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Abstract

Glacial diamictites, with ages ranging from ~2900 to 0.01 Ma, record the changing composition of the upper continental
crust through time (Gaschnig et al., 2014). Li concentrations and isotopic compositions, combined with Pb isotopic compo-
sitions, chemical index of alteration (CIA) values and relative Sr concentrations are used here to assess the degree of chemical
weathering recorded in these deposits and the origin of this signature. The 8’Li values of most of the diamictites (ranging from
—3.9 to +3.5) are lower than those of mantle-derived basalts (+3.7 & 2, 2¢), and the low 8’Li values are generally accompa-
nied by high CIA and low Sr/St” values (or Sr depletion factor, Sr/St* = Sr/(Ce*Nd)®%), reflecting a weathering signature that
may have derived from pre-depositional, syn-depositional, and/or post-depositional weathering processes. Profiles through
three glacial diamictites with relatively high CIA (a fresh road cut of the Neoproterozoic Nantuo Formation (CIA = 62—
69), and drill cores through the Paleoproterozoic Timeball Hill (CIA = 66-75) and Duitschland Formations (CIA = 84—
91)) do not show evidence of significant post-depositional weathering. High Th/U, reflecting loss of uranium during oxidative
weathering, is seen in all Paleozoic and Neoproterozoic diamictites and a few Paleoproterozoic deposits. Pb isotopic system-
atics suggest that this signature was largely inherited from preexisting crust, although a subset of samples (the Neoproterozoic
Konnarock, Paleozoic Dwyka, and several of the Paleoproterozoic Duitschland samples) appears to have experienced post-
depositional U loss. Modern glaciomarine sediments record little weathering (CIA = 47, Sr/Sr* = 0.7, 8’Li = +1.8), consistent
with the cold temperatures accompanying glacial periods, and suggesting that limited syn-depositional weathering has
occurred. Thus, the chemical weathering signature observed in ancient glacial diamictites appears to be largely inherited from
the upper continental crust (UCC) over which the glaciers traversed. The strength of this weathering signature, based on the
CIA, is greatest in the Mesoarchean and some of the Paleoproterozoic diamictites and is weaker in the Neoproterozoic and
Phanerozoic glacial diamictites. Combining these data with data for Archean shales and other types of post-Paleoproterozoic
sedimentary rocks (i.e., shales, mudstones, etc.), it appears that post-Paleoproterozoic upper continental crust experienced less
intense chemical weathering, on average, than Archean and Paleoproterozoic upper continental crust.
© 2015 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Chemical weathering removes soluble elements from the
exposed continental crust and produces secondary minerals
(clays, Fe oxides and hydroxides) via incongruent weather-
ing. It is responsible for generating the detritus that ulti-
mately forms clastic sedimentary rocks and for releasing
soluble elements that eventually precipitate as chemical sed-
iments, which, in turn, modulates atmospheric CO,. While
chemical weathering must have impacted the composition
of the continental crust over time (Rudnick, 1995), the
amount of crust thus impacted is a matter of great uncer-
tainty (e.g., Albarede, 1998; Lee et al., 2008; Liu and
Rudnick, 2011), as is the question of how weathering inten-
sity may have changed through time.

To understand the impact of chemical weathering on the
continental crust, one could turn to estimates of the average
composition of continental crust, which offer insights into
the processes that formed and modified it. However, esti-
mating average crustal composition is challenging given
the great lithologic heterogeneity that exists within the crust.
For the upper continental crust, the focus of this paper,
widespread bedrock sampling campaigns have been used
to estimate its major element and soluble trace element com-
position (e.g., Eade and Fahrig, 1973; Gao et al., 1998),
whereas the geochemistry of fine-grained terrigenous sedi-
mentary rocks (e.g., shales, loess) are commonly used to esti-
mate the average insoluble trace element composition
(Goldschmidt, 1933; Taylor et al., 1983a,b; Taylor and
McLennan, 1985; Wronkiewicz and Condie, 1987; Condie,
1993). The average UCC compositions derived from wide-

spread sampling campaigns provide evidence that chemical
weathering may have impacted its composition. For exam-
ple, the average concentration of Sr (a highly soluble ele-
ment and one of the first to be removed during chemical
weathering of silicate rocks) in bulk continental crust
(BCC) is depleted relative to the insoluble REE, and com-
pared to igneous rock types, as measured by the Sr/Nd ratio
(Fig. 5 of Rudnick, 1995). Moreover, average UCC compo-
sitional estimates have lower Sr/Nd (9-13.5, Rudnick and
Gao, 2003, and references therein) compared to BCC (Sr/
Nd = 10-22) and to mantle-derived igneous rocks (>15,
McDonough, 1990; Rudnick, 1995). However, Sr depletion
in the UCC could also be due to processes such as intracrus-
tal differentiation that leaves Sr-rich plagioclase-bearing
residues or cumulates in the deep crust. Indeed, the chemical
index of alteration . values (CIA = [AL,O3/(AlL,O3 +
CaO" + Na,O + K,0)] * 100, where CaO" is corrected to
remove the contribution of carbonate and apatite, Nesbitt
and Young, 1982; McLennan et al., 1993) of average UCC
(48-56, calculated from data in Table 1 of Rudnick and
Gao, 2003) overlap those of igneous rocks. These observa-
tions raise the question: how significant is chemical weather-
ing in shaping the crust’s composition?

Glacial sediments provide an alternative means of
assessing the average composition of the upper continental
crust that may circumvent the issues associated with loss of
soluble elements given that they form largely by physical
weathering processes, as first suggested by Goldschmidt
(1933). Although glacially derived loess often carries a
chemical weathering signature (Gallet et al., 1998),
Nesbitt and Young (1996) confirmed the dominance of
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Fig. 1. 8"Li vs. CIA in glacial diamictites, shales and loess. The glacial diamictite data are from this study whereas new data, as well as
literature data for Archean and Paleoproterozoic shales are provided in Appendix Table A6-1. Post-Paleoproterozoic rocks include glacial
diamictites (this study) and other sedimentary rocks (loess, shales, clay) compiled from the literature (Bouman et al., 2004; Teng et al., 2004;
Chan et al., 2006; Qiu et al., 2009, 2011; Sauzéat et al., 2015; Appendix Table A6-1). The 8’Li and CIA data for average granites are compiled
from Pearce et al., 1984; Castro et al., 1999; James and Palmer, 2000; Moyen et al., 2001; Wu et al., 2002; Rudnick et al., 2004; Teng et al.,
2004, 2006, 2009; Yang et al., 2004, 2006; Magna et al., 2010; Liu et al., 2010; Cuccuru et al., 2012; Huang et al., 2013a,b,c. The 8’Li and CIA
data for average TTGs are from Teng et al., 2008; Donskaya et al., 2009; Qiu, 2011; Moyen, 2011; Seixas et al., 2012; Huang et al., 2013a,b,c.
The pink rectangle shows the 8’Li average of fresh MORB (+3.7 & 2, 2¢, Tomascak et al., 2008) and the range of CIA in unweathered basalts.
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Nantuo Formation (630 Ma), road cut
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Timeball Hill Formation (2250 Ma), drill core
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Fig. 2. 8"Li, CIA and Sr/Sr” in profiles (road cut and drill core) through the top contact of three different diamictites (Sr/Sr" = Sr/(Ce"Nd)*?
where Sr, Ce, and Nd in the formula are normalized to average UCC of Rudnick and Gao, 2003). Top: Nantuo Formation, road cut. Middle:
Timeball Hill Formation, drill core. Bottom: Duitschland Formation, drill core. Uncertainty on 8’Li represents long term precision of +1%o
(20). Two sigma uncertainty for CIA (40.8%, 2¢) and Sr/Sr” (£2.4%, 20) are equal to or smaller than the size of the symbols. Horizontal line
at the top of Nantuo Formation profile marks the contact with the overlying cap dolomite, horizontal line at the top of Timeball Hill and
Duitschland Formation panels marks the contact with overlying lithologies, which are mudrocks and finely laminated shales, respectively.
Vertical gray band in each profile marks average 8’Li of the UCC (+0.6 = 0.6, 2, Sauzéat et al., 2015). For the Timeball Hill Formation
profile, 8'Li of three samples were analyzed, whereas CIA and Sr/Sr” values of three additional samples and are plotted and given in Table 1.
One carbonate-bearing sample is shown as an open triangle; otherwise, symbols are as in Fig. 1.

physical weathering during erosion, transport and deposi-
tion of muddy glacial sediments, and Canil and Lacourse
(2011) demonstrated that glacial tills from the Canadian
Cordillera provide a robust estimate for the bulk composi-
tion of the juvenile upper continental crust of British
Columbia. Furthermore, lithified glacial tills (i.e., glacial
diamictites) are recognized throughout much of the geo-
logic record, going back to at least 2.9 Ga (Young et al.,
1998), thus providing the opportunity to evaluate the secu-
lar evolution of the composition of the upper continental
crust. Nevertheless, our recent study of the fine-grained
matrix of glacial diamictites deposited from the Mesoarch-
ean to the Paleozoic shows the surprising result that most of
these samples possess a chemical weathering signature
(Gaschnig et al., 2014). Their CIA values are generally
greater than those of igneous rocks, and they show perva-
sive depletion in Sr relative to average upper continental
crust (Gaschnig et al., 2014). Many samples, particularly

those Neoproterozoic and younger, also show depletion
in metals whose solubility is enhanced in their oxidized
states, such as Mo and V, indicative of oxidative weathering
(Gaschnig et al., 2014). Determining the origin of this
weathering signature is important if one wishes to use the
diamictite data to understand whether the UCC has an
average composition impacted by weathering, or whether
the nature of continental weathering has changed through
time.

In this paper we use lithium and lead isotopes, in combi-
nation with previously published geochemical data, to evalu-
ate the origin of the weathering signature in the glacial
diamictites (i.e., is it pre-, syn-, or post-depositional in origin,
or some combination thereof?). Finding that the signature is
largely inherited from the source rocks, we use these data,
along with data from other fine-grained terrigenous sedi-
ments to evaluate how chemical weathering of the upper con-
tinental crust might have changed through time.
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Fig. 3. CIA vs. Th/U for glacial diamictites. Nearly all Neoproterozoic and Paleozoic diamictites, along with a subset of Paleoproterozoic
samples, have higher Th/U ratios than that of the average UCC (Rudnick and Gao, 2003), reflecting loss of U during oxidative weathering.

Symbols as in Fig. 1.
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Fig. 4. Pb isotope plots. (b) and (d) are expanded views of the boxes in the lower left corners of (a) and (c), respectively. Two sigma standard
error bars in the lower panels are approximately the size of the symbols. The Stacey and Kramers (1975) curve for terrestrial Pb evolution is
shown. Many of the Paleoproterozoic South African samples have extremely radiogenic Pb isotopic compositions and are collinear, forming
an apparent isochron of 1.94 Ga. See text for discussion. Symbols as in Fig. 1.

2. THE USE OF LITHIUM AND LEAD ISOTOPES TO
TRACE CHEMICAL WEATHERING

Both Li and Pb isotopes can be used to document chem-
ical changes associated with subaerial weathering, the for-

mer through mass-dependent fractionation associated
with the development of secondary minerals, and the latter
through changes in U/Pb and Th/U ratios created by ura-
nium leaching under oxidizing conditions. We review the
application of each isotope system, in turn.
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Fig. 5. Measured or instantaneous Th/U ratios vs. the time-integrated Th/U ratios calculated from Pb isotope compositions. The latter were
calculated by assuming that the samples began on the Stacey and Kramers (1975) model curve at an age point equivalent to their depositional
age and solving for the Th/U ratio required for the samples to reach their measured present-day compositions. The inclined black line in the
plot is the 1:1 line. Samples with a higher time-integrated Th/U ratio than the measured values likely inherited their high Th/U ratio from the
pre-existing crust that the ice sheets eroded, while those with a lower time-integrated Th/U ratio than their instantaneous values likely

experienced post-depositional loss of U. Symbols as in Fig. 1.

2.1. Lithium

Lithium has several advantages as a tracer of chemical
weathering. Lithium is soluble and has two stable isotopes,
®Li and "Li, with ~17% mass difference, so lithium isotopes
have significant potential for mass dependent fractionation.
Lithium is not a critical component of biological or atmo-
spheric cycles, and lithium is not sensitive to redox reac-
tions because it has only one redox state (+1). Numerous
studies have shown that lithium isotopes fractionate signif-
icantly during subaerial chemical weathering (Huh et al.,
2001; Pistiner and Henderson, 2003; Rudnick et al., 2004;
Kisakiirek et al., 2005; Vigier et al., 2009; Pogge von
Strandmann et al., 2006, 2010; Millot et al., 2010;
Wimpenny et al., 2010a; Rad et al., 2013; Liu et al., 2013,
2015; Dellinger et al., 2014, 2015; Pogge von Strandmann
and Henderson, 2015; Wang et al., 2015), with regoliths
becoming isotopically light and waters heavy as Li parti-
tions between octahedral coordination in secondary miner-
als and tetrahedral coordination in water. Different types of
secondary minerals formed during chemical weathering
cause different magnitudes of Li isotope fractionation
(Pistiner and Henderson, 2003; Teng et al., 2004; Rudnick
et al., 2004; Huh et al.,, 2004; Kisakiirek et al., 2004;
Williams and Hervig, 2005; Wimpenny et al., 2010b). Resi-
dues of intense crustal weathering, such as saprolites, later-
ites, and bauxites, can develop very low 8’Li down to —20
(Rudnick et al., 2004; Kisakiirek et al., 2004; Liu et al.,
2013), and ocean water and river water have correspond-
ingly high 8’Li (e.g., ocean water: 8’Li = -+31, river water
8’Li = 5-44; Chan and Edmond, 1988; You and Chan,
1996; Huh et al., 1998; Millot et al., 2004; Kisakiirek
et al., 2005; Pogge von Strandmann et al., 2006, 2010;

Lemarchand et al., 2010; Liu et al., 2015). The continental
crust is characterized by lower 8’Li values (upper continen-
tal crust: +0.6 + 0.6, 20, Sauzéat et al., 2015; bulk conti-
nental crust: +1.2, Teng et al., 2008, and +1.7, Teng
et al., 2009) than mantle-derived MORB (+3.7 + 2, 20,
Chan et al., 1992; Moriguti and Nakamura, 1998; Elliott
et al., 2006; Tomascak et al., 2008). Because of these fea-
tures, Li isotopes have been proposed to provide a means
by which to estimate the mass loss from the continents
due to chemical weathering (Liu and Rudnick, 2011) and
track continental weathering through time using the 8’Li
of seawater recorded in the tests of foraminifera
(Hathorne and James, 2006; Misra and Froelich, 2012;
Pogge von Strandmann et al., 2013; Li and West, 2014;
Wanner et al., 2014; Vigier and Goddéris, 2015).

Studies of the behavior of Li isotopes in subaerial weath-
ering profiles set the stage for the use of Li to investigate the
origin of the weathering signature seen in the glacial
diamictites. As a result of chemical weathering, 8’Li
decreases towards the surface as weathering intensity
increases. Rudnick et al. (2004) found that saprolites devel-
oped on igneous rocks in South Carolina are consistently
isotopically lighter than the unweathered igneous rocks,
with 8’Li ranging down to —20, one of the lightest isotopic
compositions ever recorded for both bulk rock material and
individual minerals. However, Li isotope behavior in
weathering profiles can be complicated by additional fac-
tors such as diffusion, or deposition of marine aerosols or
eolian dust. For example, Teng et al. (2010) suggested that
the Li isotopic irregularities observed by Rudnick et al.
(2004) in the saprolite profile were the result of diffusion
processes. The equilibrium isotope fractionation produced
by weathering lowered 8’Li, and subsequent kinetic isotope



Table 1

Li and Pb isotopic compositions and other geochemical parameters of glacial diamictites.

Sample 1D Age Location 8"Li  [Li] Li/  CIA St/ 2Pb/2%Pb/ 2Pb/*Pb/ %Pb/**Pb/ Pb Th U  Th/ Th/ Height
(Ma) ppm Al S’ 20 20 20 U U (m)
Cenozoic Glaciomarine
Sediments
248150-2BBSB 1/6 0.015 Greenland 1.8 434 271 47 0.66
GRL-8047 0.015 Hudson Straight 35.5 0.79
GRL-8049 0.015 Hudson Straight 36.5 0.77
Paleozoic
West Dwyka Group South Africa
GKP01-122 300 2.3 40.6 327 62 0.44  17.353/8 15.331/7 37.184/17 1634 7.32  1.61 454 320 —-122
GKPO01-127 300 53.2 4.10 66 0.18  19.239/10 15.723/8 38.644/19 31.71 1125 6.92 1.63 1.81 —127
GKPO01-129 300 22.5 392 69 0.37 16.832/16 15.243/16 36.474/38 11.50 390 0.62 629 362 —-129
GKPO01-140 300 22 19.3 3.01 67 0.54  19.110/19 15.755/15 38.473/41 8.64 409 1.13 362 145 -—140
East Dwyka Group South Africa
13RMGO012 300 —-1.8 357 239 57 0.38  19.017/4 15.713/3 38.933/8 28.40 1890 3.44 550 3.55
13RMGO016 300 —1.5 326 223 55 0.40
13RMGO017 300 0.1 55
13RMGO018 300 —-0.3 31.7 209 57 0.40  19.023/6 15.700/5 38.931/11 2990 2040 348 5.86 3.48
Mandiyuti Group Bolivia
BP-080307-8 300 29 298 296 70 0.21  19.222/3 15.692/3 39.266/6 14.78 10.38 394 2.63 3.38
BP-080307-8 replicate 1.9
BP-080307-8 average 2.4
Machareti Group Bolivia
Machareti-4 330 3.6 8438 534 75 0.30
Machareti-4 replicate 34
Machareti-4 redissolution 2.8
Machareti-4 average 33
Machareti-6 330 1.2 682 419 72 0.37  19.086/2 15.685/2 39.276/5 1530 16.30 3.51 4.63 4.54
Machareti-6 replicate 2.2
Machareti-6 redissolution 1.7
Machareti-6 average 1.7
Palkhuis Formation South Africa
MBR299335 450 20 364 3.17 71 0.23
Neoproterozoic
Gaskiers Formation Newfoundland,
Canada
K13-NFL-GF-A 580 1.7 427 2.76 58 0.49
K13-NFL-GF-A replicate 2.0
K13-NFL-GF-A average 1.9
K13-NFL-GF-B 580 04 278 1.99 58 0.57
K13-NFL-GF-C 580 -2.0 303 1.92 55 0.74
K13-NFL-GF-D 580 —1.8 35.7 233 57 0.43
Nantuo Formation South China
NTO1 630 0.1 24.7 432 67 0.30
NTO02 630 -0.7 314 2.11 66 0.19  17.925/2 15.567/1 38.608/4 17.00 10.30 1.42 7.22 169

(continued on next page)
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Table 1 (continued)

Sample ID Age Location &’Li  [Li] Li/ CIA St/ 2°Pb/*™Pb/ **'Pb/**Pb/ *®Pb/*™Pb/ Pb Th U  Th/ Th/ Height
(Ma) ppm Al St 20 20 20 U U*  (m)

NTO3 630 —-2.7 28.0 191 64 0.21

NTO3 replicate 2.4

NTO03 average -2.6

NT04 630 -2.0 36.8 253 65 0.29

NTO5 630 —4.6 55.1 338 60 0.30

NTOS replicate -3.2

NTOS5 average -39

NTO05-2A 630 —-1.1 37.1 2.69 68 0.29  17.725/2 15.557/2 38.273/7 21.00 11.00 1.26 873 140 30

NTO05-2B 630 —0.3 395 299 68 0.21 28

NTO05-2C 630 0.7  39.1 291 69 0.16 26

NTO05-2D 630 —0.3 347 2.50 69 0.16 24

NTO06 630 —-1.6 394 270 62 0.28 0

NTO7 630 2.1 34.6 245 63 0.28

NTO08 630 —-2.0 3438 238 64 0.19  17.895/2 15.565/2 38.605/5 1630 9.76 1.60 6.09 19.3

NT08 SAV” 17.888/2 15.563/2 38.612/4

NTO08 average 17.891/2 15.564/2 38.608/4

Gucheng Formation South China

GCH-05 700 -24 36.0 240 73 0.08 17.882/3 15.546/2 39.042/6 1390 10.50 1.19 883 134

Konnarock Formation Virginia, USA

12RMG009 700 28.6 1.90 60 0.14  18.949/14 15.669/12 39.081/27 28.79 1593 3.51 4.54 4.18

12RMGO012 700 0.6  26.0 1.83 58 0.15  19.727/2 15.742/1 40.447/3 15.80 2290 326 7.05 4.75

12RMGO013C 700 0.7 249 1.81 54 0.19  19.857/3 15.751/3 40.805/7 10.50 21.10 2.62 8.04 4.99

12RMGO13C SAV” 19.866/3 15.750/2 40.832/5

12RMGO13C average 19.861/3 15.751/2 40.818/6

Neoproterozoic

Pocatello Formation Idaho, USA

12RMGO016 700 —-1.8 50.2 425 71 0.22

12RMGO16 replicate —-1.4

12RMGO16 average -1.6

12RMGO017 700 0.5 18.7 147 68 0.07  22.771/5 16.165/3 44.764/9 624 1830 4.16 4.40 4.67

12RMGO17 replicate 0.3

12RMGO17 average 0.4

12RM G022 700 1.7 412 279 67 0.11  20.074/2 15.831/1 40.505/4 31.60 21.30 4.12 5.16 4.15

12RMGO022 replicate 2.0

12RMGO022 average 1.9

Blauberker Formation Namibia

13RMGO021 700 —0.7

13RMG022 700 -1.7 21.7 220 53 0.35  18.422/1 15.661/1 38.301/2 1400 795 1.84 432 382

13RMGO022 replicate -1.2

13RMG022 average -1.5

13RMG025 700 —1.1 19.0 1.86 62 0.16

Numees Formation Namibia

13RMG034 700 -39 295 261 58 0.29  18.196/2 15.690/2 38.601/4 41.80 15.50 3.08 5.04 7.49

13RMGO034 replicate -3.0

13RMG034 average -3.5

01
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13RMG039

13RM G040

13RM G040 redissolution (Pb
analysis)
13RMGO040 average
13RMG041

13RM G046

Chuos Formation
13RMGO053

13RM G054

Kaigas Formation
13RMG030

Paleoproterozoic
Gowganda Formation
12RMGO045 (varvite)
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Table 1 (continued)

Sample ID Age Location 87Li  [Li] Li/ CIA St/ 2%Pb/*Pb/ 27Pb/***Pb/ 2%°Pb/***Pb/ Pb  Th U  Th/ Th/ Height
(Ma) ppm Al St 20 20 20 U U (m

GIF01-41.2 2350 02 213 242 86 0.13 41.2

GIF01-41.2 redissolution 0.8

GIF01-41.2 average 0.5

GIF01-44 2350 19.9 220 83 0.12  22.151/2 16.522/1 41.141/3 1690 1290 4.33 297 325 44

Timeball Hill Formation South Africa

EBAI574.5 2250 22.0 1.12 75 0.12 —574.5

EBAI576 2250 —1.8 354 222 71 0.19 17.101/2 15.504/2 36.606/4 97.20 13.60 4.08 3.34 334 -576

EBAI580 2250 —1.1 385 242 70 0.25 18.09/18 15.55/16 37.51/40 27.00 13.60 3.60 3.79 333 —580

EBAI580.5 2250 159 144 48 0.57 —580.5

EBAI582.5 2250 34.2 227 66 0.34 —582.5

EBAI583 2250 —14 385 249 67 032  17.851)2 15.526/2 37.324/4 30.70 1440 390 3.69 3.34 —583

Duitschland Formation South Africa

EBAI1191 2350 2.3 433 1.76 78 0.1 51.889/17 20.049/7 100.846/35 625 2520 391 644 635 —1191

EBAI1192 2350 0.3 60.7 261 719 0.05 28.747/4 17.280/2 55.138/7 20.60 37.50 5.38 698 524 —1192

DP22647.5 2350 -1.2 61.7 5.69 84 0.07  35.910/7 18.180/4 64.950/12 390 1470 2.33 632 512 —647.5

DP22648 2350 —-1.0 675 6.14 85 0.09  36.303/9 18.203/4 71.078/16 3.60 1470 2.02 7.26 6.03 —648

DP226438.5 2350 —-2.0 75.0 993 91 0.34  33.070/16 17.901/9 60.457/29 374 811 1.54 527 504 —648.5

Mesoarchean

Mozaan Group South Africa

13RMGO005 2900 —-1.6 183 204 71 0.45

13RMG006 2900 -2.3 20.0 228 72 0.12

13RMGO007 2900 —-33 241 270 88 0.29 18.627/3 15.614/2 37.471/6 893 365 120 3.04 3.06

13RMG008 2900 -2.8 21.1 233 74 0.64

13RMG009 2900 —-3.7 205 2,16 72 1.12

13RMGO009 replicate -3.1

13RMGO009 average -34

13RMGO010 2900 -2.3 195 229 70 1.83  20.405/2 15.837/2 39.494/5 355 342 099 346 3.33

13RMGO11 2900 19.8 2.53 81 0.30  16.203/1 15.097/1 35.475/3 9.86 3.06 095 323 3.09

Afrikander Formation South Africa

13RMGO001 2900 —-1.8 21.1 249 80 0.1 17.818/3 15.306/2 36.617/6 297 136 049 278 292

13RMG003 2900 19.9 239 83 1.93  17.141/3 15.245/2 35.944/6 435 1.55 0.54 289 279

Promise Formation South Africa

BABI-4031 2900 -3.0 70.1 453 78 0.24  30.325/5 17.126/3 45.689/8 652 522 1.89 2.76 274

BABI-4031 replicate -2.0

BABI-4031 average -2.5

BABI-4042 2900 5.57 0.776 60 0.10  28.764/5 17.068/3 41.437/8 1.86 130 0.62 2.11 2.01

Coronation Formation South Africa

BABI-3171 2900 —-0.2 325 2.15 78 0.34  22.644/3 16.460/2 37.459/5 186 739 399 185 1.76

BABI-3171 replicate —-0.4

BABI-3171 average —-0.3

BABI-3216 2900 34.0 2.17 81 0.27  23.354/4 16.556/3 37.589/7 18.8 7.09 422 1.68 1.69
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Notes: 1. Li/Al is Li concentration in ppm divided by Al,O5 in weight percent. Two-sigma error for 8’Li is <1. Sr/Sr” (=Sr/(Ce"Nd)*?) is the relative Sr concentration. Th/U indicates “measured
Th/U”, Th/U" indicates “time integrated Th/U”. “SAV™” indicates Pb isotope analysis from powder aliquot dissolved on hot plate in Savillex beaker rather than bomb. Redissolution means
independent sample dissolution and column chemistry. Replicate means independent column chemistry. CIA, Al,O3 and Sr/Sr” values are from Gaschnig et al., 2014.
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fractionation during diffusion further decreased the &'Li
values. Studies of soil profiles developed on Hawaiian
basalt attributed the variable but generally heavy lithium
to the uptake of aerosol lithium derived from seawater
(Huh et al., 2004). Following Huh et al. (2004), Pogge
von Strandmann et al. (2012) also observed highly variable
8’Li through a basaltic soil profile from a well-
characterized Histic Andosol in south-west Iceland. Diffu-
sion processes were determined not to be significant and
most of the soils had lower 8’Li than the unweathered
basalt and associated pore waters, though a few samples
had very high 8’Li, which was attributed to the presence
of sea-water aerosols. 8’Li through a profile of bauxites
developed on the Miocene Columbia River Basalts was
observed to decrease systematically towards the surface,
while Li concentrations increase systematically towards
the surface (Liu et al., 2013). This anti-correlation between
8Li and [Li] was ascribed to addition of eolian dust to the
top of the section. Despite these complications in the details
of Li isotope behavior, there is a clear overall tendency for
8’Li values to become lower in weathered continental mate-
rial and for most profiles through weathering horizons to
show systematic changes in 8’Li with depth. Lithium iso-
topes can thus be used to evaluate post-depositional weath-
ering of the tillites by looking at isotopic profiles through
the units.

2.2. Lead

Lead has four stable isotopes (204, 206, 207, and 208).
Two of these (206 and 207) are produced by the radioactive
decay of 2*8U and 2*°U, respectively, and >°®Pb is produced
by the decay of 2*>Th. The ratios of 2*°Pb, 2*’Pb, and *°*Pb
to 2°Pb in geologic material measured today are governed
by a combination of age and time-integrated U/Pb, Th/Pb,
and Th/U ratios. Of interest here is Th/U, which does not
vary significantly during igneous differentiation but is
affected by oxidative weathering, which mobilizes U in its
soluble +6 oxidation state, leading to U loss and an
increase in the Th/U or kappa value (3*2Th/?**U). Adopt-
ing models for the isotopic evolution of terrestrial Pb
(e.g., Stacey and Kramers, 1975), it is possible to use the
Pb isotopic composition of geologic materials to determine
their time-integrated kappa value, and by comparing this to
measured present day Th/U (or instantaneous kappa), the
timing of Th/U increase due to uranium leaching can be
inferred. This approach has been applied to sedimentary
rocks to determine whether their kappa values were dis-
turbed after deposition due to fluid flow, metamorphism,
or in situ weathering, or if kappa was affected by uranium
removal during deposition (e.g., Krogstad et al., 2004;
Pollack et al., 2009).

Here we report Li and Pb isotopic compositions of
glacial diamictites spanning ages from the Archean to the
Cenozoic. Combined with previously published major and
trace element data (Gaschnig et al., 2014), we use these
new isotopic data to evaluate the origin of the weathering
signature recorded in these deposits. For glacial diamictites
that are geographically dispersed (e.g., those from the
Paleoproterozoic, Neoproterozoic), the 8’Li signature of

these deposits can be used to evaluate how the weathering
signature in the upper continental crust may have changed
through time.

3. SAMPLES

The glacial diamictites studied here formed from soils
and rocks that were pulverized by continental ice sheets
as they moved across broad swaths of the Earth’s surface.
They are essentially glacial tills that have been lithified by
subsequent burial and consist of angular to rounded clasts
of variable sizes in a fine-grained matrix. The matrix com-
prises a large percentage of the rock and is usually dark
gray to greenish black in color. Evidence of glacial origin
includes faceted and striated clasts of heterogeneous com-
position and the presence of dropstones in otherwise
finely-laminated intervals. The glacial diamictites were
deposited primarily in shallow marine settings, though a
few were deposited above sea level (Appendix Table Al).

Glacial deposits occur in five broad geological periods:
the Mesoarchean (ca. 2900 Ma; Young et al., 1998), Paleo-
proterozoic (2400-2200 Ma; Crowell, 1999; Bekker et al.,
2001; Kopp et al., 2005; Melezhik et al., 2013), Neoprotero-
zoic (750-550 Ma; Hoffman and Li, 2009), Paleozoic
(a short glacial event at 450 Ma and a longer one at 330-
300 Ma; Crowell, 1978; Visser, 1982; Caputo and Crowell,
1985; Hambrey, 1985) and Cenozoic (2.58-0.01 Ma;
Pillans and Gibbard, 2012). The glacial diamictites investi-
gated here come from all five of these periods, over five geo-
graphic regions: southern Africa, North America, southern
China, South America and Greenland. The individual strati-
graphic units are listed in Table 1, and their present geo-
graphic distribution is shown in Appendix Fig. Al.

In total, ninety-one glacial diamictites were investigated
in this paper. Most of the samples were taken from out-
crops, except for the Mesoarchean Coronation and Promise
Formations, Paleoproterozoic Transvaal Supergroup,
Ordovician Pakhuis Formation and some of the Paleozoic
Dwyka Group samples, which were obtained from drill
cores. All of the samples investigated here, save the modern
glaciomarine sediments, were previously described, and
major and selected trace elements are reported in
Gaschnig et al. (2014).

4. ANALYTICAL METHODS

The diamictites were crushed to gravel-size fragments,
after which the clasts larger than ~5 mm were separated from
the matrix by hand. The matrix materials of each sample were
then ground to fine powders in a ceramic swing mill.

Li, Pb, Th, and U concentrations were analyzed together
with other trace elements on a Thermo-Finnigan Element 2
high resolution-ICP-MS in the Department of Geology at
the University of Maryland. Details for the analyses are
reported in Gaschnig et al. (2014). Samples were analyzed
along with USGS whole-rock reference materials AGV-2,
BHVO-1, GSP-1, and W-2 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 determined from calibration
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curves constructed from the four USGS standards (AGV-2,
BHVO-1, GSP-1, and W-2). Overall precision and accuracy
were evaluated by repeat analysis of separately dissolved
AGV-2 aliquots treated as unknowns, which yielded aver-
age concentrations of 11.5+0.3, 159 +0.4, 6.62 +0.18,
and 2.07 4+ 0.05 ppm (n = 7) for Li, Pb, Th, and U, respec-
tively, which fall within the range of published values
reported in the GeoReM database (Jochum et al., 2005).
Samples from the Konnarock, Nantuo, and Gucheng For-
mations were analyzed on an Agilent 7700x quadrupole
ICP-MS in the State Key Laboratory for Geological Pro-
cesses and Mineral Resources at the China University of
Geoscience in Wuhan, China, broadly following the meth-
ods of Hu and Gao (2008). Calibration was conducted
using multi-element standard solutions as a basis and
adjusting this calibration after analysis of dissolved
whole-rock standards (AGV-2, BHVO-2, BCR-2, RGM-
1, GSR-5, GSS-8, and SCO-1) to best fit the published val-
ues for these standards.

In order to evaluate the effectiveness of our method of
separating clasts and its potential influence on the whole
rock composition, we made multiple powder aliquots from
two samples of the Konnarock Formation. One powder ali-
quot from each sample was prepared from chips that had
been handpicked to exclude small clasts and another ali-
quot was prepared from chips that were selected at random
and not handpicked. The difference in major and trace ele-
ment concentrations was <5% for nearly all elements for
one picked/unpicked pair and <10% for the other pair.
These data are reported in the Appendix Table A2.

Details of sample dissolution and column chemistry pro-
cedures for Li isotope analyses are reported in Rudnick
et al. (2004) and instrumental analysis is described by
Teng et al. (2004). Briefly, rock powders were dissolved in
16 mL Teflon, screw-cap beakers with a combination of
concentrated HF and HNO;, followed by HNO; and HCI
addition to the dried residue. Perchloric acid was used,
where needed, to dissolve samples containing organic car-
bon. Lithium analyses were conducted on a Nu Plasma
MC-ICP-MS using the L-SVEC standard-bracketing
method at the University of Maryland. Lithium isotopic
compositions were normalized to that of L-SVEC and
reported as 8’Li. Two pure Li solutions, UMD-1 and
IRMM-016, were analyzed during the course of each ana-
lytical session to monitor instrument performance and eval-
uate long-term external precision (estimated as <1.0 (20)
based on duplicate analyses these Li solutions (Appendix
Table A3). For example, IRMM-016 gives 8'Li=+0.3
+ 0.8 (20, n=45) and the in-house standard, UMD-1,
gives 8'Li = +55.1 + 0.8 (20, n = 48) during the course of
this study (July 2013 to July 2014). In addition, data for
international rock standards (BHVO-1, BCR-2, G-2,
AGV-1, GSP-1 and MAG-1) were measured during the
course of this study and are presented in Appendix
Table A4. Our values fall within the range for previously
published results, where available; to our knowledge, our
values for MAG-1 (—0.1) and GSP-1 (—3.5) are the first
Li isotope data for these reference materials.

Pb isotopic analyses were performed on ~0.1 g splits of
powder dissolved with 3 mL of HF and 1 mL of HNO; for

a minimum of four days in sealed Parr bombs at ~180 °C in
an oven. After drying down, samples were converted to
chlorides with HCI, dried again, and then dissolved in
0.5M HBr. A few samples were also dissolved on the hot
plate in Savillex beakers for comparison to bomb-
dissolved aliquots to see if bulk Pb isotope compositions
were strongly influenced by refractory phases such as
zircon. Three USGS reference materials were also dissolved
in this manner. Solutions were loaded onto columns with
BioRad AG-1X8 anion resins. Matrix elements were
washed out with 0.5 M HBr and Pb was eluted with 8 M
HCI. This column procedure was conducted twice in order
to assure the purity of the Pb fraction.

Lead isotope analyses were conducted on a Nu Plasma
MC-ICP-MS at the Department of Terrestrial Magnetism
of the Carnegie Institution for Science in Washington,
DC, and on a Nu Plasma MC-ICP-MS at the Department
of Geology of the University of Maryland. Samples were
doped with thallium solution to achieve a Pb/TI ratio of
5, and thallium was used to correct for mass fractionation.
The NBS-981 Pb isotope standard (also doped with thal-
lium) was analyzed repeatedly throughout each session,
and samples were normalized to the standard using the val-
ues of Galer and Abouchami (1998). The average repro-
ducibility (26) of NBS-981 for 2°Pb/?**Pb, 2°7Pb/***Pb,
and 2%8Pb/?%*Pb was 0.04%, 0.06%, and 0.06%, respectively,
at the Carnegie Institution, and 0.09%, 0.10%, and 0.11% at
the University of Maryland. Values determined for USGS
reference materials RGM-1 and BCR-2 (Appendix
Table AS5) overlap with the published range listed in
GeoReM. Values determined for AGV-2 (Appendix
Table AS) are less radiogenic than most published values
but fall within the range for leachates reported by Weis
et al. (2006). Since these reference materials were dissolved
at low pressure on the hot plate, we are probably observing
the same effects reported by Weis et al. (2006). Two sam-
ples, NT08 and 12RMGO013C, were dissolved by both high
pressure bomb and low pressure hot plate dissolution meth-
ods. In both cases, the 2°°Pb/***Pb ratios differ by amounts
slightly outside of internal error, with the hot plate dis-
solved aliquot of NTO08 being slightly less radiogenic and
that of 12RMGO013C being slightly more radiogenic than
the Parr bomb dissolved complement. 2°Pb/?**Pb ratios
are within internal error for NTO08, but the hot plate dis-
solved aliquot has slightly more radiogenic 2**Pb/***Pb
for 12RMGO013C. The most likely mineral to resist hot
plate dissolution is zircon, but the relatively small differ-
ences between hot plate and bomb dissolved aliquots and
the lack of consistently more radiogenic values seen in the
bomb dissolved aliquots suggests that the contribution of
zircon to the total Pb budget is not significant, at least for
these two diamictites.

5. RESULTS

Lithium and Pb isotopic compositions of glacial diamic-
tites are reported in Table 1, along with Li, Pb, Th, and U
concentrations; CIA and Sr/Sr” values from Gaschnig et al.
(2014) are also listed. Sr/Sr* (defined as = Sr/(Ce*Nd)">,
where Sr, Ce and Nd in the formula are normalized to
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average UCC of Rudnick and Gao, 2003), is a measure of
Sr enrichment or depletion relative to REE having a similar
behavior during partial melting. Sr/Sr” reflects the degree of
weathering of a sample relative to an igneous composition,
as Sr is one of the first elements to be removed from a crys-
talline rock via dissolution of disseminated carbonate
(Jacobsen and Blum, 2000).

The 8’Li values in the glacial diamictites range from
—3.9 to +3.5, and are generally lower than those of
mantle-derived basalts (+3.7 +£2, 20) (Tomascak et al.,
2008). Li concentrations and Li/Al range from 14 to
85 ppm, and from 1.1 to 9.9, respectively. CIA and 8’Li
of the diamictites fall within the range of values observed
in shale and loess (Bouman et al., 2004; Teng et al., 2004;
Chan et al.,, 2006; Qiu et al.,, 2009, 2011; Appendix
Table A6-1), and are distinctly higher and lower, respec-
tively, than those of fresh mantle-derived basalts (Fig. 1).
The relative concentration of Li in the diamictites, as
reflected in the Li/Al ratio (Table 1), overlaps with the
lower range of Li/Al in shales, though all Paleozoic and
some Neoproterozoic (particularly the Chuos and some
Nantuo Formation samples) and Paleoproterozoic diamic-
tites (particularly the Ramsey Lake and the Duitschland
‘DP’ series samples) have high relative Li concentrations.

The 8’Li, CIA and Sr/Sr" in profiles through the top of
diamictite units exposed in fresh road cuts and drill cores
are plotted in Fig. 2; the 8’Li values are mostly lower than
that of upper continental crust (+0.6 + 0.6, 20) (Sauzéat
et al., 2015), indicating a pervasive weathering signature
throughout each of the profiles. Glacial diamictites within
a single outcrop or from the same drill core have similar
8’Li, Li/Al and CIA values but variable Sr/Sr* values.
For example, five samples from a road cut through the
Nantuo Formation in South China show a range of 8’Li
from —1.6 to +0.7, [Li] from 35 to 40 ppm, Li/Al from
2.5 to 3.0 and CIA from 62 to 69, and all of these values
lie with uncertainty of one another. By contrast, the Sr/
Sr* values, which range from 0.16 to 0.29, vary beyond
uncertainty of one another. A drill core through seven
meters of diamictite from the Timeball Hill Formation also
shows overlapping 8’Li and Li/Al values, with slightly
increasing CIA and decreasing Sr/Sr" towards the top of
the unit. Another drill core through a meter thick section
of diamictite from the Duitschland Formation has 8’Li val-
ues that lie within uncertainty of one another but shows
slightly decreasing CIA and Sr/Sr" towards the top of the
unit and variability in Li/Al values (Table 1).

8’Li values do not correlate with CIA (Fig. 1) or nor-
malized Li concentration, but low values of 8'Li can be
accompanied by high CIA and low Sr/Sr* values in some
formations (Table 1). For example, the South African
Mesoarchean glacial diamictites have the lowest average
8’Li and highest average CIA, suggesting intense weather-
ing, and show small variations in 8’Li and Li/Al By con-
trast, Paleoproterozoic diamictites show a significantly
larger range of Li/Al (1.1-9.9) and 8"Li (=2 to +3.5) than
the Mesoarchean samples and their weathering indices cor-
relate with geographic location: South African samples
have lower average &’Li and higher average CIA, and there-
fore a stronger weathering signature than North American

samples. The average 8'Li values of Neoproterozoic and
Paleozoic diamictites are —0.5 + 3.4 (20) and +1.0 + 3.6
(20), respectively, indicating a weaker weathering signal in
these samples. In general, the Archean and Paleoprotero-
zoic samples have lower average &'Li and higher average
CIA than post-Paleoproterozoic samples, suggesting more
intense weathering earlier in Earth history.

The measured (instantaneous) Th/U of diamictite sam-
ples is compared to the average UCC Th/U (3.8, Rudnick
and Gao, 2003) in Fig. 3. All of the Neoproterozoic, most
of the Paleozoic and a subpopulation of the Paleoprotero-
zoic samples have Th/U values higher than the average
UCC. The Pb isotopic systematics of the samples is shown
in Fig. 4 along with the terrestrial Pb growth curve of
Stacey and Kramers (1975) (referred to as the SK curve
below). Most of the Neoproterozoic samples plot in a clus-
ter along the SK curve in 2°’Pb/?*Pb vs. 2°°Pb/?**Pb space,
suggesting a time-integrated U/Pb ratio that is similar to
that of the bulk Earth. Several Neoarchean samples have
relatively nonradiogenic compositions suggesting a low
time integrated U/Pb, which is consistent with their low
measured U/Pb. Some of the Paleozoic samples from the
western portion of the Dwyka Group contain similarly
nonradiogenic Pb, suggesting a mainly Archean prove-
nance, an interpretation consistent with high concentra-
tions of first-row transition metals, and the
Paleoproterozoic to Archean ages of the detrital zircons
they contain (Gaschnig et al., 2014, 2015). Numerous Pale-
oproterozoic samples, mostly those from South Africa,
have extremely radiogenic 2°’Pb/?**Pb and 2°°Pb/***Pb
ratios, requiring very high time-integrated U/Pb. Interest-
ingly, all but one of the samples of the Paleoproterozoic
Makganyene and Duitschland Formations fall along a lin-
ear array corresponding to a Pb—Pb date of 1.94 Ga. Using
the reproducibility of the NBS-981 standard as the uncer-
tainty on the data points yields a well constrained isochron
age of 1.94 £ 0.03 with an MSWD of 0.39. The significance
of this apparent isochron is discussed below. In >°Pb/?°**Pb
vs. 2%Pb/*™Pb space, the SK model forms an essentially
straight line, corresponding to a Th/U of 3.8. Assuming
that each diamictite represents a mixture of crustal material
that originally fell along the SK model, the time-integrated
Th/U for each diamictite sample can be determined by mea-
suring the slope of the line that connects its measured iso-
topic composition to the SK isotopic composition at the
time of its deposition. A comparison of this time integrated
Th/U to the measured Th/U for each sample is shown in
Fig. 5. About half of the Neoproterozoic samples have
time-integrated Th/U values significantly higher than their
present day values, whereas a few Paleoproterozoic,
Neoproterozoic, and Paleozoic samples have moderately
lower time integrated values than their present day values.

6. DISCUSSION

6.1. Chemical and Li isotope evidence for the origin of the
chemical weathering signature in glacial diamictites

The glacial diamictites exhibit pervasive chemical weath-
ering signatures manifested by higher CIA values than
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Fig. 6. Histograms of CIA and Li isotopic compositions (a and b, respectively) for Archean + Paleoproterozoic tillites (blue) and shales (gray;
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marks the average of all of the data in each histogram. The average CIA values of the post-Paleoproterozoic rocks are lower and the 8"Li
values are higher than corresponding data for the Archean + Paleoproterozoic rocks. Diamictite data are from Table 1. Archean shale data
are provided in Appendix Table A6. Post-Paleoproterozoic sedimentary rock data, including loess, shales, clay, and pelite, are from the
references listed in Appendix Table A6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

observed in igneous rocks and significant Sr depletion rela-
tive to average upper continental crust (Gaschnig et al.,
2014). The Li isotopic data obtained in this study are con-
sistent with a ubiquitous chemical weathering signature.
The 8"Li values are systematically lower than those of fresh
MORB (+3.7 + 2, 20, Tomascak et al., 2008. Fig. 1), and
overlap that of average upper continental crust, as sampled
by shales, loess, and granites (Bouman et al., 2004; Teng
et al., 2004; Chan et al., 2006; Manikyamba and Kerrich,
2006; Qiu et al., 2009, 2011; Sauzéat et al., 2015; Appendix
Table A6-1). This isotopically light signature of upper con-
tinental crust has been attributed to the influence of chem-
ical weathering (Teng et al., 2004; Sauzéat et al., 2015).
There are three possible origins of the weathering signa-
ture seen in diamictites: (1) in-situ weathering of the diamic-
tite following deposition (post-depositional weathering), (2)
chemical weathering that occurs during glacial erosion and
sediment transport (syn-depositional weathering), and (3)

inheritance of the weathering signature from the crustal
material that is being eroded by the glaciers (pre-
depositional weathering). These three possibilities are not
mutually exclusive, as weathering may have occurred at
more than one time and in more than one episode. We
use the combined geochemical, lithium and lead isotope
data presented here to evaluate each of these possibilities.

6.1.1. Subaerial post-depositional weathering

Nearly all of the diamictites studied here were deposited
underwater (Appendix Table Al). These submarine depos-
its are generally conformably overlain by other sedimentary
deposits, suggesting that there was little opportunity for
subaerial post-depositional weathering to have occurred.
Furthermore, if subaerial weathering had occurred and
was severe enough, a paleosol would be developed at the
upper boundary of the unit. No paleosols were observed
in any of the glacial diamictites sampled in outcrop or in
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Fig. 7. CIA (upper), 8’Li values (middle) and Th/U (lower) through time. For CIA, 8’Li and Th/U, the diamictite data points are averages
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represents the 8’Li range of fresh MORB (3.7 + 2, 2¢, Tomascak et al., 2008), the range of CIA for basalts (40—45), and the yellow box
represents the range in 8’Li (+0.6 % 0.6, 20, Sauzéat et al., 2015), CIA (5965, 20, Sauzéat et al., 2015) and Th/U of average UCC (3.8-5.8).
Th/U values are from Table 1 in this study, otherwise, see caption to Fig. 6 and Appendix Table A6 for data sources. The Duitschland
diamictites have unusually high Th/U ratios, indicating a provenance that experienced strong oxidative weathering, even though these
diamictites were deposited before the Great Oxidation Event on the basis of their sulfur isotope signatures (see Gaschnig et al., 2014, for
discussion of this). Shales of all periods are shown as gray circles, otherwise, symbols as in Fig. 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

drill cores (see Gaschnig et al., 2014, and Appendix Sr/Sr* decreases towards the surface. However, there is no
Fig. A2). significant change in 8’Li through this section, suggesting
Post-depositional subaerial weathering can also be rec- that the Li signature of the Timeball Hill diamictite was
ognized through the development of a chemical weathering mainly inherited from the provenance of the sediments,
profile within the diamictites, with geochemical evidence of which was also weathered, given the 8’Li values of —1.1
more intense weathering higher in the stratigraphic section to —1.8, minimum CIA of 67 and maximum Sr/Sr” of 0.32.
(e.g., Nesbitt and Young, 1982; Rudnick et al., 2004; Gong In summary, post-depositional weathering appears to
et al., 2013). Profiles through three of the units were taken have played a minimal role in generating the low &’Li,
in order to examine chemical evidence for weathering: the Sr/Sr* and high CIA in the majority of deposits investigated
Neoproterozoic Nantuo Formation, which was sampled here. Only the Paleoproterozoic Timeball Hill Formation
at a decimeter-scale along a fresh road cut, and the Paleo- shows possible evidence of post-depositional weathering,
proterozoic Timeball Hill and Duitschland Formations, and even here this signature was superimposed upon sedi-
which were each sampled in their entirety in drill cores. ments that carried a weathering signature at the time of
Two of these three profiles (i.e., Nantuo and Duitschland their deposition.
Formation) do not show any systematic changes in CIA,
8’Li or Sr/Sr* that would be expected if incipient subaerial 6.1.2. Syn-depositional weathering
weathering had occurred (Fig. 2). By contrast, Timeball To what degree might syn-depositional weathering have
Hill shows changes with depth that are consistent with imparted the weathering signature seen in the glacial

post-depositional chemical weathering: CIA increases, and diamictites? Chemical weathering rates correlate exponen-
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tially with temperature (Walker et al., 1981; Retallack,
1990; White and Blum, 1995). The cold temperatures preva-
lent during glaciations should thus limit syn-depositional
weathering. Absence of chemical weathering during glacial
transport and deposition was documented by Nesbitt and
Young (1996) who observed low CIA values and no appre-
ciable amounts of secondary aluminous phases, such as clay
minerals, in modern glacial sediments from Guys Bight
Basin on Baffin Island. Moreover, the bulk chemical com-
position of the Guys Bight Basin sediments, after suffering
extreme comminution in the glacial environment, differs lit-
tle from that of the source rocks. Minimal syn-depositional
weathering is further supported by the absence of a weath-
ering signature (e.g., low CIA of 47, modest Sr depletion
with Sr/Sr* = 0.66 and 8’Li = +1.8) in modern glaciomar-
ine sediments from the Hudson Straight and off the coast
of Greenland that derive from Archean shields whose rego-
lith had been removed during prior glacial epochs (Fig. 1
and Table 1). We thus conclude that syn-depositional
weathering was likely minimal in the glacial diamictites
we have studied.

6.1.3. Inheritance of the weathering signature from the
provenance

Given the lack of evidence for significant post- and syn-
depositional weathering in these deposits cited above, it
would seem that the high CIA, low 8'Li and low Sr/Sr*
observed in most of the glacial diamictites likely reflects an
intrinsic characteristic of the UCC that was eroded by the
glaciers. In all cases but two (the Paleoproterozoic Bottle
Creek Formation in Wyoming and the modern glacio-
marine sediments from the North Atlantic), the diamictites
show evidence of significant weathering, suggesting that
the glaciers were sampling weathered regolith that existed
at the surface of the Earth at the time of glaciation.

One curiosity is the contrast between the modern glacio-
marine sediments and the ancient deposits. The youngest
glacial sediments analyzed here, which derive from the last
glacial period of the Pleistocene glaciations, show minimal
influence of weathering in their bulk compositions, suggest-
ing that the glaciers traversed largely unweathered igneous
and/or metamorphic rock. This likely reflects removal of
any weathered regolith by preceding Cenozoic glacial
events, with insufficient time for the regolith to be
re-established between glacial periods. The pervasive
weathering signature seen in all older diamictites, save the
Wyoming samples, suggests that Milankovitch-driven gla-
cial cycles occurring over short intervals of tens to 100’s
of thousands of years may be unique to the Cenozoic,
and that the time intervals between possible multiple glacial
periods in pre-Cenozoic ice ages were long enough to pro-
duce a significantly weathered regolith. Certainly, the pres-
ence of a strongly weathered signature in all of the
Neoproterozoic “snowball Earth” glaciations, for example:
the Kaigas (ca. 770-735 Ma), Sturtian (ca. 715-680 Ma)
and Marinoan (ca. 660-635 Ma) episodes, which repeat
over time intervals of ~30 million years (Frimmel et al.,
1996; Allen et al., 2002; Lund et al., 2003; Zhou et al.,
2004; Condon et al., 2005), as well as the Paleoproterozoic
glacial events, suggest that the time interval was long

enough, and that the weathering intensity was great enough
to produce a deep regolith between glacial intervals.

6.2. Evidence from Pb isotopes

If chemical weathering occurs under oxidizing condi-
tions, uranium may be lost to solution, which will increase
the Th/U ratio in the weathered regolith. Nearly all of the
Neoproterozoic and Paleozoic diamictites and the Paleo-
proterozoic Duitschland diamictites have measured Th/U
ratios higher than the average UCC (Rudnick and Gao,
2003; Th/U =3.8) and bulk silicate Earth (McDonough
and Sun, 1995; Th/U = 3.9) (Fig. 3), which is consistent
with other studies that have found high (>4.0) Th/U ratios
in sedimentary rocks postdating the Paleoproterozoic Great
Oxidation Event (e.g., McLennan and Taylor, 1980), and a
parallel decrease in the Th/U in mantle basalts (e.g.,
Collerson and Kamber, 1999), attributable to the preferen-
tial loss of U from the continents during oxidative weather-
ing and its ultimate transport back to the mantle in
subducting oceanic lithosphere. Comparison of measured
Th/U ratio to the time-integrated value derived from Pb
isotopes can be used to infer whether the measured Th/U
ratio was set after deposition (due to post-depositional
weathering) or whether it was inherited from the preexisting
crust that the ice sheets eroded. Note that weathering under
anoxic conditions, such as those expected in the Mesoarch-
ean and at least part of the Paleoproterozoic ice ages, will
not alter the Th/U and therefore cannot be explored using
Pb isotopes unless this weathering occurred in situ hundreds
of millions of years later under oxidizing conditions.

A comparison of the measured and time integrated
Th/U ratios is shown in Fig. 5. About half of the Neopro-
terozoic samples, including those from the Nantuo Forma-
tion (for which a Li isotope profile was measured), show
significantly higher time integrated Th/U ratios than their
measured instantaneous ratios. This is consistent with their
inheriting a high Th/U from the preexisting crust that the
ice sheets eroded and is inconsistent with uranium loss
occurring during post-depositional weathering. The lack
of elevated Th/U in most of the Paleoproterozoic samples
deposited after the GOE is also consistent with their weath-
ering signature having developed either during glaciation
(which is unlikely for the reasons previously stated) or hav-
ing inherited it from the preexisting crust. However, three
out of five of the Duitschland samples, along with several
of the analyzed samples of the Paleozoic Dwyka Group
in South Africa and the two samples analyzed from the
Neoproterozoic Konnarock Formation in Virginia, show
moderately higher measured Th/U ratios than their time-
integrated values. This implies that uranium was lost after
deposition for these samples. Given the lack of paleosols
or other macroscopic signs of post-depositional weathering,
and the lack of correlation between U loss and indicators of
weathering (e.g., CIA, Sr/Sr*, 8’Li, Table 1), we suggest
that the weathering signature was not influenced by the pro-
cess(es) responsible for removing uranium, which may have
been related to post-depositional circulation of oxidized flu-
ids. Moreover, two of the Duitschland samples (one from
each of the two drill cores) fall on the 1:1 line in Fig. 5,
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implying that their high Th/U was inherited from the
provenance of the glacial sediments. These two samples
bracket the 8’Li and CIA values of the formation, indicat-
ing that the weathering signature in the Duitschland
diamictite, which was deposited pre-GOE based on mass-
independent fractionation of sulfur isotopes (Guo et al.,
2009), was inherited from an UCC that had experienced
strongly oxidative weathering.

The apparent Pb—Pb isochron formed by four of the five
Duitschland and all of the Makganyene samples merits spe-
cial comment. If the linear array is indeed an isochron with
an age of 1.94 Ga, it means that both the Makganyene and
Duitschland experienced the same open system behavior
with regards to U and/or Pb some 300 million years after
their deposition. These two stratigraphic units were depos-
ited more than 400 km apart in separate subbasins of the
Transvaal Supergroup, but the slightly younger Timeball
Hill diamictite, which directly overlies the Duitschland
and was sampled from one of the same drill cores, does
not plot on or near the apparent isochron. If the Duitsch-
land and Makganyene Formations experienced a major
episode of metamorphism or fluid circulation at 1.94 Ga
(which is otherwise not known in the local geologic record),
the Timeball Hill Formation should have also experienced
this event. Consequently, a more likely explanation for
the line formed by the Makganyene and Duitschland For-
mations on the Pb isotope plots is that it represents mixing
between a highly radiogenic Pb source and a crustal source
with more typical Pb. These sources would derive from dis-
tinct lithologies that were eroded and mixed during the
glaciation, with the more radiogenic source being a high
U/Pb lithology such as a black shale. In either case, the
interpretation of the time-integrated Th/U for these units
is not affected. If we assume that U was mobilized at 1.94
and calculate a time-integrated Th/U ratio with this date
instead of the depositional age of 2.3 Ga, the mismatch
between the time-integrated and measured Th/U ratios of
the three Duitschland samples is still present, as is the
agreement between the two types of Th/U ratios in the
Makganyene Formation.

In summary, if our conclusions above are correct that
the origin of the weathering signature in the majority of
the glacial diamictites reflects their provenance, then these
deposits provide a window into past weathering conditions
on the continents dating back to the Archean. We now
explore the use of diamictites, coupled with the weathering
signature recorded in other fine-grained clastic sediments to
track the weathering history of the continental crust.

6.3. Continental weathering through time

The glacial diamictites provide a record of the average
weathering intensity of the UCC that the ice sheets sam-
pled. Given that regional influences may dominate (e.g.,
the strong A-type granite signature of the Neoproterozoic
deposits from the Pocatello Formation, Idaho, Gaschnig
et al., 2014), and that weathering intensity is expected to
be a function of geography (greater in the tropics and less
intense towards the poles), it is desirable to obtain samples
from a wide geographic distribution for a given time period

in order to make inferences about how weathering intensity
might have changed through time. For the diamictites,
some glacial intervals yield more widely distributed deposits
than others. For example, the Phanerozoic, Neoprotero-
zoic, and Paleoproterozoic glacial diamictites cover broad
geographic regions, but Archean deposits are confined to
South Africa. To address this concern about geographic
coverage of the diamictites, we also incorporate Li data
for shales and loess in our evaluation.

Both shales and loess sample large geographical areas
and are the products of mixing and homogenizing effects,
allowing them to be used to derive averages of the compo-
sition of the upper continental crust and trace the weather-
ing intensity of the source regions (Taylor et al., 1983a.b;
Gallet et al., 1996; Gallet et al., 1998; Teng et al., 2004;
Hessler and Lowe, 2006; Qiu et al., 2009; Sauzéat et al.,
2015). Loess, wind-blown sediment consisting mainly of
silt-sized particles with a minor amount of clay minerals,
derives from both glacial outwash and desert regions.
Glacial loess particles are produced by mechanical abrasion
by glaciers, thus limiting chemical weathering (Smalley and
Cabrera, 1970; Gallet et al., 1996; Teng et al., 2004). On the
downside, loess deposits are available only in the Pleis-
tocene. By contrast, shales occur throughout most of Earth
history.

New major element and &’Li data for thirty-four
Archean and Paleoproterozoic shales from South Africa
(Appendix Table A6-1), are combined with literature data
for shales and fine-grained terrigenous sediments of all ages
(see Appendix Tables A6-1 and A6-2), and the data for the
glacial diamictites from this study to evaluate the weather-
ing conditions prevalent through Earth history. We group
the samples into the “Archean + Paleoproterozoic” and “
Post-Paleoproterozoic” time periods (Fig. 6). As shown in
Figs. 1 and 6, the shales and glacial diamictites of a given
time period generally show the same weathering intensity
(for example, post-Paleoproterozoic diamictites, shales,
and loess have similar average CIA of 62 + 12 (20), 69
+ 20 (20) and 61 =+ 8 (20), respectively, and 8’Li values of
—0.1 £3.6 (20), +0.5+4.8 (20), and +0.6 4.1 (20),
respectively). One can see that the Archean + Paleoprotero-
zoic samples’ CIA (old group CIA) is skewed to higher val-
ues than that of the Post-Paleoproterozoic group (young
group CIA) (Fig. 6a and c), and the older group also has
slightly lower 8’Li values (Fig. 6b and d).

In order to determine whether the shales, loess and gla-
cial diamictites from a given time period carry similar
weathering signatures and if the weathering intensity has
changed significantly through time, we have run Student’s
t-tests using the trest2.m function in Matlab (while setting
the null hypothesis at the default 5% significant level) on
the available data (see Appendix for details). We first ran
the Student’s 7 test for glacial diamictites and shales (and
loess, where available) for a given time period to determine
whether these data sets carry comparable weathering signa-
tures (Appendix Table A7). The 8’Li t-test results for both
older samples (Archean + Paleoproterozoic) and younger
samples show that glacial diamictites and shales have statis-
tically indistinguishable 3’Li values. But the CIA t-test
results show that shales have a higher average CIA (i.e.,
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76 for old shales and 68 for young shales) than that of gla-
cial diamictites (i.e., 69 for old tillites and 62 for young til-
lites). This result may reflect the fact that far fewer CIA
data exist for glacial diamictites than for shales, or it may
reflect a greater weathering intensity in the shale data (see
Appendix).

We now combine the diamictite and other sedimentary
rock data to determine whether different time periods are
statistically distinguishable in terms of weathering intensity
(Appendix Tables A8 and A9). Although the §’Li values for
the older and younger tillites are statistically indistinguish-
able, their CIA values are statistically distinct, and both
measures of weathering intensity are statistically distinct
between the older and younger shales (Appendix
Table A8). For the combined dataset, both 8’Li and CIA
vary with time, from 3400 to 0.01 Ma (Fig. 7, data sources
in Appendix Tables A6-1 and A6-2). The 8"Li values show
a slight increase from Archean to Phanerozoic, whereas the
CIA values exhibit an obvious and steady decrease over
time, with a combined average of 80 for the Archean, 72
for the Proterozoic (including a decrease within the
Proterozoic from the Paleoproterozoic: 74, Mesoprotero-
zoic: 74, to Neoproterozoic: 68), and 66 in the Phanerozoic.
These trends suggest a decrease in chemical weathering
intensity through time and are consistent with previous
studies. For example, Condie et al. (2001) described a secu-
lar decrease of the CIA of shales through Earth’s history
from an average of ~80 during the Archean, through ~75
in the Proterozoic, to ~70 for average Phanerozoic shales.
Gonzalez-Alvarez and Kerrich (2012) examined the CIA
trend in diverse sedimentary rocks from the Precambrian
and found CIA ~80 to 100 in the Mesoarchean, ~80 to
90 in the Neoarchean, and ~70 to 85 in the Proterozoic.
All of these results suggest more intense weathering of sub-
aerially exposed rocks during the Archean, which is likely
related to climatic conditions.

The nature of Archean climate is ambiguous because of
the dearth of terrigenous sedimentary deposits, and climate
modeling yields different results, ranging from a ‘hot-house’
to a ‘cold-house’. A hot greenhouse has been suggested for
the Archean period, attended by intense rainfall and surface
temperatures as high as ~85 °C (Knauth and Lowe, 2003;
Hessler and Lowe, 2006) due to inferred high Pco, (100-
1000 times higher than modern level) (Walker, 1986;
Kasting and Ackerman, 1986; Kasting, 1987, 1993). How-
ever, high Pco, in the Archean has been questioned by
Rye et al. (1995), who suggested that other greenhouse
gases, in addition to CO,, existed in the Archean atmo-
sphere. Others propose that global warming was facilitated
in the Archean by a muted cosmic ray flux (CRF), which
reduced cloud cover and lowered planetary albedo
(Veizer, 2005; Eyles, 2007). On the other hand, some favor
a cold Archean climate due to the “faint young sun” that
had an output 25-30% lower than that of today (Caldeira
and Kasting, 1992; Zahnle and Sleep, 2002). Kasting and
Howard (2006) proposed a more temperate warm Archean
Earth somewhere between the hot and cold Archean mod-
els. Eyles (2007) questioned the cold Archean model
because of the lack of widespread glacial deposits. Further-
more, a cold Archean climate model is difficult to reconcile

with evidence for intense weathering in the Archean, which
has been suggested in several previous studies
(Wronkiewicz and Condie, 1987; Corcoran and Mueller,
2004; Hessler and Lowe, 2006; Heinrich, 2015) and corrob-
orated here.

Our result is consistent with severe weathering condi-
tions prevailing during the Archean, suggesting warm tem-
peratures and humid, possibly acidic soil conditions.
Weathering is facilitated by warmer surface temperatures
as chemical reaction rates increase exponentially with tem-
perature (Walker et al., 1981; Retallack, 1990; White and
Blum, 1995), allowing more resistant minerals to undergo
hydrolysis (Hessler and Lowe, 2006). Intense and wide-
spread rainfall would have continuously and rapidly lea-
ched the rocks with under-saturated fluids and reinforced
the exponential influence of temperature on weathering
(White and Blum, 1995); high Pco, would have made the
fluids more acidic and thus increased the hydrolytic decom-
position rate of minerals.

While the CIA trend with time is clear in the data for
shales, tillites, and loess, the trend in 8’Li is far from dis-
tinct. The reasons for the limited variability in 8"Li through
time may reflect the changing magnitude of Li isotope frac-
tionation with weathering intensity. In a recent study of Li
in rivers within the Amazon basin, Dellinger et al. (2015)
showed that Li isotopic fractionation between water and
secondary phases is largest at intermediate weathering
intensity (as defined by the ratio of the chemical weathering
rate to denudation rate) and is smallest at the highest (e.g.,
in laterite-dominated terranes) and lowest weathering inten-
sities (e.g., in fresh igneous rock-dominated terranes).
Moreover, Huh et al. (2004) showed that leaching of Li
from basaltic soils in Hawaii varies with the effective cation
exchange capacity, which is low under conditions of heavy
rainfall (as measured by mean annual precipitation) where
the soils are acidified. Thus, high weathering intensity on
the Archean Earth characterized by relatively high temper-
atures, high rainfall and acidic conditions may have led to
less Li retention in the regolith and limited isotopic frac-
tionation, consistent with our observations.

In summary, both &’Li values of shales and CIA values
for tillites, shales and loess show a statistically robust
change through time suggestive of more intense weathering
in the Archean, though the changes in CIA are of greater
magnitude than those of 3’Li. Such changes are consistent
with previous suggestions of a more intense weathering
regime during the Archean (e.g., Fedo et al., 1996;
Sugitani et al., 1996; Corcoran et al., 1998; Donaldson
and de Kemp, 1998; Bhat and Ghosh, 2001; Condie et al.,
2001; Corcoran and Mueller, 2004; Hessler and Lowe,
2006; Heinrich, 2015).

7. CONCLUSIONS

The fine-grained matrix of nearly all sampled glacial
diamictites, from five glacial intervals spanning 2.9 billion
years of Earth history, carry a strong chemical weathering
signature. This signature is mainly inherited from the upper
continental crust over which the glaciers traversed, based
on the lack of chemically or visually recognizable weather-



S. Li et al./ Geochimica et Cosmochimica Acta 176 (2016) 96-117 113

ing horizons and on Pb isotopic systematics. Our data con-
sequently provide insights into the weathering conditions of
ancient continents and weathering intensity through time.
Intense weathering signals are observed in Mesoarchean
and Paleoproterozoic South African glacial diamictites,
but the Mesoarchean glacial diamictites are limited to the
South African region; therefore we cannot be certain if
the intense weathering signature is a regional or global phe-
nomenon. Both strong and weak weathering signatures
were found in Paleoproterozoic South African and North
American diamictites, respectively. Neoproterozoic and
Phanerozoic glacial diamictites record generally weaker
weathering signals compared to Archean and Paleoprotero-
zoic diamictites. The decreasing CIA and slightly increasing
8’Li from the Archean to Phanerozoic recorded in glacial
diamictites, shales and loess reflect decreasing intensity of
chemical weathering through time, consistent with previous
suggestions that high rainfall, high temperature and high
CO, during the Archean may have contributed to a more
aggressive weathering environment.
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