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ARTICLE INFO ABSTRACT
ArtiC{e history: Molybdenum isotopes in twenty-four composites of glacial diamictites spanning depositional ages of 2900
Received 2 June 2019 to 300 Ma show a systematic shift to lighter compositions and a decrease in Mo concentration over
Rece"’e‘; in revised form 5 January 2020 time. The diamictites fall into three age groups relative to the Great Oxidation Event (GOE): pre-GOE
Accepted 8 January 2020 (2.43 - 2.90 Ga), syn-GOE (2.20 — 2.39 Ga), and post-GOE (033 - 0.75 Ga). Pre-GOE composites have

Available online 27 January 2020

Editor: 1. Halevy an average §%Mopist3134 of +0.03%o (+ 0.18%0), syn-GOE composites average —0.29%o (+ 0.60%o), and

post-GOE composites average —0.45%o (+ 0.51%o). These groups are statistically different at p=0.05. We

Keywords: use the pre-GOE data to estimate the average Archean upper continental crust (UCC) §°Mo signature as
molybdenum +0.03 £ 0.18%o (20 ), which falls within the range of previous estimates of modern igneous rocks. As the
great oxidation event diamictites represent a mixture of igneous and weathered crust, the shift to lighter Mo values over time
weathering likely reflects Mo isotope fractionation during oxidative weathering and increased retention of light Mo
isotope fractionation isotopes in weathered regolith and soils. We hypothesize that this fractionation is due to the mobilization

continental crust of oxidized Mo following the GOE, and subsequent adsorption of light Mo onto Fe-Mn oxides and/or

organic matter in weathered regolith. We conclude that Mo isotopes in continental weathering products
record the rise of atmospheric oxygen and onset of oxidative weathering. As the regolith formed under
oxidative conditions is isotopically lighter than average continental igneous rocks, mass balance dictates
that Mo isotope fractionation during oxidative weathering should result in isotopically heavy groundwater
and river water, which is observed in modern systems.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction Event (GOE) (Anbar et al., 2007; Johnson et al., 2019). Alternatively,
Mo may be hosted primarily in volcanic glass or Ti-bearing phases

Molybdenum concentrations and isotope compositions in sed-  jn the UCC (Greaney et al., 2018). A recent study of the residence
imentary rocks are powerful proxies used to infer the oxidation of Mo in the glacial diamictites studied here indicates that molyb-

state of the ancient atmosphere and oceans, due to the redox sen-
sitivity of Mo (Anbar et al., 2007; Barling et al., 2001; Siebert et al.,
2003). Within the unweathered UCC, up to 60% of Mo may reside
in hydrothermal molybdenite (MoS,) (Greaney et al., 2018). There-

fore, a significant fraction of UCC Mo is hosted in a mineral that is UCC via transport in groundwater to rivers and oceans.
susceptible to oxidative weathering following the Great Oxidation Molybdenum is a unique redox proxy because it is not only
sensitive to the presence of O,, but also to the presence of Fe-Mn
oxides and organic matter in the weathering environment. Sed-
: imentary records of molybdenum isotopes can therefore elucidate

E-mail address: greaneyat@ornl.gov (A.T. Greaney). L. . .

T Now at Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, TN the nature of the GOE, as well as its impact in reshaping the terres-
37830. trial biosphere preceding the evolution of eukaryotes and animals.

denite may not have been a significant host of Mo in the UCC prior
to the GOE (Li et al., 2019). In any case, once liberated from its
mineralogical or glassy host and oxidized, Mo is removed from the
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1.1. Mo isotope fractionation during continental weathering

Dissolved Mo in modern rivers is isotopically heavy relative to
the UCC, with a range of §°®Mo between +0.2 and +2.3%onist3134
(Archer and Vance, 2008). Some researchers suggest this offset
from crustal values results from adsorption of light Mo isotopes
onto oxides in soils and river sediments during continental weath-
ering (Archer and Vance, 2008; Pearce et al., 2010). Others propose
that there is no net fractionation during weathering, and that av-
erage riverine values reflect weathering of a source that’s heavier
than average continental crust, e.g., molybdenite (Dahl et al., 2011;
Neubert et al,, 2011). However, molybdenite shows a wide range
of §%Mo values from -1.5 to 2.4%o, with an average of 0.04%o +
1.04 (20') (Breillat et al., 2014), which is similar to average igneous
rocks (Kendall et al., 2017; Willbold and Elliott, 2017).

Recent studies have addressed Mo isotope fractionation during
weathering on several types of bedrock to determine the mag-
nitude of fractionation and the species responsible for inducing
fractionation. Wang et al. (2018) analyzed a saprolite weathering
profile formed on granite and found that Mo isotopes in the soil
are generally lighter than the bedrock. The majority of light Mo in
the soils is associated with Fe-(hyr)-oxides, as opposed to clays and
organic matter, which were also present. This study concluded that
Fe-Mn oxides in soils preferentially retain light Mo, thereby leav-
ing the complementary ground- and river-water isotopically heavy.
Molybdenum isotope fractionation during adsorption onto Fe-Mn
oxides has been well established in natural settings (Barling et al.,
2001; Siebert et al., 2003) and laboratory experiments (Barling and
Anbar, 2004; Goldberg et al., 2009; Wasylenki et al., 2008).

Recent work has also shown that Mo isotopes can be fraction-
ated by adsorption onto organic matter in the same direction and
to the same degree as by adsorption onto Fe-Mn oxides. Organic
matter (OM) retains lighter Mo isotopes with similar fractiona-
tion factors to those oxides, calculated as « = fluid/oxide: humic
acid (organic matter), « = 10017, King et al., 2018; Fe-Mn ox-
ides 1.0004 < o < 1.0027, Goldberg et al, 2009 and Wasylenki
et al,, 2008. In a study of basaltic weathering profiles from Hawaii,
Iceland, and Costa Rica, Siebert et al. (2015) conclude that pro-
cesses other than Mo adsorption onto Fe-Mn oxides (e.g., organic
matter fractionation) may disrupt the expected fractionation due
to adsorption onto oxides. Additionally, King et al. (2016) found
that while Hawaiian soils are typically lighter than the parental
bedrock, there is no correlation between §?® Mo and oxide content
of the soil. Therefore, these authors propose that atmospheric in-
puts and Mo complexation with organic matter may have a more
significant fractionation effect than Mo adsorption onto oxides. A
mass balance for Mo in forest soils shows that organic matter can
retain 40 times more Mo than Fe-Mn oxides (Marks et al., 2015).
Thus, organic matter may be an important host of isotopically light
Mo in the regolith, in addition to Fe-Mn oxides.

1.2. Glacial diamictites record continental weathering

To assess whether Mo isotopes are fractionated during conti-
nental weathering and whether the nature of weathering varies
throughout Earth’s history, we turn to glacial diamictites. V.M.
Goldschmidt first proposed the use of glacial deposits as a means
of obtaining a geochemical average of the UCC. As glaciers move
over the exposed crust, they erode the uppermost weathered re-
golith and un-weathered crust beneath it, generating sediments
that effectively average out large surface areas of the continents.
These sediments are then deposited as “diamictites” on shallow
marine continental margins or in subaerial glacial tills. Assuming
the diamictites are not greatly weathered or altered after deposi-
tion by the glacier, as discussed below, they record the chemical
weathering signature of the UCC at the time of glaciation. These

signatures provide a unique window on studying past interactions
between the atmosphere and upper crust.

Gaschnig et al. (2014) presented data for 122 individual glacial
diamictites from 27 formations that span the last 2.9 billion years
of Earth’s history and Gaschnig et al. (2016) created 24 compos-
ites of the complete sample set by combining multiple diamictite
samples from the same formation. These studies found that the
diamictites show a weathering signature regardless of the age of
the sample. This weathering signature is recorded by Sr loss from
nearly all samples as exhibited by low relative Sr concentrations
(quantified as Sr/Sr* (Sr/Sr*=Sr/(Ce*Pr)%->) and an elevated chemical
index of alteration (CIA). The weathering signature of the diamic-
tites was determined to have been inherited from the source as
there is little to no evidence of post-depositional weathering or
alteration, e.g., formation of paleosols or weathering profiles on
top of the deposits (Gaschnig et al., 2014). Additionally, Li isotopes,
which are strongly fractionated during continental weathering, do
not show systematic changes downward in the diamictite units (Li
et al., 2016). However, the diamictites have undergone low grade
metamorphism, so the current mineralogy may not be reflective of
original deposition. Thus, diamictites provide a geochemical aver-
age of the weathered UCC and can be used to understand chemical
weathering of Archean and Proterozoic crust.

The diamictites also record the rise of atmospheric oxygen.
Gaschnig et al., 2014 also found that Mo and other Redox Sen-
sitive Elements (e.g., V) are notably depleted relative to insoluble
elements in the diamictites that formed after the GOE, suggesting
that Mo was removed due to oxidative weathering. If the conclu-
sions of these prior studies are correct and the behavior of Mo
in the weathered crust is affected by atmospheric chemistry, then
isotope fractionation is likely to occur as well.

In this study, we use these diamictite composites to provide
new, independent constraints on Mo fractionation during continen-
tal weathering and find that Mo isotopes in the weathered crust to
record changes in atmospheric chemistry and/or soil redox over
much of Earth’s history. These composites have been analyzed for
major and trace elements and oxygen isotopes (Gaschnig et al.,
2016), Li isotopes to assess the presence of secondary alteration
(Li et al,, 2016), and several other stable isotopes. The composites
are analyzed here for Mo isotopes and total organic carbon (TOC)
to determine the effect of Mo complexation with organic matter
on overall Mo isotope fractionation during weathering. The sam-
ples span four modern continents and range in age from 2900 to
300 Ma, and record the weathering signature at the time of glacia-
tion (Gaschnig et al., 2014, 2016).

2. Methods

Twenty four diamictite composites were created by Gaschnig
et al. (2016) from the complete sample set analyzed in Gaschnig
et al. (2014). These composites were made by separating the fine-
grained diamictite matrix from each individual sample, powdering
it, and mixing with powdered matrix material from other diamic-
tite samples from the same formation. To prevent contamination
of trace metals, initial removal of the diamictite clasts from the
matrix was accomplished by hammering the rock between thick
plastic sheets and separating matrix from clasts by hand; powder-
ing of the matrix was undertaken using a ceramic jaw crusher and
disk mill (Gaschnig et al., 2014).

Molybdenum isotope data were collected at the W.M. Keck Lab-
oratory for Environmental Biogeochemistry at Arizona State Uni-
versity using the double spike method presented in Romaniello
et al. (2016). Sample aliquots containing 75 ng of Mo (between 30
and 300 mg of sample powder) were ashed at 550°C in a furnace
overnight to remove organics. Powders were transferred to Savillex
beakers and dissolved on a hotplate using a mixture of 5 mL of
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Table 1

Mo isotope and select major and trace element data for the diamictite composites. All major and trace ele-
ment data can be found in Gaschnig et al. (2016). See supplementary table S1 for references on the age and

geologic setting on the diamictites.

Sample Country Age Relative ~ §%Mo  2SD  TOC Mo
(Ma')  GOE (%0) (wt%)  (ppm)
Mozaan Group S. Africa 2965 pre 0.04 0.04 0.06 0.884
Afrikander Frm S. Africa 2960 pre 0.16 010 0.03 0.471
Coronation Frm S. Africa 2960 pre -0.02 0.04 0.08 297
Promise Frm S. Africa 2960 pre -0.05 0.04 0.08 0.774
Ramsay Lake Frm  Canada (Ontario) 2436 pre -0.07 0.04 007 2.29
Makganyene Frm S. Africa 2436 pre 0.10 004 015 1.04
Bruce Frm Canada (Ontario) 2380 syn -0.21 0.04 0.05 1.46
Duitschland Frm S. Africa 2380 syn -0.80 0.06 012 0.547
Gowganda Frm Canada (Ontario) 2350 syn -0.15 0.05 0.06 178
Bottle Creek Frm USA (Wyoming) 2275 syn -0.28 0.05 0.05 0.578
Timeball Hill FFm  S. Africa 2250 syn -0.01 0.04 015 13
Kaigas Frm Namibia 755 post -0.20 0.04 0.08 1.01
Konnarock Frm USA (Virginia) 665 post -0.65 0.04 0.05 0.478
Gaskiers Frm Canada (Newfoundland) 580 post -0.57 0.04 0.06 0.559
Pocatello Frm USA (Idaho) 685 post -0.45 0.04 0.07 117
Nantuo Frm China (Hubei) 645 post -0.75 0.11 0.09 0.317
Gucheng Frm China (Hubei) 680 post -0.72 0.07 0.19 0.332
Blaubeker Frm Namibia 693 post -0.36 0.04 0.05 0.49
Chuos Frm Namibia 690 post -0.52 004 011 0.614
Numees Frm Namibia 650 post -0.27 0.04 010 0.425
Ghaub Frm Namibia 635 post -0.05 0.06 011 0.463
Bolivia Group Bolivia 315 post -0.19 004 026 0.239
Dwyka East S. Africa & Namibia 300 post -0.27 004 015 0.73
Dwyka West S. Africa & Namibia 300 post -0.89 0.04 031 2.88

" Ages are averages of min and max dates provided by references, therefore should not be considered ex-
act. Syn-GOE ages are estimated based on published ages and stratigraphic constraints relative to oxidatve

weathering signature (see Gumsley et al., 2017).
T From Gaschnig et al. (2016).

concentrated HNO3; and between 1 and 2 mL of concentrated HF,
depending on the silica content of the samples. Immediately prior
to dissolution, a °’Mo-1%°Mo double spike was added to the pow-
ders to produce a constant 2:1 ratio between the double-spike and
sample-derived Mo (Mo concentrations taken from Gaschnig et al.,
2016). After two days of hot plate dissolution, the solutions were
evaporated to near-dryness and re-fluxed twice overnight in 1 mL
of concentrated HCl to produce a clear solution free of precipitates.
Finally, the samples were dried down and brought up in 1 mL of
6M HCI for column chemistry.

Mo was purified from the sample matrix using a combination
of anion and cation exchange chromatography. For the anion col-
umn method, 2 mL of cleaned Biorad AG1X-8 anion exchange resin
were loaded into the columns and rinsed with 10 mL of 1 M HCL
Twenty mL of 6 M HCl was run through the columns for equili-
bration, the samples (in 6M HCl) were loaded, and the sample was
rinsed repeatedly with 6M HCl. Sample elution was achieved us-
ing repeated aliquots of increasing volumes of 1 M HCI, from 0.5
mL up to 10 mL. The eluent was dried down and brought up in
6 M HCI and the anion column chemistry was repeated a second
time. After the second round, samples were brought up in 0.5 M
HCl. Biorad AG50WX-8 cation exchange resin was used for cation
column chemistry. Two mLs of resin were loaded into the column
then cleaned and equilibrated overnight in 10 mL of 0.5 M HCL
Afterwards, 10 mL of 0.5 M HCl + 0.01% H,0, were added to the
columns in order to keep Mo oxidized. The samples were loaded
into the columns and Mo was eluted with repeated volumes of 0.5
M HCI + 0.01% Hy0; from 0.5 mL up to 10 mL. The final eluate was
dried down and samples were refluxed in 1 mL of concentrated
HNO3 + 200 pL of H»0, twice to oxidize any remaining organic
residue. Finally, the samples were dried down and brought up in
3 mL of 2% HNOj3 for analysis. These methods were developed by
Barling et al. (2001), Duan et al. (2010), G. Gordon in Goldberg
et al. (2013), Romaniello et al. (2016) and additional references
therein.

The isotopes °1Zr, ®2Mo, Mo, Mo, *"Mo, %Mo, *°Ru, and
100\Mo were measured on the Thermo-Neptune Multi-collector ICP-
MS on three sample aliquots of ~25 ng Mo. Mass-99 was moni-
tored to check for high organic content that could interfere with
Mo measurements (Goldberg et al., 2013). A double spike in-
version was performed using an in-house MATLAB script at ASU
which uses non-linear least squares optimization to simultaneously
solve for the spike-sample ratio, instrument mass bias, and iso-
topic fractionation of the samples. Mo isotope data are reported as:
§%Mo = 1000*[(% Mo/ Mogampie )/(PMo/9Mogtandara)-1] relative
to the isotopic composition of NIST 3134 Mo standard (Table 1).
The USGS shale SDO-1 was analyzed as a secondary standard and
yielded a value of 0.79% (£0.03 20), in excellent agreement with
published values (Goldberg et al., 2013). Additionally, the USGS
rhyolite RGM-1 was run as a secondary standard and produced a
value of +0.3%o (+0.01 20). Internal run precision and long-term
precision are both around 0.04%..

Organic C measurements were made at the University of Mary-
land. The samples were repeatedly washed in 3M HCl and then
Millipore 182 water to remove carbonate C and bring the sam-
ple to near neutral pH, respectively. The samples were then dried
in an oven at 80°C for two days. Aliquots of between 5 and 15
mg of sample were loaded in tin cups, then combusted and an-
alyzed using an Eurovector element analyzer. Carbon abundances
of the aliquots were determined against a urea standard and TOC
abundance (wt%) for whole rock sample was calculated using the
proportion of carbonate removed during acid washing.

3. Results

The diamictite samples are divided into three groups based
on their stratigraphic ages: diamictites deposited before the GOE
(“pre-GOE”, 2430 - 2900 Ma), those deposited during or just af-
ter the GOE (“syn-GOE”, 2200 - 2380 Ma), and those deposited
significantly after the GOE in the Neoproterozoic/Phanerozoic (la-
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Fig. 1. §%¥Mo and Mo/Pr of the glacial diamictites plotted as a function of deposi-
tional age. Error bars on 1A represent in-run precision (20 ), which is similar to the
long-term precision. Error bars on 1B are within the data point.

belled “post-GOE”, 300 - 755 Ma) (age references can be found in
the supplementary table; many stratigraphic constraints are taken
from Gumsley et al., 2017). The pre-GOE samples have an aver-
age %Mo signature of +0.03 + 0.18 %o (20). The syn-GOE sam-
ples (average —0.29 & 0.60%o) and the post-GOE samples (average
—0.45 + 0.51%0) are isotopically lighter than the pre-GOE sam-
ples (Fig. 1A). The Mo/Pr ratio can be used to track the behavior of
Mo during weathering relative to Pr, as the two elements generally
behave similarly during igneous processes (Gaschnig et al., 2014).
Therefore, a change in Mo/Pr of the diamictite composites suggests
that Mo is decoupled from Pr during weathering. As the §%¢Mo of
the diamictites decreases over time, the Mo/Pr ratio decreases from
an average of 0.28 £ 0.18 20 (pre-GOE) to 0.17 £ 0.19 (syn-GOE)
and finally to an average of 0.10 £ 0.29 in the post-GOE sam-
ples (Fig. 1B). The large post-GOE error reflects the outlier sample,
West Dwyka. The decreasing Mo/Pr ratio results from a decreas-
ing average [Mo] over time (pre-GOE = 1.4 ppm, syn-GOE = 1.1
ppm, post-GOE = 0.75 ppm) as well as an increase in Pr over time.
While these absolute concentrations may be diluted by the pres-
ence of quartz in the diamictite matrix, a decrease in Mo/Pr ratios
can be used to infer Mo loss. An ANOVA test reveals that there
is a statistically significant difference between the §°Mo and the
Mo/Pr ratio of the three populations at p=0.05. The Mo/Pr ratio is
positively correlated with the §°®Mo value of the diamictites such
that the isotopically light diamictites also show the greatest Mo
depletion (Fig. 2).

The TOC data are presented in Table 1 and Figure S3 in the
supplementary material. All TOC values are very low (< 0.3 wt%)
and there is no clear trend between TOC abundance and §%8Mo for
the diamictites.

4. Discussion
We present the first temporally constrained §°Mo values of the

weathered UCC, which record the onset of oxidative weathering
and potentially the growth of biomass on land. The glaciers that
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Fig. 2. Plot of Mo/Pr ratio versus §°*Mo. Average MORB [Mo]: Jenner and O'Neill
(2012); Average MORB §%Mo: Bezard et al. (2016); Liang et al. (2017). Average
UCC [Mo]: Rudnick and Gao (2013), Average UCC §%Mo: average pre-GOE value.

created these tills sampled both unweathered igneous/metamor-
phic rock and weathered regolith. Therefore, the glacial diamictites
contain two main geochemical signals. The first is a “primary”
crustal evolution signature that records the transition of the con-
tinental crust from predominant mafic to felsic lithologies from
the Late Archean and Proterozoic (Taylor and McLennan, 1985;
Condie, 1993; Gaschnig et al., 2016). Overprinted on this primary
signature is a secondary chemical weathering signature, which is
reflected in Sr loss, elevated chemical index of alteration, and low
87Li (Gaschnig et al., 2016; Li et al., 2016). Therefore, the tempo-
ral §%Mo trend observed in the diamictites could result from two
processes: 1) isotope fractionation generated during crustal differ-
entiation as the UCC evolves from mafic to felsic, and/or 2) isotope
fractionation induced during weathering/removal of Mo from the
UCC.

4.1. Fractionation during crustal differentiation and compositional
evolution

The “syn-" and “post-GOE” diamictites are isotopically lighter
and have a lower Mo/Pr than the pre-GOE diamictites. While these
observations could reflect a shift in the geochemistry of the “pri-
mary” igneous crust as it evolved from a more mafic to a more
felsic composition, we explain below that this is likely not the case.

The §%8Mo signature of the modern un-weathered UCC is sur-
prisingly difficult to pin down. Upper crustal igneous rocks and
molybdenite grains display a wide range of §°®Mo values, encom-
passing almost the entire range of fractionation seen in river and
marine environments (Breillat et al., 2014). Archean komatiites
(average §%¥Mo = —0.21 + 0.28%0 20; Greber et al. (2015) and
peridotites (-0.22 + 0.06%o 20 ; Liang et al., 2017) are isotopically
lighter than mafic to felsic igneous rocks. Felsic igneous rocks vary
from —0.35%0 to +0.59%0 (Freymuth et al., 2016; Voegelin et al.,
2014; Yang et al., 2017; 2015), excluding samples affected by hy-
drothermal activity, while MORB (average —0.09 + 0.02%. 20 ) and
OIB (average —0.14 + 0.06%. 20') tend to be relatively lighter than
most felsic igneous rocks (Bezard et al., 2016; Liang et al., 2017).
While no Mo isotope fractionation was observed by Yang et al.
(2015) during igneous differentiation in an anhydrous intraplate
setting, isotopic fractionation is proposed to occur in subduction
zones due to crystallization of Mo-bearing minerals, which leaves
arc magmas - therefore the UCC - isotopically heavier than mafic
and ultramafic rocks (Voegelin et al., 2014; Konig et al., 2016;
Wille et al., 2018). Estimates for the average modern igneous UCC
range between +0.05%0 and +0.15%. (Voegelin et al., 2014; Yang
et al,, 2017; Willbold and Elliott, 2017).
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Fig. 3. Results of the Rayleigh fractionation and mixing models are shown with colored lines. Endmember fractionation factors from Goldberg et al. (2009) are used, rep-
resenting Mo adsorption to magnetite (o« = 1.0006), organic matter (o« = 1.0017), and birnessite (¢ = 1.0024). A range of proportions of Mo derived from the regolith are
denoted as % Reg-Mo. Following Liu et al. (2013), the results of the model are plotted against 1/[Mo/Pr]norm, i.e. 1/F.

Because arc magmas can be significantly isotopically heavier
than the mantle and MORB (Kénig et al., 2016; Wille et al., 2018),
we would expect the evolution from a more mafic to more fel-
sic continental crust to shift the UCC to heavier values with time.
However, the secular trend recorded in the diamictites shows the
opposite. The pre-GOE diamictites fall within the range of average
modern continental igneous rocks, while the younger samples are
isotopically lighter. Therefore, we conclude that the trend to lighter
isotope values over time as recorded in the diamictites is not a
product of igneous differentiation and the compositional evolution
of the “primary” UCC.

4.2. Fractionation due to oxidative weathering and Mo retention in soils

The decrease in the §°®Mo values of the UCC with time is best
explained by increased fractionation during oxidative weathering
and subsequent Mo retention in soils. Today, molybdenum is re-
moved from the exposed upper crust during oxidative weathering,
and transported in solution to rivers and eventually oceans, re-
sulting in authigenic Mo enrichments in marine sediments (Miller
et al., 2011). Marine sediments enriched in Mo above UCC val-
ues (~1.1 ppm: Rudnick and Gao, 2013) appear in the rock record
around the time of the GOE, suggesting there was limited oxidative
weathering and Mo removal from the UCC before the GOE (Anbar
et al., 2007; Scott et al., 2008; Wille et al., 2013). Complementary
to the marine record, the diamictites record Mo loss from the UCC
just after the GOE (Gaschnig et al., 2014), providing independent
evidence for the hypothesis that Mo is transported from the UCC
to oceans during oxidative weathering. As oxidative weathering in-
creased after the GOE and Neoproterozoic Oxidation Event (NOE,
~550 Ma), more oxidized Mo was available for fractionation in the
weathering environment, consistent with the secular §°®Mo trend
of the diamictites. Because Mo is not strongly depleted from the
UCC relative to Pr before the GOE (Gaschnig et al., 2014), we can
conclude that these samples represent “primary” igneous crust and
the §%8Mo value of Archean UCC is +0.03%o (£0.18). This is within
error of modern estimates of the UCC (see previous section).

Fractionation of Mo isotopes by adsorption on Fe-Mn oxides
and organic matter has been proposed to explain the heavy river-
ine and seawater §°Mo signature (Archer and Vance, 2008; Siebert
et al,, 2003), and we show here that this in-situ fractionation is ob-
served in the continental record beginning at the time of the GOE.
Molybdenum isotope fractionation during weathering likely occurs
by selective adsorption of isotopically light Mo onto Fe-Mn oxides
or organic matter (OM) in the weathering profile. Fractionation
between oxides and organic matter has been determined empiri-

cally and reported in multiple laboratory studies where isotopically
light Mo is adsorbed by oxides or organic matter, while the Mo
that remains in solution is relatively heavy (Barling et al., 2001;
Barling and Anbar, 2004; Wasylenki et al., 2008; Goldberg et al.,
2009; King et al., 2018). Experimental fractionation factors have
been derived for the Mn-oxide birnessite (Wasylenki et al., 2008),
the Fe-oxides hematite, magnetite, ferrihydrite, and goethite (Gold-
berg et al., 2009), and humic acid (King et al., 2018). We use these
experimentally-derived fractionation factors to model the observed
isotope fractionation in the diamictites.

4.2.1. Modeling the data

Rayleigh fractionation modelling was used to investigate
whether incorporation of light Mo onto Fe-Mn oxides and/or or-
ganic matter in regolith can explain the isotopically light Mo
observed in the diamictites. To build the model, we assume that
all initial Mo is derived from igneous bedrock and that fraction-
ation occurs in an oxidized weathering environment as aqueous
Mo partitions between fluid that removes Mo from the system
(e.g., groundwater) and oxides and/or organic matter that form
in the weathered regolith. Dissociation and protonation of MoO3~
to MoO3 or MoO3(H,0);3 and subsequent adsorption to regolith-
bound oxides or organic matter incorporates light Mo (Tossell,
2005; Wasylenki et al., 2008), resulting in the removal of isotopi-
cally heavy Mo in groundwater. Here the oxides/organic matter
that sequester Mo are termed “regolith” as we assume that all Mo
retained in the weathered regolith is adsorbed to these phases.
Following the calculations of Liu et al. (2013) and Rudnick et al.
(2004), isotope fractionation is modeled using equation (1) where
o is the experimentally determined fractionation factor (fluid/min-
eral) and F represents the fraction of Mo retained in the regolith
(Fig. 3).

8% Moregolith = (8% Mopedrock + 1000)  F*~1 —1000 (1)

Fractionation factors derived from experimental work range from
1.0006 (magnetite - fluid fractionation; Goldberg et al., 2009) to
1.0024 (birnessite — fluid fractionation; Wasylenki et al., 2008)
which encompasses the range of fractionation observed from ad-
sorption onto organic matter (1.0017; King et al., 2018). Following
Liu et al. (2013), we visualize the results of the Rayleigh model
against the inverse of a normalized Mo/Pr ratio where Mo/Prporm =
Mo/Prgjamictite/MO/Prpedrock, OF in other words, 1/F (Fig. 3, Fig. S1).
As we do not know the isotopic composition of the bedrock
lithologies that were weathered and incorporated into the diamic-
tites, we assume a starting igneous bedrock value of 0.03%¢ and a
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starting Mo/Pr ratio of 0.28, which are the pre-GOE averages of di-
amictites that have not lost and fractionated Mo. This calculation
gives the §?8Mo signature of the weathered regolith that contains
Mo adsorbed to oxides and/or organic matter, assuming complete
Mo mobilization from the UCC.

As the diamictites are likely a mixture of weathered regolith
and un-weathered, un-fractionated bedrock, the results of the
Rayleigh equation alone are a poor fit to the diamictite data
(Supplementary Figure S1). The diamictites likely sampled vari-
able amounts of unweathered bedrock which would dilute the
expected Mo isotope signature induced by weathering. To account
for variable amounts of un-weathered bedrock incorporated into
the diamictites, we include unfractionated igneous bedrock (5% Mo
= 0.03, Mo/Pr = 0.28) in a mixing model (equation (2)) where X
indicates the proportion of regolith and bedrock, summing to one.
We vary these proportions to generate curves that match the di-
amictite data (Fig. 3).

598IVIOdiamictite = (598M0regolith> * Xregolith + (0.03%0) * Xpedrock
(2)

Here the results of the Rayleigh equation (§%Moyegoitn) are
used to calculate the expected diamictite isotope signature. The
results of this mixing model support the observations in the di-
amictites (Fig. 3) which suggests that the syn- and post-GOE di-
amictites are mixtures of weathered regolith with fractionated Mo
and un-weathered bedrock.

We can use the chemical index of alteration (CIA) to esti-
mate the proportion of bedrock to regolith and confirm that vari-
able proportions are present in these diamictites, as suggested by
the results of the modeling equations. If we assume that granitic
bedrock has a CIA of 52 and highly weathered regolith has a
CIA of 90 (calculated from saprolites from Rudnick et al., 2004),
we can build a mixing model (Eq. (3)), where X = proportion of
bedrock, solved for in the equation. Using the chemical composi-
tion of multiple rocks to calculate the CIA of a mixture of those
two lithologies results in a mixing line that is not purely linear
(see supplementary Figure S2), however it is close enough that we
can use the following equation to model mixing.

CIA =X (52) + (1 — X)(90) (3)

The results of this calculation show that the syn- and post-
GOE samples contain highly variable proportions of bedrock to
regolith (between 5 and 79% weathered regolith) (Table 2, Fig. 4).
These variable mixtures of bedrock to regolith partially explain the
spread observed in the §°®Mo and Mo, data as well as the appar-
ent outliers like the Duitschland diamictite (Fig. 1A), which has a
very high proportion of weathered regolith relative to the other
syn-GOE samples (Fig. 4). This sample may, thus, provide a more
accurate record of the §%8Mo signature of soils and sediment at
the time of the GOE, while the other syn-GOE diamictites have
a 8%8Mo signature that has been diluted by isotopically heavier
bedrock. The syn-GOE Duitschland diamictite can be compared to
the pre-GOE Makganyene diamictite. Both contain similarly high
proportions of weathered material, yet show very different §°®Mo
values. The A%Mo between the two samples is 0.90%o, suggest-
ing that the onset of oxidative weathering at ~2.4 Ga strongly
fractionated Mo isotopes in the younger Duitschland sample. The
degree of fractionation recorded by the syn-GOE Duitschland di-
amictite resembles that of more modern 300 Ma diamictites. These
data may suggest that although oxygen levels are thought to have
been low throughout the Proterozoic, a spike of atmospheric oxy-
gen similar to levels recorded on a more modern Earth may have
existed to strongly fractionate Mo isotopes at ~2.4 Ga (Lyons et al.,

Table 2

Results of “un-mixing” calculation using the CIA of each diamic-

tite.
Sample age CIA  proportion

Rel-GOE % bedrock % regolith

Mozaan pre 74 42 58
Afrkiander pre 77 34 66
Coronation pre 78 32 68
Promise pre 75 39 61
Ramsay Lake pre 67 61 39
Makganyene pre 89 3 97
Bruce syn 61 76 24
Duitschland syn 82 21 79
Gowganda syn 57 87 13
Bottle Creek syn 58 84 16
Timeball syn 66 63 37
Kaigas post 57 87 13
Konnarock syn 56 89 11
Gaskiers post 57 87 13
Pocatello post 66 63 37
Nantuo post 65 66 34
Gucheng post 67 61 39
Blaubeker post 59 82 18
Chuos post 58 84 16
Numees post 54 95 5
Ghaub post 64 68 32
Bolivia post 70 53 47
Dwyka East post 56 89 11
Dwyka West post 65 66 34

2014). Alternatively, this could reflect that at the start of the GOE,
there was a larger proportion of oxidizable material at the Earth’s
surface that quickly weathered to release more Mo than later
stages of the GOE.

4.3. Other oxidative weathering signatures

Of the entire trace element suite measured in the diamictites
by Gaschnig et al. (2016), negative correlations are observed for
5%Mo vs. [Ba] and Mo vs. Th/U (R* = 0.75, excluding Duitsch-
land and West Dywka as outliers and R = 0.63, excluding West
Dwyka, respectively) in the diamictites (Fig. 5). While these corre-
lations may reflect changing UCC composition, we suggest instead
that may also be influenced by oxidative weathering resulting from
changing atmospheric conditions at the time of the GOE. The cor-
relation between Th/U and §%®Mo shows that post-GOE and syn-
GOE samples are isotopically lighter and have a higher Th/U than
pre-GOE samples. As U is oxidized to its hexavalent state, it be-
comes soluble, like Mo. Therefore, an increase in Th/U over time
may suggest U is being removed from the continents as soluble
US+. This is supported by U enrichments observed in black shales
over time (Partin et al., 2013).

The negative correlation observed between §°Mo and Ba may
also be explained by a change in atmosphere composition, in ad-
dition to a changing UCC composition. Widespread stabilization
of barite (BaSOi’) in sediments may have caused an increase in
the Ba concentration of weathered regolith sampled by diamictites
over time, due to the increase abundance of oxidized sulfur in the
form of sulfate (Canfield, 2005). We conclude that the inverse cor-
relations of Th/U and Ba concentrations with §°Mo are a result
of both changing UCC composition and increased O levels, which
preferentially removed U%* from UCC, and retained Ba in sulfate
deposits following the GOE.

4.4. The role of Fe-Mn oxides and organic matter

Given our data and the results of the Rayleigh fractionation
modeling, we conclude that Mo isotopes in the diamictites record
the onset of oxidative weathering at the time of the GOE, as oxy-
gen is needed to liberate Mo from the crust. We cannot confidently
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Fig. 4. Calculated proportions of weathered regolith and unweathered bedrock in the diamictites. Results were obtained using a mixing model between a “weathered”
endmember with a theoretical CIA of 90 and an “unweathered” endmember with a theoretical CIA of 52.
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Fig. 5. Correlations between §%Mo, Th/U and Ba.

determine whether Fe-Mn oxides or organic matter are the dom-
inant phase that incorporates light Mo isotopes in the regolith,
because low grade metamorphism has overprinted the original
mineralogy of the samples. However, it is very likely that oxida-
tive continental weathering results in Mo isotope fractionation due
to adsorption on to one or both of these phases. There is a slightly
more robust relationship between §?®Mo and Fe;03 and MnO than
between %Mo and organic matter (supplementary figures S3 and
S4), suggesting that Fe-Mn oxides may play a stronger role in long-
term retention of light Mo in weathered regolith. The presence
of Fe-Mn oxides in soils is, in itself, an oxidative weathering sig-
nature, as these phases are not expected to be stable under an
anoxic atmosphere (Murakami et al., 2011). Therefore, the corre-
lation between the stabilization of oxides in soils after the GOE
and the onset of Mo isotope fractionation during weathering is ex-
pected.

If Mo adsorption onto organic matter is an important isotope-
fractionating mechanism, then the diamictites may also record an
increase in continental biomass in addition to oxidative mobiliza-
tion of Mo. The shift to lower §°®Mo in the syn-GOE diamictites
could therefore represent a slight increase in continental biomass
following the GOE. This may have contributed to low atmospheric
oxygen levels in the Proterozoic (Kump, 2013).

4.5. Implications for §% Mo of river water through time

We show here that post-GOE weathered continental crust is
isotopically light, with respect to Mo, and provides a complemen-
tary reservoir for modern rivers that are isotopically heavy relative
to the UCC (Archer and Vance, 2008). Some researchers attribute
this to adsorption of light Mo isotopes onto oxides in regolith dur-
ing continental weathering (Archer and Vance, 2008; Pearce et al.,
2010), while others propose that heavy riverine values instead re-
flect weathering of a source that’s heavier than average continental
crust, such as molybdenite (Dahl et al., 2011; Neubert et al., 2011).
The temporal trend of the UCC, as recorded by diamictites, is a
mirror image of that of marine shales (Fig. 6) suggesting that mass
balance is maintained over time. Thus, we hypothesize that the
Mo isotope signature of Archean rivers was likely indistinguish-
able from Archean crust. Archean rivers likely would have been
nearly devoid of Mo without oxidative weathering to liberate it
from molybdenite in the crust. However, some Mo may have been
released from weathering of basaltic or rhyolitic glass (Greaney
et al,, 2018) or other Mo bearing phases that weather congruently
under an anoxic atmosphere. Liberation of small amounts of Mo
and the lack of Fe,Mn-oxides or organic matter in pre-GOE soils
(Murakami et al., 2011) would have resulted in an Archean river-
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Fig. 6. Marine shales and sediments in yellow diamonds show the complementary
signature to the weathered upper crust as represented by the diamictites. The aver-
age 898 Mo value for each shale group is presented in the larger diamond. References
for the shale data can be found in the supplementary material. (For interpretation
of the colors in the figure(s), the reader is referred to the web version of this arti-
cle.)

ine Mo isotopic signature identical to that of the Archean crust
(~0.03%0). This inference is further supported by pre-GOE marine
shales that show a similar Mo isotopic signature, within error (av-
erage 5°8Mo = +0.18 £ 0.22 %), to the pre-GOE diamictites and
estimates of the igneous crust (Fig. 6). If this hypothesis is true,
it would have implications for evaluating Mo isotope fractionation
observed in marine basins at this time, however further studies are
needed to test this idea.

5. Conclusions

A secular change in §%Mo of the weathered UCC is observed
in glacial diamictites that were deposited between 2900 and 300
Ma. The §%8Mo signature of the diamictites that formed before the
GOE (average +0.03%0) is similar to the range that encompasses
continental igneous rocks while the diamictites that formed during
and after the GOE (average —0.29%c and —0.45%, respectively) are
significantly lighter. We use the pre-GOE data to establish that the
§%8Mo signature of the “primary” Archean continental crust, before
undergoing Mo removal and fractionation via oxidative weathering,
is +0.03%o. The shift in Mo isotopes to lighter values after the GOE
is due to fractionation during oxidative weathering, as isotopically
light Mo is adsorbed onto authigenic/residual Fe-Mn oxides or or-
ganic matter in soils and sediment. Therefore, we conclude that Mo
isotopes in diamictites reliably record Earth’s surface oxygenation,
including near-modern pO; at 2.4 Ga, as evidenced by the Duistch-
land diamictite. Finally, mass balance modeling suggests that the
UCC is the complementary reservoir to Mo in rivers and oceans, in-
dependently verifying the isotopically heavy nature of Mo sources
to the ocean through time.
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