 0.260 1.67 0.255 0.906 1.427 2.044 0.215
5 0.600 2.38 0.215 1.39 0.215 0.823 1.194 1.223 0.329
4 0.761 3.31 0.263 1.65 0.255 0.966 1.651 1.358 0.060
4 0.744 3.31 0.254 1.69 0.252 0.819 1.382 2.166 0.126
4 0.723 3.24 0.266 1.70 0.258 0.745 1.312 1.990 0.116
4 1.19 6.38 0.449 2.87 0.450 1.053 1.956 2.395 0.118
7 1.78 4.24 0.304 1.96 0.298 1.295 1.164 0.954 0.185
4 1.31 4.27 0.303 1.91 0.284 1.176 1.282 0.459 0.252
1 0.860 2.39 0.151 0.975 0.152 1.700 2.242 0.352 0.565
3 1.32 4.08 0.293 1.87 0.285 1.341 1.848 0.577 0.343
5 1.27 4.19 0.305 1.94 0.290 1.116 1.247 0.679 0.321
8 1.69 6.20 0.471 3.21 0.490 1.512 3.860 0.631 0.096
3 2.09 7.85 0.630 4.18 0.641 1.342 1.711 0.264 0.087
2 0.865 3.51 0.329 2.08 0.318 0.851 1.537 0.228 0.046
6 0.775 3.30 0.341 2.16 0.326 0.944 1.680 0.228 0.066
8 1.23 5.72 0.512 2.88 0.406 0.516 0.613 0.572 0.088

2.22 10.3 0.814 4.72 0.732 0.575 0.589 0.210 0.135
2.26 10.2 0.752 4.52 0.690 0.546 0.573 0.171 0.156
1.85 9.6 0.695 4.11 0.635 0.559 0.800 0.094 0.149
2.00 10.3 0.649 3.74 0.557 0.584 0.632 0.099 0.169
2.10 10.9 0.715 4.20 0.621 0.557 0.587 0.117 0.165
1.84 9.4 0.631 3.70 0.552 0.571 0.590 0.119 0.191
1.97 9.7 0.701 4.18 0.652 0.470 0.670 0.110 0.159

1 1.77 8.02 0.605 3.70 0.576 0.459 0.659 0.116 0.215

(continued on next page)
Table 2

Sample Strat unit SiO2
XRFa

TiO2 Al2O3 Fe2 O3T MnO MgO CaO Na2O K2O P2O5 LOIb CIAc TOCd Mg#e Sc 
ICP-MS

V Cr Co Ni Sr Y Mof La Ce Pr Nd Sm

Mesoarchean
South Africa
13RMG005 Mozaan Grp 58.84 0.39 8.95 23.41 0.11 2.89 0.38 0.78 1.67 0.07 2.51 71 20 10.3 72.8 357 18.9 132 46.9 10.9 1.6 13.6 26.9 3.17 11.7 2.2
13RMG006 Mozaan Grp 58.13 0.37 8.75 24.44 0.13 3.02 0.52 0.63 1.42 0.05 2.54 72 0.06 20 10.5 78.0 350 19.6 129 64.1 11.7 1.42 14.3 27.3 3.24 12.2 2.2
13RMG007 Mozaan Grp 58.86 0.38 8.94 23.59 0.16 3.24 0.13 0.08 0.96 0.06 3.62 88 0.07 21 10.0 77.3 365 20.6 123 18.5 11.5 1.0 14.3 28.9 3.38 12.8 2.4
13RMG008 Mozaan Grp 59.31 0.41 9.07 23.01 0.15 2.90 0.14 0.72 1.78 0.06 2.46 74 0.05 20 7.81 75.7 394 20.6 132 45.3 12.0 0.81 15.5 30.3 3.60 13.3 2.5
13RMG009 Mozaan Grp 53.99 0.41 9.52 26.42 0.13 3.30 0.76 0.66 1.51 0.06 3.25 72 0.07 20 11.3 78.2 371 23.2 183 97.8 11.6 1.0 15.0 29.5 3.53 13.1 2.5
13RMG010 Mozaan Grp 57.64 0.36 8.51 23.21 0.13 2.89 1.25 0.56 1.69 0.06 3.70 70 0.04 20 9.45 71.6 356 19.0 154 10.5 0.97 13.5 26.7 3.13 11.7 2.2
13RMG011 Mozaan Grp 55.92 0.33 7.82 28.54 0.11 2.99 0.16 0.51 0.80 0.05 2.78 81 0.05 17 9.29 64.3 250 15.1 107 36.4 9.70 0.77 12.7 24.0 2.90 10.3 2.0
13RMG001 Afrikander Frm 63.97 0.24 8.49 8.37 0.13 9.31 5.94 0.50 0.41 0.04 2.61 80 0.04 69 21.3 115 954 38.1 201 135 9.93 0.31 7.33 14.1 1.58 6.36 1.3
13RMG003 Afrikander Frm 63.86 0.26 8.32 8.62 0.14 9.37 5.99 0.42 0.34 0.04 2.65 83 0.04 68 22.3 109 988 41.8 197 149 9.70 0.12 7.34 14.7 1.67 6.68 1.3
BAB1-4031 Promise Frm 61.01 0.66 15.48 11.59 0.11 3.90 0.54 0.54 2.43 0.06 3.69 78 0.07 40 17.1 116 612 36.0 244 26.5 17.7 0.85 27.8 54.9 5.98 23.0 4.2
BAB1-4042 Promise Frm 85.64 0.09 7.18 1.23 0.02 0.40 1.25 0.93 1.48 0.02 1.76 60 0.04 39 1.06 9.6 24.2 2.12 10.6 84.4 2.71 0.10 4.32 8.24 0.888 3.38 0.6
BAB1-3171 Coronation Frm 72.33 0.47 15.08 3.34 0.04 1.84 0.46 0.33 3.00 0.07 3.04 78 0.06 52 10.9 77.4 279 17.5 89.0 80.9 15.4 1.0 32.9 66.7 7.25 27.4 4.8
BAB1-3216 Coronation Frm 72.15 0.52 15.67 3.94 0.06 1.95 0.70 0.30 2.57 0.06 2.07 81 0.06 49 8.41 83.6 286 21.4 103 75.0 13.6 1.1 28.8 56.0 6.19 23.5 4.1

Paleoproterozoic
Wyoming
12RMG032 Bottle Creek Frm 72.19 0.46 13.12 3.90 0.05 2.19 0.61 4.39 1.82 0.11 1.15 57 0.07 53 8.47 77.5 95.5 11.3 33.8 170 11.9 0.42 18.0 43.5 4.22 15.9 2.9
12RMG033 Bottle Creek Frm 70.62 0.47 13.42 4.50 0.05 2.70 0.49 3.92 2.00 0.12 1.71 59 0.06 54 8.25 76.7 92.2 12.8 41.5 138 11.2 0.73 14.4 22.5 3.61 13.7 2.5
12RMG034 Bottle Creek Frm 71.66 0.48 13.18 4.08 0.05 2.43 0.52 3.97 1.89 0.12 1.62 59 54 8.08 75.5 102 13.2 37.8 142 7.47 0.41 8.57 14.7 2.14 8.27 1.6
12RMG035 Bottle Creek Frm 70.90 0.46 13.49 4.31 0.03 2.45 0.46 4.10 1.76 0.12 1.92 59 53 9.17 75.8 105 10.7 39.3 111 8.56 0.53 12.3 28.3 3.52 13.2 2.5

Ontario
12RMG036 Ramsay Lake Frm 82.09 0.26 7.91 2.84 0.06 0.98 1.29 1.86 1.60 0.05 1.07 53 0.05 41 5.37 37.5 38.7 9.57 24.3 203 8.72 0.83 28.8 53.0 5.53 19.0 3.0
12RMG037 Ramsay Lake Frm 77.60 0.38 10.81 3.01 0.05 2.23 0.15 0.16 4.06 0.07 1.48 69 0.09 59 5.45 65.1 98.9 18.6 51.2 15.6 12.0 2.2 27.4 58.8 6.42 23.2 4.0
12RMG040 Gowganda Frm 69.30 0.47 13.83 5.84 0.03 2.17 0.34 5.08 1.40 0.11 1.43 57 42 7.58 67.5 67.5 14.1 35.9 76.3 11.6 1.7 33.7 59.1 6.46 22.5 3.5
12RMG041 Gowganda Frm 70.49 0.44 13.77 4.77 0.06 2.21 0.26 4.13 2.21 0.08 1.59 59 0.08 48 2.44 81.8 84.1 13.3 48.2 67.3 9.47 1.3 21.0 44.3 5.58 21.2 3.6
12RMG042 Bruce Frm 71.27 0.41 14.12 2.87 0.02 2.19 0.35 4.23 2.90 0.10 1.54 57 0.07 60 6.03 85.6 54.5 7.20 13.8 90.3 13.4 0.86 27.2 49.5 6.02 21.8 4.0
12RMG043 Bruce Frm 62.28 0.61 17.37 5.16 0.04 3.81 0.41 3.60 3.84 0.12 2.76 62 59 15.7 151 145 7.20 46.6 87.5 21.9 1.3 25.6 50.4 6.22 22.8 4.6
12RMG044 Bruce Frm 70.47 0.40 12.96 5.02 0.03 3.54 0.32 3.51 1.46 0.09 2.20 63 0.10 58 8.76 70.9 79.6 10.2 19.2 73.1 13.8 1.3 23.2 39.3 5.21 19.3 3.3
12RMG050 Ramsay Lake Frm 61.19 0.72 15.82 9.93 0.10 4.19 0.53 2.31 1.86 0.18 3.17 71 0.05 46 11.4 146 109 18.0 44.8 51.8 11.7 2.0 18.8 44.0 5.41 20.9 3.7
12RMG051 Ramsay Lake Frm 62.61 0.63 12.87 9.77 0.15 3.96 2.51 1.43 1.38 0.18 4.50 68 0.04 45 14.4 93.5 72.9 17.9 42.5 53.1 23.9 1.7 23.3 49.9 6.31 24.9 4.8
12RMG052 Ramsay Lake Frm 59.20 0.89 15.02 12.15 0.14 4.74 0.71 1.41 1.55 0.18 4.02 76 0.07 44 22.2 157 97.6 32.9 51.6 35.6 20.3 1.3 18.2 40.2 5.03 19.8 3.8
12RMG053 Gowganda Frm 65.47 0.56 14.86 6.78 0.06 3.03 0.45 4.52 2.07 0.16 2.05 59 0.07 47 11.1 106 130 19.2 49.8 156 15.0 1.4 22.8 46.4 5.61 20.8 3.7
12RMG054 Gowganda Frm 65.32 0.59 15.07 6.49 0.05 2.95 0.48 4.80 2.17 0.16 1.92 58 0.05 47 13.8 116 131 19.1 49.8 153 17.1 1.7 31.8 62.4 7.28 26.8 4.6
12RMG055 Gowganda Frm 70.18 0.44 13.59 4.77 0.05 1.98 0.37 4.96 2.06 0.09 1.52 56 0.05 45 8.00 80.7 95.9 18.9 30.7 87.0 7.28 4.9 25.5 50.9 5.81 20.7 3.5
12RMG056 Gowganda Frm 66.70 0.54 14.16 6.93 0.05 2.86 0.27 4.64 1.66 0.11 2.08 59 0.06 45 13.0 108 126 8.24 40.9 90.4 10.6 2.9 30.7 58.1 6.80 24.1 4.1
12RMG057 Gowganda Frm 65.18 0.67 15.24 5.62 0.11 2.52 1.16 5.62 2.27 0.13 1.48 53 0.05 47 17.4 123 169 24.0 65.3 140 20.3 1.4 34.2 66.4 7.92 28.8 5.0
12RMG058 Gowganda Frm 64.71 0.72 15.32 5.70 0.14 2.60 1.15 5.67 2.39 0.11 1.50 53 0.06 47 18.6 137 191 27.6 69.0 127 21.9 2.9 32.2 63.2 7.53 27.9 4.9
12RMG059 Gowganda Frm 71.80 0.40 13.53 3.16 0.07 1.22 0.72 4.98 3.14 0.08 0.91 52 0.06 43 8.79 68.1 80.1 13.1 26.1 103 13.1 5.0 22.8 43.7 5.13 18.1 3.3
12RMG063 Gowganda Frm 65.20 0.56 14.67 7.37 0.06 2.58 0.71 4.75 2.20 0.14 1.76 57 0.05 41 9.73 96.1 103 22.4 45.2 155 12.9 1.7 12.2 25.2 3.30 13.1 2.8
12RMG064 Gowganda Frm 66.72 0.54 14.49 6.59 0.06 2.67 0.68 5.34 0.91 0.13 1.89 58 0.05 45 12.8 97.2 95.4 14.6 41.4 149 15.0 1.3 31.9 65.5 8.07 29.8 4.9
12RMG066 Gowganda Frm 66.71 0.59 12.60 6.87 0.11 3.21 3.16 3.90 1.24 0.10 1.51 49 0.05 48 15.5 137 123 23.8 57.0 246 14.3 1.1 15.2 31.0 3.94 15.1 2.8
12RMG067 Gowganda Frm 66.89 0.57 12.48 5.85 0.11 3.63 2.14 2.31 1.56 0.10 4.37 58 0.08 55 13.8 114 96.5 20.9 40.8 72.1 10.8 0.69 13.2 26.5 3.38 12.9 2.4
12RMG048 Pecors Frm 59.15 0.75 16.80 9.59 0.11 3.57 1.74 1.42 2.84 0.18 3.85 69 0.05 42 19.2 123 116 16.1 56.9 44.2 19.5 1.8 31.9 66.4 7.62 29.6 5.5
12RMG049 Pecors Frm 56.55 0.90 21.05 8.25 0.07 2.89 0.18 0.99 5.01 0.13 3.98 75 0.08 41 16.3 179 109 11.7 29.9 26.7 26.6 1.8 26.4 52.5 6.45 23.8 4.7

South Africa
GTF01.25 Makganyene Frm 50.93 0.36 7.04 18.17 0.65 5.33 6.50 0.06 0.54 0.09 10.33 92 0.13 37 7.60 51.8 81.5 13.2 37.2 56.0 15.9 1.1 21.1 40.1 4.59 16.7 3.1
GTF01.26 Makganyene Frm 53.32 0.44 8.18 18.71 0.45 4.40 5.37 0.08 0.74 0.10 8.21 91 0.14 32 9.46 66.0 113 18.9 51.0 54.2 18.3 1.8 26.8 50.9 5.67 20.7 3.6
GTF01.27.5 Makganyene Frm 53.19 0.26 5.96 18.53 0.63 4.32 6.11 0.03 0.20 0.07 10.70 98 0.34 32 5.11 40.4 54.4 11.6 30.6 58.3 14.4 0.79 18.3 35.9 4.08 14.5 2.8
GTF01.39 Makganyene Frm 60.32 0.46 10.57 22.39 0.16 3.88 0.59 0.05 1.27 0.11 4.24 88 0.12 26 10.5 74.0 101 10.1 41.5 15.7 17.4 1.3 27.3 52.8 6.06 21.4 4.1
GTF01.41.2 Makganyene Frm 61.04 0.37 8.81 18.12 0.29 3.32 1.69 0.03 1.45 0.09 4.79 86 0.14 27 8.45 56.1 88.9 13.9 39.8 31.3 18.2 1.9 26.1 50.0 5.62 20.3 3.7
GTF01.44 Makganyene Frm 61.41 0.40 9.04 16.82 0.27 3.28 2.07 0.04 1.81 0.10 4.77 83 0.12 28 8.34 51.2 77.1 11.8 40.0 30.5 18.0 1.9 28.6 54.0 5.97 21.4 3.8
EBA1.574.5 Timeball Hill Frm 61.78 0.69 19.57 6.21 0.04 1.22 0.83 0.22 5.43 0.08 3.93 75 0.51 28 15.9 132 131 8.07 42.9 55.2 30.9 4.1 48.5 93.8 11.0 38.9 7.2
EBA1-576 Timeball Hill Frm 63.78 0.58 15.96 9.40 0.06 1.79 0.91 1.07 3.26 0.17 3.01 71 0.12 27 9.24 101 112 28.4 49.3 66.3 20.3 1.2 35.9 71.1 8.42 30.1 5.4
EBA1.580 Timeball Hill Frm 63.37 0.59 15.92 9.63 0.07 1.92 0.97 1.24 3.10 0.16 3.03 70 0.11 28 12.3 103 113 18.0 38.1 98.6 21.2 0.65 42.0 80.2 8.96 31.8 5.7
EBA1-580.5 Timeball Hill Frm 71.04 0.34 11.03 5.53 0.10 1.10 3.33 3.21 0.91 0.11 3.30 48 0.07 28 3.08 54.5 67.4 8.36 25.1 147 10.6 0.33 27.4 56.8 5.60 19.7 3.2
EBA1-582.5 Timeball Hill Frm 64.12 0.56 15.06 7.49 0.12 1.84 2.42 1.38 3.01 0.16 3.84 66 0.09 33 8.41 97.4 132 17.3 45.0 127 19.3 0.78 39.8 74.8 8.61 30.7 5.5
EBA1.583 Timeball Hill Frm 64.47 0.58 15.47 8.02 0.09 2.11 1.45 1.27 3.09 0.16 3.28 68 0.10 34 12.4 99.1 103 15.6 37.3 121 20.4 0.93 39.8 75.8 8.72 31.1 5.5
EBA1-1191 Duitschland Frm 56.83 1.08 24.54 6.11 0.01 0.75 0.23 0.14 6.14 0.18 3.98 78 0.15 20 20.8 226 241 5.33 35.6 57.5 28.6 1.4 57.3 125 13.5 47.5 8.3
EBA1-1192 Duitschland Frm 55.13 1.18 23.26 9.25 0.02 1.00 0.25 0.15 5.38 0.18 4.21 79 0.15 18 21.0 231 218 21.8 61.2 63.4 36.9 0.70 77.2 152 16.4 57.7 10.7
DP22.647.5 Duitschland Frm 63.12 0.49 10.85 13.11 0.31 2.07 1.40 0.06 1.90 0.10 6.59 84 0.15 24 12.6 80.0 138 18.2 76.1 19.2 21.2 0.36 52.4 91.3 9.86 32.0 4.7
DP22.648 Duitschland Frm 63.86 0.51 10.99 11.71 0.20 2.03 2.15 0.05 1.88 0.09 6.54 85 0.15 26 12.4 88.9 149 17.9 68.1 18.6 23.4 0.24 33.1 60.1 6.52 22.0 3.8
DP22.648.5 Duitschland Frm 31.75 0.45 7.57 18.40 0.80 7.68 10.42 0.05 0.79 0.11 21.98 91 0.12 45 11.6 52.5 70.9 32.8 93.5 28.2 43.8 0.64 30.3 58.6 7.69 29.4 5.8

Neoproterozoic
Virginia
12RMG009 Konnarock Frm 64.72 0.94 15.04 6.56 0.05 1.90 0.65 2.07 5.45 0.23 2.37 60 0.05 36 12.2 80.5 44.1 13.1 22.2 84.4 51.9 0.46 61.3 116 14.7 56.3 11.5
12RMG010 Konnarock Frm 68.06 0.81 14.23 5.23 0.05 1.58 0.52 2.22 5.22 0.22 1.86 59 0.10 37 10.3 68.3 36.8 11.4 18.4 101 44.4 0.39 63.0 119 15.3 58.5 11.8
12RMG012 Konnarock Frm 68.16 0.74 14.24 5.52 0.05 1.30 0.68 3.06 4.26 0.19 1.81 58 0.06 32 11.9 72.2 49.2 9.02 23.8 112 42.9 0.25 74.5 149 17.3 63.2 11.9
12RMG013A Konnarock Frm 68.05 0.70 13.64 5.09 0.09 1.80 1.44 3.09 3.64 0.19 2.28 55 0.07 41 12.1 71.1 48.3 13.8 28.7 121 44.6 0.26 72.2 142 16.5 60.0 11.8
12RMG013B Konnarock Frm 67.62 0.68 13.79 5.01 0.09 1.82 1.62 3.10 3.69 0.19 2.39 54 0.07 42 12.2 71.7 44.7 13.5 28.1 123 48.5 0.31 73.8 147 17.0 62.6 12.3
12RMG013C Konnarock Frm 67.66 0.67 13.75 5.04 0.09 1.74 1.60 3.10 3.73 0.17 2.44 54 0.07 41 11.2 66.6 42.2 12.9 26.8 127 42.9 0.28 67.1 131 15.2 55.7 11.0
12RMG014A Konnarock Frm 68.92 0.66 13.92 4.18 0.06 1.04 1.56 2.75 4.39 0.18 2.35 54 33 10.2 56.9 37.3 8.62 19.3 116 44.2 0.29 73.1 146 16.6 60.0 11.3
12RMG014B Konnarock Frm 69.06 0.58 13.94 3.57 0.07 0.97 1.77 2.85 4.58 0.16 2.44 53 35 9.42 50.1 35.2 8.61 18.3 131 36.9 0.25 62.2 121 14.0 50.7 9.5
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Table 2 (continued)

Sm Eu Gd Tm Yb Lu V/Va , g Cr/Cra , g Mo/Moa , g Sr/Sra , g

6.61 1.49 6.19 0.508 3.05 0.467 0.592 0.723 0.159 0.151
5.95 1.14 5.34 0.490 3.03 0.461 0.658 0.696 0.215 0.193
6.39 1.51 5.75 0.499 3.02 0.471 0.650 0.715 0.209 0.131
6.84 1.27 6.05 0.508 3.03 0.479 0.641 0.713 0.191 0.079
8.16 1.76 7.91 0.608 3.50 0.532 0.574 0.790 0.573 0.104
5.93 1.28 5.47 0.472 2.98 0.463 0.642 0.697 0.224 0.189
6.21 1.34 5.65 0.491 3.04 0.464 0.650 0.863 0.141 0.207
6.26 1.31 5.45 0.483 3.04 0.470 0.653 0.774 0.169 0.293
5.94 1.15 5.40 0.536 3.24 0.497 0.737 0.547 0.385 0.302
5.15 1.14 4.49 0.427 2.83 0.436 0.552 0.574 0.190 0.285
5.75 1.32 4.88 0.446 2.90 0.441 0.697 0.750 0.151 0.206
5.63 1.11 4.77 0.426 2.79 0.429 0.799 1.570 0.133 0.158
5.75 1.15 4.87 0.443 2.90 0.435 0.784 0.879 0.194 0.162
6.17 1.32 5.64 0.506 3.28 0.492 0.613 0.787 0.342 0.281
6.35 1.38 5.75 0.499 3.19 0.484 0.638 0.894 0.216 0.188
6.16 1.25 5.43 0.490 2.94 0.453 0.670 0.723 0.179 0.173
6.38 1.32 5.56 0.484 2.97 0.466 0.663 0.822 0.186 0.156
6.22 1.51 5.54 0.481 2.90 0.460 0.674 0.832 0.178 0.195

12.0 2.25 10.0 0.690 4.31 0.636 0.638 0.757 0.073 0.218
9.87 1.87 8.25 0.606 3.82 0.574 0.666 0.953 0.122 0.068

10.3 2.03 9.2 0.660 4.01 0.590 0.645 0.878 0.093 0.087
10.6 1.97 8.5 0.541 3.39 0.518 0.674 0.845 0.101 0.059
16.0 3.43 12.4 0.758 4.77 0.698 0.882 0.837 0.752 0.112
11.8 2.51 8.9 0.561 3.56 0.524 0.962 1.170 0.586 0.114

5.70 1.17 5.02 0.430 2.67 0.398 0.804 1.245 0.283 0.176
3.92 0.862 3.49 0.339 2.20 0.331 0.868 1.429 0.264 0.352
5.21 1.10 4.63 0.400 2.52 0.389 1.150 1.026 0.425 0.161

12.7 2.09 10.0 0.609 3.88 0.577 0.742 0.620 0.272 0.151
9.05 1.50 7.56 0.572 3.70 0.568 0.750 0.726 0.529 0.374
7.62 1.21 6.30 0.440 2.76 0.446 0.568 0.568 0.310 0.390
4.93 0.946 4.14 0.316 2.01 0.309 0.756 0.477 0.434 0.285
7.31 1.21 6.42 0.517 3.30 0.503 0.591 0.733 0.405 0.247
8.50 1.37 6.21 0.437 2.74 0.408 0.531 0.525 0.036 0.146
6.03 0.971 4.59 0.400 2.62 0.386 0.604 0.482 0.118 0.206
4.89 1.08 4.62 0.391 2.42 0.377 0.885 1.019 0.250 0.255
3.84 0.760 3.46 0.287 1.84 0.281 1.344 1.156 0.540 2.118
2.66 0.546 2.35 0.198 1.25 0.188 1.103 1.246 0.989 5.202
5.52 1.10 5.01 0.434 2.70 0.408 1.296 0.979 0.694 0.365
4.10 0.883 3.59 0.315 2.00 0.307 0.826 0.367 0.000 0.524

6.07 1.46 5.52 0.588 3.87 0.582 0.565 0.367 0.565 0.489
5.71 1.30 5.10 0.449 2.96 0.457 0.550 0.271 1.214 0.568
7.04 1.72 6.68 0.576 3.66 0.571 0.633 0.323 0.566 0.736
7.23 1.73 6.66 0.602 3.83 0.594 0.629 0.348 0.332 0.432

7.06 1.37 6.16 0.452 2.88 0.414 0.812 0.927 0.491 0.303
8.20 1.56 7.07 0.534 3.43 0.501 0.785 0.890 0.253 0.368
5.37 1.04 4.57 0.398 2.67 0.392 0.591 0.810 0.245 0.383
6.62 1.26 5.55 0.471 3.07 0.450 0.596 0.934 0.264 0.220
5.69 1.11 5.14 0.419 2.76 0.400 0.610 0.870 0.249 0.211
5.72 1.02 4.85 0.422 2.75 0.399 0.585 0.929 0.313 0.199

7.30 1.73 6.10 0.305 1.88 0.286 3.185 2.520 0.417 0.259
3.94 0.879 3.28 0.351 2.18 0.339 1.219 1.529 0.313 0.442
1.64 0.408 1.48 0.127 0.793 0.118 1.407 3.181 0.554 0.572
2.80 0.727 2.90 0.228 1.37 0.211 1.271 0.849 0.872 0.544
2.42 0.622 2.14 0.193 1.21 0.186 1.442 1.666 0.998 0.797
8.89 1.53 6.86 0.482 2.99 0.433 0.833 1.300 0.535 0.375
5.78 1.20 4.71 0.396 2.52 0.370 0.838 1.893 0.308 0.465
9.40 1.61 7.34 0.541 3.35 0.496 0.692 0.875 0.266 0.398
9.75 1.64 7.61 0.560 3.52 0.520 0.681 0.859 0.401 0.401
8.39 1.47 6.75 0.544 3.37 0.497 0.696 0.965 0.199 0.269
7.22 1.28 6.02 0.527 3.24 0.481 0.641 0.842 0.381 0.233
Sample Strat unit SiO2
XRFa

TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 LOIb CIAc TOCd Mg#e Sc 
ICP-MS

V Cr Co Ni Sr Y Mof La Ce Pr Nd

China
GCH01 Gucheng Frm 66.51 0.62 14.42 5.37 0.16 2.20 1.37 1.24 3.55 0.12 4.43 65 45 13.0 68.3 56.9 13.6 30.0 53.1 34.8 0.19 35.3 64.1 8.21 32.1
GCH02 Gucheng Frm 65.57 0.61 14.06 5.54 0.28 2.20 2.11 1.37 3.17 0.12 4.95 64 0.10 44 12.9 75.1 53.0 12.8 28.4 64.4 29.7 0.25 31.8 63.8 7.64 29.1
GCH03 Gucheng Frm 67.99 0.62 14.12 5.32 0.22 2.14 0.99 1.25 3.22 0.12 4.01 67 0.15 44 12.9 75.1 55.5 13.3 28.7 46.7 31.7 0.26 34.7 66.9 8.12 31.4
GCH05 Gucheng Frm 66.18 0.67 14.97 5.71 0.48 2.19 0.47 0.63 3.63 0.14 4.92 73 43 14.4 78.9 62.4 15.1 32.4 33.1 34.1 0.28 47.3 81.0 9.64 36.0
GCH06 Gucheng Frm 67.91 0.62 13.68 4.37 2.08 1.48 0.42 0.58 3.36 0.16 5.34 73 40 12.5 69.4 55.8 11.4 69.8 43.5 44.9 0.83 41.2 76.4 9.71 38.3
NT02 Nantuo Frm 66.69 0.63 14.83 5.68 0.18 2.27 1.08 1.31 3.53 0.12 3.66 66 0.13 44 13.0 73.7 50.9 11.7 27.0 64.7 28.7 0.27 33.9 65.5 7.71 29.7
NT03 Nantuo Frm 65.97 0.62 14.70 5.36 0.14 2.16 1.39 1.25 3.62 0.12 4.66 65 0.11 44 13.2 75.5 65.6 12.4 30.0 72.5 30.8 0.17 35.0 66.0 8.09 30.9
NT04 Nantuo Frm 67.33 0.63 14.53 4.17 0.10 1.66 1.57 1.19 3.76 0.12 4.92 65 44 12.9 75.2 59.5 13.1 27.3 107 28.4 0.22 35.6 69.4 8.32 31.6
NT05 Nantuo Frm 58.73 0.71 16.29 6.82 0.24 3.71 2.31 2.27 3.10 0.17 5.66 60 52 16.1 98.0 58.3 20.0 37.5 87.7 33.2 0.38 24.5 53.1 6.64 26.3
NT05-2A Nantuo Frm 64.56 0.62 13.77 5.40 0.09 2.40 2.60 0.97 3.29 0.12 6.18 68 0.04 47 13.2 62.1 54.6 19.5 50.2 82.9 28.2 0.20 29.1 56.7 6.67 24.9
NT05-2B Nantuo Frm 66.13 0.59 13.22 6.38 0.09 2.52 1.79 0.96 2.94 0.12 5.25 68 44 10.7 71.1 47.3 10.5 23.2 73.4 29.1 0.19 36.5 71.1 8.15 29.5
NT05-2C Nantuo Frm 66.19 0.61 13.42 5.85 0.08 2.60 1.78 0.81 3.12 0.11 5.41 69 47 12.4 86.3 85.6 6.83 23.0 53.3 27.9 0.16 34.2 66.9 7.72 28.3
NT05-2D Nantuo Frm 66.60 0.62 13.84 4.82 0.08 2.45 1.68 0.85 3.38 0.12 5.55 69 50 13.6 89.4 56.9 8.76 24.8 56.1 29.0 0.24 34.7 68.3 7.98 29.1
NT06 Nantuo Frm 64.54 0.64 14.58 5.31 0.12 2.21 2.00 1.67 3.32 0.12 5.50 62 45 13.4 73.8 59.9 12.2 31.5 101 32.5 0.43 34.5 69.5 8.14 30.9
NT08 Nantuo Frm 65.10 0.63 14.62 5.30 0.13 2.16 2.18 1.44 3.43 0.12 4.89 64 0.05 45 12.3 72.8 68.1 13.4 34.3 69.1 31.2 0.28 34.9 70.6 8.29 31.9
7201 Nantuo Frm 64.95 0.63 14.16 5.30 0.09 2.45 1.97 0.99 3.63 0.13 5.69 67 48 13.2 77.0 63.3 16.4 32.0 60.8 29.5 0.22 34.4 68.3 8.03 30.2
7202 Nantuo Frm 63.82 0.62 14.44 5.14 0.11 2.42 2.40 0.81 3.80 0.13 6.32 69 48 13.4 77.7 66.5 13.9 33.4 57.6 29.8 0.24 37.0 71.9 8.36 31.4
7203 Nantuo Frm 64.90 0.62 14.18 4.43 0.07 2.21 2.46 0.80 3.76 0.12 6.45 68 50 13.2 77.8 63.2 12.5 28.4 71.2 29.0 0.23 36.3 71.7 8.29 30.8

Idaho
12RMG016 Pocatello Frm 71.05 0.94 11.81 5.43 0.03 0.92 1.71 0.31 3.89 0.23 3.68 71 0.07 25 8.41 69.1 46.2 12.6 23.6 184 47.7 0.22 87.4 173 18.9 68.8
12RMG017 Pocatello Frm 70.71 0.90 12.67 6.16 0.07 1.59 0.49 0.73 3.95 0.20 2.53 68 0.06 34 10.0 74.9 61.9 12.0 29.6 45.6 40.4 0.29 67.8 133 15.2 55.8
12RMG018 Pocatello Frm 72.59 0.83 11.64 5.59 0.05 1.40 0.76 0.88 3.48 0.18 2.59 65 0.05 33 8.81 68.9 53.1 11.8 26.8 61.1 47.6 0.23 71.0 141 15.9 58.5
12RMG019 Pocatello Frm 72.43 0.81 11.94 5.71 0.07 1.56 0.46 1.07 3.43 0.18 2.34 67 0.06 35 8.99 68.2 53.0 12.4 27.0 44.1 35.9 0.27 76.6 152 16.9 61.7
12RMG022 Pocatello Frm 63.78 1.80 14.79 7.36 0.10 2.01 0.74 1.48 4.30 0.47 3.19 67 0.08 35 13.3 126 82.5 20.8 30.3 128 56.7 3.1 115 229 26.7 95.0
12RMG023 Pocatello Frm 66.02 1.58 13.36 7.47 0.10 2.04 0.62 1.43 3.89 0.38 3.11 66 0.09 35 10.7 107 94.4 17.3 31.1 97.2 41.4 1.8 81.9 171 19.4 70.5

Namibia
13RMG020 Blaubeker Frm 76.93 0.54 10.05 3.95 0.03 1.51 0.32 1.52 3.02 0.14 1.99 62 0.05 43 8.14 67.9 42.2 4.00 13.6 55.4 28.8 0.32 30.6 59.7 7.34 27.7
13RMG022 Blaubeker Frm 75.03 0.47 9.85 4.27 0.05 1.36 1.42 2.13 2.83 0.11 2.48 53 0.05 39 4.85 51.5 34.7 3.45 10.3 91.5 21.2 0.25 29.1 54.0 6.08 20.7
13RMG025 Blaubeker Frm 77.47 0.55 10.26 2.54 0.09 1.33 0.33 1.47 3.39 0.12 2.46 62 0.07 51 7.90 94.5 49.8 8.49 15.7 47.2 26.3 0.42 27.5 54.4 6.43 26.1
13RMG029 Kaigas Frm 62.22 0.98 16.51 7.05 0.09 2.74 0.96 2.58 3.41 0.22 3.25 64 0.05 43 19.7 117 79.6 23.9 42.2 119 39.3 0.76 80.9 149 18.4 69.9
13RMG030 Kaigas Frm 62.34 0.77 15.36 5.65 0.11 2.04 3.09 3.13 2.79 0.22 4.49 54 0.06 42 13.5 97.3 61.7 15.2 29.2 213 36.1 1.0 50.6 112 12.4 47.8
13RMG031 Kaigas Frm 66.49 0.50 13.54 4.08 0.13 1.86 3.21 3.32 3.04 0.16 3.68 49 0.06 47 10.6 57.9 31.3 8.15 14.7 196 30.5 0.55 48.4 101 10.9 41.5
13RMG034 Numees Frm 73.68 0.41 11.30 2.97 0.05 1.86 1.66 1.33 3.55 0.12 3.09 58 0.14 55 7.03 52.2 19.8 6.96 12.2 90.9 20.3 0.48 31.6 63.7 6.90 26.5
13RMG039 Numees Frm 71.08 0.55 13.19 4.24 0.06 1.54 1.32 2.21 3.33 0.16 2.33 59 0.07 42 10.0 62.1 44.8 10.6 18.9 103 33.8 0.58 36.7 80.7 9.09 35.9
13RMG040 Numees Frm 70.65 0.45 14.55 3.81 0.05 1.14 0.39 2.17 4.92 0.16 1.71 61 0.06 37 9.48 49.0 28.4 8.80 16.0 82.8 31.2 0.07 58.1 116 13.2 46.3
13RMG041 Numees Frm 70.79 0.46 14.58 3.67 0.05 1.06 0.31 2.30 5.14 0.18 1.45 61 0.05 36 8.49 51.2 23.7 8.07 14.7 95.6 26.6 0.20 34.1 121 8.54 29.4
13RGM043 Blasskranz Frm 69.46 0.64 10.93 4.32 0.06 2.13 2.91 1.84 3.14 0.18 4.40 54 49 9.33 77.8 73.2 15.7 28.4 66.4 26.1 0.22 24.2 47.6 5.84 23.7
13RGM046 Ghaub Frm 38.69 0.43 8.44 3.80 0.06 3.80 20.76 0.65 2.69 0.15 20.53 64 0.15 66 9.10 101 63.0 9.29 22.8 464 19.0 0.40 20.8 41.7 4.72 19.1
13RGM048 Ghaub Frm 25.00 0.23 5.16 2.33 0.20 1.90 35.35 0.49 1.45 0.12 27.77 63 0.09 62 6.06 55.1 39.8 4.78 12.4 715 13.2 0.46 12.6 24.8 3.11 12.6
13RGM050 Ghaub Frm 50.03 0.67 13.47 6.78 0.09 4.34 9.61 1.14 3.36 0.19 10.33 65 0.09 56 17.3 161 95.0 15.5 45.4 111 27.8 0.73 29.3 58.3 6.66 26.3
13RGM053 Chuos Frm 42.18 0.45 7.77 8.51 1.50 5.62 14.03 0.71 2.84 0.16 16.22 60 0.07 57 9.04 64.6 36.1 30.4 33.0 132 20.7 25.1 49.3 5.53 21.5

Newfoundland
K13-NFL-GF-A Gaskiers Frm 65.46 0.71 15.48 4.66 0.20 2.01 1.07 2.89 4.46 0.16 2.90 58 0.07 46 15.1 78.7 27.9 10.8 15.4 128 36.8 0.50 17.6 44.3 6.19 25.8
K13-NFL-GF-B Gaskiers Frm 67.94 0.50 13.98 5.58 1.12 1.26 0.88 3.50 2.88 0.08 2.27 58 0.05 31 9.60 54.0 14.7 8.76 7.17 154 28.3 1.1 21.8 45.2 6.32 27.1
K13-NFL-GF-C Gaskiers Frm 64.95 0.82 15.78 5.47 0.14 1.67 1.64 4.59 2.50 0.16 2.30 55 0.09 38 15.7 88.7 25.0 10.9 10.8 264 40.4 0.68 31.3 65.3 7.78 32.9
K13-NFL-GF-D Gaskiers Frm 65.08 0.75 15.33 6.01 0.26 1.77 1.21 3.52 3.45 0.15 2.46 57 0.05 37 14.0 85.0 24.4 10.0 9.80 156 39.0 0.40 30.8 65.0 7.96 33.3

Paleozoic
Bolivia
Machareti 4 Machareti Grp 67.20 0.82 15.89 4.78 0.06 1.50 0.37 0.85 3.23 0.15 5.15 75 38 14.3 92.6 71.3 11.8 25.8 122 31.6 0.69 36.8 74.4 9.44 36.3
Machareti 6 Machareti Grp 65.07 0.71 16.23 5.49 0.05 1.95 0.49 1.13 3.60 0.17 5.11 72 41 14.1 97.7 74.5 14.2 30.5 175 36.1 0.42 43.4 89.4 11.0 42.1
Machareti 9 Machareti Grp 78.36 0.51 9.66 3.36 0.05 1.35 0.48 1.60 2.37 0.10 2.17 62 44 6.28 43.5 34.8 8.36 15.8 121 26.4 0.27 29.3 59.8 7.34 27.9
BP-080507-6 Mandiyuti Grp 77.20 0.60 11.04 2.85 0.03 1.46 0.21 1.02 2.70 0.12 2.77 70 50 9.25 57.0 50.7 9.06 17.0 86.6 31.9 0.37 37.1 75.7 9.10 34.1
BP-080507-8 Mandiyuti Grp 77.93 0.55 10.06 3.37 0.03 1.65 0.20 0.73 2.77 0.10 2.62 70 0.12 49 7.11 48.2 37.5 7.43 14.6 69.5 29.0 0.29 30.0 62.4 7.53 28.9
BP-080407-9 Mandiyuti Grp 78.15 0.60 9.52 2.72 0.08 1.63 0.78 1.24 2.25 0.12 2.92 63 54 6.59 44.5 39.4 7.77 13.7 66.4 28.4 0.37 31.1 64.0 7.70 28.8

South Africa
GKP01-109 Dwyka Grp: west 40.97 0.47 9.86 7.33 0.62 9.42 10.25 1.13 1.81 0.32 17.82 66 72 13.2 290 289 28.3 104 107 25.3 0.61 35.6 76.9 9.95 36.6
GKP01-122 Dwyka Grp: west 53.57 0.67 12.43 9.84 0.32 6.85 3.52 1.58 2.32 0.13 8.78 62 0.31 58 18.0 141 224 34.0 122 107 19.8 0.27 23.5 48.9 5.25 20.1
GKP01-130 Dwyka Grp: west 27.92 0.22 4.52 4.65 0.86 12.30 18.89 0.49 0.91 0.06 29.19 64 0.13 84 4.55 48.4 126 9.87 36.6 55.4 8.08 0.19 9.52 18.7 2.16 8.36
GKP01-140 Dwyka Grp: west 38.05 0.34 6.43 10.18 1.32 4.97 17.66 0.65 1.15 0.14 19.11 67 0.10 49 11.1 91.0 73.4 19.2 42.2 92.9 17.7 0.51 19.9 33.8 3.62 14.4
GKP01-169 Dwyka Grp: west 45.15 0.47 7.17 15.85 0.76 5.82 9.74 0.31 1.10 0.09 13.52 78 0.12 42 11.5 98.7 121 13.1 43.6 108 13.5 0.48 13.1 26.4 3.11 11.7
13RMG012 Dwyka Grp: east 63.95 0.70 14.97 6.05 0.09 2.70 1.69 3.06 3.27 0.20 3.33 57 0.22 47 14.1 96.4 116 16.0 44.9 199 33.7 1.0 54.7 100 12.8 46.9
13RMG015 Dwyka Grp: east 69.39 0.56 12.61 5.53 0.09 2.46 1.22 3.15 2.41 0.13 2.45 56 47 10.5 77.6 132 13.2 44.6 153 26.0 0.36 32.2 62.0 7.99 29.3
13RMG016 Dwyka Grp: east 65.83 0.69 14.62 5.50 0.09 2.15 2.07 3.07 3.26 0.20 2.52 55 44 11.9 78.9 61.4 11.7 22.6 219 37.1 0.52 50.0 105 12.9 47.7
13RMG018 Dwyka Grp: east 64.74 0.72 15.13 5.90 0.09 2.33 1.93 2.95 3.44 0.21 2.55 57 0.24 44 13.6 84.9 71.1 14.3 27.7 233 37.7 0.83 53.9 113 13.5 49.9
13RMG019 Dwyka Grp: east 68.81 0.64 13.52 4.77 0.10 1.95 1.26 3.57 2.77 0.18 2.44 56 45 12.1 80.0 67.6 11.5 24.4 128 36.0 0.33 43.0 91.4 10.9 41.4
MBR.299.335 Pakhuis Frm 67.48 0.59 11.49 4.90 0.12 2.38 3.61 0.40 3.39 0.17 5.46 71 0.06 49 9.59 64.5 48.3 9.78 19.3 91.2 35.5 0.52 35.2 72.9 9.17 35.0

a Major elements are normalized to equal 100% with LOI included.
b LOI – lost on ignition.
c CIA – Chemical index of alteration (Al2O3/(Al2O3 + CaO∗ + K2O + Na2O)) where oxides are in moles and CaO∗ is silicate portion only.
d TOC – total organic carbon.
e Boldface Mo concentrations were determined by standard addition.
f Mg# = 100∗molar Mg/(Mg + Fe).
g V/V∗ = V/(Lu∗Sc)0.5 ; Cr/Cr∗ = Cr/(Sc∗Co)0.5; Mo/Mo∗ = Mo/(Ce∗Pr)0.5; Sr/Sr∗ − Sr/(Ce∗Nd)0.5; all elements normalized to UCC.
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Fig. 1. Harker variation diagrams for glacial diamictites, showing major compo-
sitional variations. Andean volcanic arc rocks from GEOROC (georoc.mpch-mainz.
gwdg.de; see Appendix A for full dataset and references) are shown in order to 
compare expected igneous differentiation trends to trends shown by the diamic-
tites. The main trends in (a) and (b) reflect a combination of quartz dilution and 
differences in provenance while the trend directed towards low SiO2 values is due 
to carbonate dilution. (c) High TiO2 in some diamictites is likely a reflection of sig-
nificant contributions from A-type granites. UCC model composition of Rudnick and 
Gao (2003) is also shown for comparison.

Fig. 2. Histogram of CIA values for the glacial diamictites. CIA – Chemical index of 
alteration = molar Al2O3/(Al2O3 + K2O + Na2O + CaO∗) (Young and Nesbitt, 1982), 
where CaO∗ is corrected to remove the contribution of carbonate and apatite (see 
text for details). (Bars are stacked in order of decreasing age from bottom to top. 
See web version of article for color).

Mesoarchean localities mainly showing enriched levels of these 
transition metals. In addition to the overall relative abundance 
differences in transition metals, fractionations appear between Cr 
and V and their neighboring transition metals, and the sign of 
these fractionations also largely depends on age: diamictites from 
most Neoproterozoic and younger localities show relative deple-
tions of Cr and V, while those from the older localities show rel-
ative enrichments. The degree of enrichment or depletion can be 
quantified by calculating the differences between Cr, V, and Mo, 
and their elemental neighbors in Figs. 3 and 4 and plotting them 
as Cr, V, and Mo “anomalies”, with Mo/Mo∗ = Mon/(Cen

∗Prn)0.5, 
V/V∗ = Vn/(Lun

∗Scn)0.5, and Cr/Cr∗ = Crn/(Scn
∗Con)0.5, as shown 

in Fig. 5.

5. Discussion

The systematic changes in the distribution of redox sensitive 
transition metals in the diamictites during and after the Paleo-
proterozoic likely reflect the growing geochemical signature of ox-
idative weathering that has been imparted on the UCC. However, 
before considering this in detail, we must first establish the general 
nature and origin of the weathering signature borne by the diamic-
tites and consider whether other secular geochemical changes may 
have generated the observed variations.

5.1. Pervasive weathering signature in the UCC

One of the rationales for exploring the use of glacial diamic-
tite geochemistry to trace the composition of the UCC is that, 
unlike shales, chemical weathering is not an intrinsic process as-
sociated with diamictite genesis (Bahlburg and Dobrzinski, 2011;
Dobrzinski et al., 2004; Nesbitt and Young, 1996; Young and Nes-
bitt, 1999). Thus, glacial diamictites may provide insights into the 
average concentrations of more soluble elements in the UCC. How-
ever, most of the diamictites examined here have CIA values above 
those of igneous rocks (Figs. 2 and 6; see also Fig. A2). Further-
more, nearly all of the diamictites (save those containing signif-
icant detrital carbonate components) are strongly depleted in Sr 
(Figs. 3 and 6; see also Fig. A3), a highly soluble element and 
one of the first to be removed from silicate rocks during chem-
ical weathering due to its presence in disseminated hydrother-
mal or metamorphic carbonate veins (Jacobson and Blum, 2000;
White et al., 1999). Although intracrustal magmatic differentiation 
may also lead to Sr depletion in the UCC due to its partitioning 
into cumulate or residual feldspar, such differentiation should also 
lower Eu/Eu∗. Because we do not see a strong correlation between 
Eu/Eu∗ and Sr/Sr∗ (Fig. A4), we conclude that chemical weathering 
is likely the main cause of the prevalent Sr depletions seen in the 
diamictites and we can use Sr/Sr∗ (defined as Srn/(Cen

∗Ndn)0.5) as 
an indicator of incipient weathering, along with the CIA (Fig. 6).

The chemical weathering signature that is so pervasive in 
the diamictites is unlikely to be produced by post-depositional 
processes insofar as the diamictites were deposited rapidly in 
marginal marine settings and subsequently buried by conformable 
sedimentary rocks prior to uplift (Table 1). Furthermore, we ob-
served no evidence of paleosols in any of the sampled deposits, 
and sampling from the top to the interior of selected deposits 
(e.g., Nantuo, Duitschland) reveal no systematic changes in solu-
ble element concentrations (Fig. A5) typical of weathering horizons 
(e.g., Liu et al., 2013). Moreover, chemical weathering during glacial 
transport is expected to be minimal, given that weathering reac-
tions are exponentially correlated with temperature (Walker et al., 
1981), and temperatures during glacial erosion and transport were 
undoubtedly low. Thus, we conclude that the weathering signature 
recorded in the diamictites is inherited from the UCC over which 
the glaciers traversed.

5.2. Diamictites and the temporal evolution UCC composition

In order to use the composition of the fine-grained matrix of 
glacial diamictites to track the compositional evolution of the up-
per crust through time, it is important to establish that these 
samples provide a robust average of large tracts of UCC for the 

http://georoc.mpch-mainz.gwdg.de
http://georoc.mpch-mainz.gwdg.de
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Fig. 3. Normalized abundance diagrams showing the light rare earth elements (LREEs), Sr and Mo in individual glacial diamictite samples from different localities, sorted by 
increasing depositional age, from left to right. Elemental abundances are multiplied by the ratio of the measured sample Y content to the average Y abundance of the upper 
continental crust (UCC) to reduce the effects of quartz and carbonate dilution, and then these abundances are normalized to the average UCC (Rudnick and Gao, 2003). Mo is 
expected to have a similar partition coefficient as Pr during extraction of melts from the mantle (Newsom and Palme, 1984), whereas Sr has a similar partition coefficient to 
Nd (McDonough and Sun, 1995). Paleoproterozoic and Mesoarchean samples show either similar behavior between LREEs and Mo, or Mo enrichment, whereas Mo is depleted 
in younger samples. Nearly all samples show depletion of Sr, which is lost to solution during the incipient stages of weathering (see text). Two carbonate-rich samples from 
Namibia are enriched in Sr. The brown trace in the Paleozoic east Dwyka plot is the sole Ordovician sample analyzed. Duitschland samples are distinguished from Timeball 
Hill by the presence of asterisks in the boxes of the former. (See web version of article for color figure.)
elements of interest. There is significant inter-formation geochem-
ical variability and a lesser amount of intra-formation variability 
within our sample suite, as seen in major element compositions 
(Fig. 1). Much of this variability can be related to the local geol-
ogy over which the glaciers flowed. For example, diamictites from 
the Archean Mozaan Group and Paleoproterozoic Makganyene For-
mation have exceptionally high Fe2O3(T) contents and relatively 
low SiO2 and Al2O3 contents (Fig. 1b), likely reflecting the influ-
ence of iron formation in their provenance. In contrast, diamic-
tite samples from the Archean Witwatersrand Supergroup have 
some of the highest MgO contents (without corresponding high 
LOI that would indicate Mg-carbonate), accompanied by low Al2O3
and high Mg#, reflecting a komatiite-dominated provenance. The 
diamictites from the Neoproterozoic Ghuab Formation (Namibia) 
have very high CaO and loss on ignition (LOI), reflecting a large 
carbonate component in their provenance. Finally, high TiO2, P2O5
and Y contents in the diamictites in the Neoproterozoic Pocatello 
(Idaho) and Konnarock (Virginia) formations reflect a significant 
proportion of A-type granites in the source region (Fig. 1c). From 
these observations it is clear that local provenance can exert a con-
trol on the major element composition of the samples.

Despite these regional variations, systematic changes in rela-
tive trace element abundances correlate with the age of deposit. 
For example, Mesoarchean and early Paleoproterozoic diamictites 
are consistently enriched in first row transition metals relative to 
younger deposits (Fig. 4), especially when compared to the heavy 
rare earth elements, which show little variation between units. 
[The exception to this trend is the western Dwyka Group, which 
closely mirrors the Archean samples and contains a detrital zircon 
population consisting only of early Paleoproterozoic and Archean 
zircons (Gaschnig et al., unpublished data).] This observation re-
flects a greater proportion of mafic to ultramafic lithologies in the 
Archean upper crust, as has been previously deduced from shale 
Fig. 4. Abundance normalized diagrams of the HREEs and transition metals. Each 
pattern represents the log-normal average for the locality. Normalization scheme as 
in Fig. 3. The overall depletion in transition metals seen in the Neoproterozoic and 
younger samples reflects the secular evolution of the average composition of the 
UCC (Condie, 1993; Taylor and McLennan, 1985). Note that Cr and V are slightly 
enriched relative to their neighbors for Paleoproterozoic and Mesoarchean samples, 
whereas they show complementary depletions in the younger samples. The similar-
ity of the western Dwyka samples to the Paleoproterozoic and Archean samples is 
a reflection of purely >2.0 Ga provenance (Gaschnig, unpublished data). (See web 
version of article for color figure.)

(Taylor and McLennan, 1985; Condie, 1993) and outcrop-based 
studies of the average composition of the UCC (Eade and Fahrig, 
1971, 1973; Condie, 1993). In addition to the overall changes in 
abundances, Ni/Co ratios decrease systematically from the Archean 
to the Neoproterozoic (Fig. 4), as has been observed in shales 
(Condie, 1993). The similarity in the secular evolution of shales and 
glacial diamictites suggest that the latter can be faithful recorders 
of the changing composition of the UCC, despite the fact that they 
can be influenced by regional geology.
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Fig. 5. Enrichment and depletion trends for redox sensitive transition metals in 
average diamictites from a given geographic region. Error bars are 1 sigma stan-
dard deviation. Ratios reflect enrichment or depletion of Mo, V, and Cr rel-
ative to elements with similar compatibility when normalized to UCC, where 
Mo∗ = (Cen

∗Prn)0.5, V∗ = (Lun
∗Scn)0.5, and Cr∗ = (Scn

∗Con)0.5. Samples are colored 
coded by age (green = Paleozoic; red = Neoproterozoic; blue = Paleoproterozoic; 
Mesoarchean = black). Mesoarchean and Paleoproterozoic diamictites are generally 
enriched in these redox-sensitive transition metals, whereas younger diamictites 
are depleted. The unusually large enrichment in Cr seen in the Mesoarchean sam-
ples may reflect the prevalence of komatiites in the Archean UCC (Condie, 1993;
Taylor and McLennan, 1985) in addition to its low solubility under anoxic weather-
ing conditions. (See web version of article for color figure.)

Fig. 6. Chemical index of alteration (CIA) vs. Sr depletion factor (Sr/Sr∗ =
(Cen

∗Ndn)0.5) for the diamictites. CIA values between 40 and 55 are typical of fresh 
igneous rocks. The CIA is less than 70 for the majority of samples, but nearly all 
show depletion in Sr, suggesting that all samples have been influenced by chemical 
weathering. Sr enrichment seen in some of the Neoproterozoic Namibian samples 
is linked to significant carbonate content. The gray field represents post-Archean 
shales studied by Hu and Gao (2008), and includes some post-Archean Australian 
shale (PAAS, Nance and Taylor, 1976) samples, as well as samples from eastern 
China. (See web version of article for color figure.)

5.2.1. Transition metals systematics: UCC differentiation vs surface 
redox effects

The redox sensitive transition metals V, Cr, and Mo can provide 
important information about the availability of oxygen in ancient 
sedimentary environments, and in the diamictites, these elements 
tend to decrease systematically in relative and absolute abundance 
with time (Figs. 3, 4, and 5). However, these elements are also 
affected by igneous differentiation, so it is important to establish 
expected igneous differentiation trends in order to separate the 
effects of the general shift in the UCC towards more felsic com-
positions with time from changes related to redox effects. To do 
this, we consider the ratios of interest in igneous rocks to see if 
there are systematic changes in genetically-related igneous suites 
that would imply different bulk partition coefficients during differ-
entiation.

We start with the simplest case of Ni/Co, since both elements 
are isovalent (2+) and therefore should not be influenced by ox-
idative weathering. As noted above, Ni/Co decreases with time in 
both shales and glacial diamictites, and, by inference, the average 
UCC. We see that Ni/Co also decreases systematically in igneous 
calc-alkaline suites as SiO2 increases (Fig. 7a). Given that Ni shows 
the largest dispersion of normalized concentrations within the di-
amictites (Fig. 4), we can use normalized Ni values (Ninorm) as 
a sensitive indicator of the degree of differentiation of the UCC, 
as recorded by the diamictites. The Ni/Co ratio of the diamictites 
shows a good correlation with Ninorm (Fig. 8a), consistent with the 
hypothesis that intracrustal differentiation is responsible for the 
temporal change in Ni/Co.

Like Ni/Co, Cr/Sc decreases systematically with SiO2 in igneous 
suites (Fig. 7b), and also shows a good correlation with Ninorm
(Fig. 8b) suggesting that intracrustal differentiation can explain 
the lower Cr/Cr∗ in Neoproterozoic and younger glacial diamictites. 
However, given the high solubility of Cr6+, it is also possible that 
oxidative weathering contributed to the Cr depletion seen in the 
UCC over time. Because both processes act to lower Cr/Cr∗, we can-
not differentiate between them, and both may have played a role 
in the temporal evolution of Cr concentration in the UCC. Indeed, 
the increase in Cr seen in black shales through time mimics the in-
crease in Mo, suggesting that Cr was also lost from the continents 
after the rise of oxygen (Reinhard et al., 2013).

In contrast to Ni/Co and Cr/Sc, V/Sc does not change system-
atically in igneous suites (Fig. 7c, Li and Lee, 2004), suggesting 
that these two elements share similar bulk partition coefficients 
during intracrustal differentiation. Moreover, a very poor correla-
tion exists between V/Sc and Ninorm (Fig. 8c). These observations 
suggest that the depletion of V in glacial diamictites from the 
Neoproterozoic onward reflects the influence of oxidative weath-
ering on the UCC. Similarly, although relatively few Mo analyses 
exist for igneous rocks world-wide, these data suggest either no 
change or a slight increase in Mo/Ce with differentiation, which 
is the opposite of the trend that we observe in the diamictites 
(Fig. 7d).

In summary, the transition metal abundances document sys-
tematic changes in the average composition of the UCC. Higher 
Ni/Co, Cr/Cr∗ and overall transition metal concentrations in Archean 
and Paleoproterozoic diamictites relative to Neoproterozoic and 
younger diamictites document a change from upper crust dom-
inated by basalt and komatiite, to one dominated by granitic 
rocks. In contrast, the behavior of vanadium can be confidently 
linked to oxidative weathering. Based on V/V∗, Archean diamic-
tites and all but the South African Paleoproterozoic diamictites 
carry a weathering signature that developed in the absence of 
oxygen (i.e., V/V∗ ≥ 1), whereas all Neoproterozoic and Paleo-
zoic diamictites (with the exception of the western Dwyka, and 
the carbonate-rich Ghaub samples) carry a weathering signa-
ture that developed in the presence of oxygen (V/V∗ < 1). The 
South African Paleoproterozoic diamictites show variable behav-
ior: Timeball Hill deposits have V/V∗ > 1, whereas the Duitsch-
land and Makganyene diamictites have V/V∗ < 1. Curiously, the 
Timeball Hill formed post-GOE, whereas Duitschland formed pre-
GOE (Bekker et al., 2001, 2004; Guo et al., 2009); the de-
positional age of the Makganyene diamictites is controversial
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Fig. 7. Examples of igneous differentiation trends for transition metals in the Andean volcanic arc. Data from GEOROC. (a) Ni/Co and (b) Cr/Sc both decrease with increasing 
differentiation whereas V/Sc and Mo/Ce lack systematic trends. This indicates that the secular shift in V and Mo seen in the diamictites is unlikely to be due to primary 
igneous processes but instead due to the increasing importance of oxidative weathering.
Fig. 8. Ninorm vs. Ni/Co, Cr/Cr∗ , V/V∗ and Mo/Mo∗ . Ninorm is Ni concentration 
normalized to Rudnick and Gao (2003) average UCC Al2O3 of 15.26% (Ninorm =
15.26/Al2O3measured ∗ Nimeasured) Good correlation between Ninorm and Ni/Co and 
Cr/Cr∗ is interpreted as an intracrustal differentiation trend due to the similar ig-
neous partition coefficients between Ni and Cr. However, Ninorm is decoupled from 
V/V∗ and Mo/Mo∗ due to the influence of oxidative weathering on V and Mo be-
havior. (See web version of article for color figure.)

(Moore et al., 2001; Coetzee et al., 2006; Hoffman, 2013) (Ta-
ble 1). This unexpected pre-GOE oxidative weathering signature 
is explored further in the next section.

5.2.2. Mo and the rise of oxygen
Mo/Mo∗ shows an even more dramatic secular shift in the 

diamictites than V/V∗. Moreover, a lack of correlation between 
Mo/Mo∗ and Ninorm within the diamictites (Fig. 8d) suggests that 
the main cause of the Mo depletion in the UCC is the onset of ox-
idative weathering. All Neoproterozoic and younger glacial diamic-
Fig. 9. Mo in (a) diamictites and (b) black shales vs age. Black shale data from Scott 
et al. (2008) and Sahoo et al. (2012). There is a strong inverse relationship between 
the diamictites and shales, indicating the progressive loss of Mo from the continents 
and accumulation in the ocean basins as oxygen levels rose.

tites show Mo depletion (Fig. 9) and the opposite trend is seen in 
black shales (Sahoo et al., 2012; Scott et al., 2008). These comple-
mentary trends indicate the progressive loss of Mo from the conti-
nents and its deposition in the ocean basins as atmospheric oxygen 
rose. In contrast, all Archean and many Paleoproterozoic diamic-
tites are not depleted in Mo and some even show Mo enrichments 
(Fig. 3). Mo enrichment may reflect the complementarity between 
the older and younger UCC compositions, but, in the strongly en-
riched Huronian samples may also reflect diagenetic enrichment of 
Mo (though none of the samples have significant organic carbon 
concentrations, which is generally linked to authigenic uptake of 
Mo, and there is no correlation between Mo/Mo∗ and total organic 
carbon, Fig. A6).
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The Paleoproterozoic glacial deposits warrant particular scrutiny, 
as the depositional ages for these units span the GOE, as marked 
by the disappearance of MIF in sulfur isotopes. None of the sam-
ples from the Huronian Supergroup, Ontario (Ramsey Lake, Bruce 
or Gowganda diamictites and Pecors dropstone argillites) are de-
pleted in Mo, yet the Gowganda diamictite is interpreted as having 
been deposited following the GOE (Papineau et al., 2007). These 
deposits sample predominantly Neoarchean crust, based on their 
detrital zircon populations (Gaschnig et al., unpublished data), and 
have some of the lowest CIA values within the entire sample set 
(Table 2, Fig. 2), although Sr depletions and CIA values above 55, 
in some samples, suggests that the source terrain was slightly 
weathered. It is possible that the lack of oxidative weathering sig-
nature simply reflects their provenance (Archean crust moderately 
weathered under an anoxic atmosphere) and does not record at-
mospheric oxygen levels at the time of their deposition.

In contrast to the Huronian diamictites, which have Mo/Mo∗ ≥
1, Paleoproterozoic diamictites from South Africa show quite vari-
able behavior with respect to Mo. All samples are derived from a 
heavily weathered provenance, based on their high CIA (mean =
79) and low Sr/Sr∗ (mean = 0.2). The Timeball Hill diamictites, 
deposited post-GOE (Bekker et al., 2004) have low Mo/Mo∗ (mean 
= 0.6), consistent with an oxidative weathering imprint on their 
provenance. The Makganyene diamictites, of uncertain depositional 
age with respect to the GOE, have Mo/Mo∗ above 1. This could 
reflect their deposition before the GOE, or, like the Gowganda di-
amictites of Ontario, may simply reflect a provenance of Archean 
crust that was weathered in the absence of O2. Finally, and most 
intriguingly, the Duitschland diamictite, deposited pre-GOE (Bekker 
et al., 2004) have very low Mo/Mo∗ (mean = 0.4) and some of the 
lowest Sr/Sr∗ (mean = 0.08). Given the absence of any evidence 
of post-depositional weathering in the drill core samples (see Fig. 
A5 and discussion in Section 5.1), these observations record signif-
icant pre-GOE oxidative weathering of the protolith. Several recent 
studies also document a “whiff” of oxygen at least 150 Ma be-
fore the GOE (Anbar et al., 2007; Kaufman et al., 2007; Lyons 
et al., 2014, and references therein), and possibly even earlier 
(Crowe et al., 2013; Mukhopadhyay et al., 2014). The Duitschland 
diamictite provides strong evidence for intense weathering (CIA =
78 to 91, Sr/Sr∗ = 0.05 to 0.1) in the presence of atmospheric 
O2 (Mo/Mo∗ = 0.2 to 0.6, V/V∗ = 0.5 to 1.5) prior to its deposi-
tion (constrained to be between 2.31 and 2.48 Ga; Rasmussen et 
al., 2013). Given the strongly attenuated MIF signal after 2.5 Ga 
(Fig. 2 of Lyons et al., 2014), it may be that the GOE cannot be 
uniquely traced by MIF, as sediment cannibalization leads to “leak-
ing” of the MIF signal to younger rocks (Reinhard et al., 2013;
Lyons et al., 2014). Finally, the strong signal of oxidative weath-
ering in the Duitschland diamictite and the lack of such a signa-
ture in the Huronian diamictites, including the possibly correlative 
Ramsay Lake Formation (Rasmussen et al., 2013), suggests either 
that the Duitschland is younger than the Ramsay Lake, or, perhaps 
more likely, that the Ramsay Lake reflects a provenance weathered 
in the Archean, with little input of oxidatively weathered UCC.

6. Conclusions

The geochemistry of glacial diamictites from the four recog-
nized pre-Cenozoic glacial intervals provide insight into the aver-
age composition of the Earth’s upper continental crust and closely 
parallel the temporal trends seen in other UCC proxies, such as 
enrichment of first row transition metals in Paleoproterozoic and 
Archean samples, indicating that the UCC was more mafic in the 
Archean. All diamictites bear a chemical weathering signature, but 
the nature of this signature differs in a systematic and secular fash-
ion. The redox sensitive elements Mo, V, and Cr show normal to 
enriched levels in all of the Archean and most of the Paleoprotero-
zoic diamictites but are strongly depleted in Neoproterozoic and 
Paleozoic diamictites. While some of the change in Cr behavior 
may be due to changes in the primary composition of the UCC, 
the progressive depletion in V and Mo reflect the rise of oxida-
tive weathering of the continents, leading to the transfer of these 
elements from the continents to the ocean basins. Although oxida-
tive weathering was clearly pervasive after the Paleoproterozoic, 
the differences in redox sensitive metals between different Paleo-
proterozoic formations suggest that oxygen levels may have risen 
substantially prior to the GOE.
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