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1  | INTRODUC TION

In the past two decades, a number of works have discussed the sec-
ular evolution of O isotopes in zircon (Kirkland et al., 2010; Payne 
et al., 2015; Spencer et al., 2014; Valley et al., 2005). The O isotope 
ratio (18O/16O) of a melt is sensitive to the incorporation of supra-
crustal material (Valley et al., 1994). Zircon preserves the most robust 

record of the O isotopic composition of its parental magma due to 
its slow O diffusion rate (Valley et al., 1994). Igneous zircon in high- 
temperature equilibrium with the mantle has homogenous δ18O val-
ues averaging 5.3 ± 0.6‰ (Page et al., 2007). Supracrustal material, in 
contrast, has a wide range of δ18O values with most reservoirs being 
elevated in δ18O relative to the mantle (Eiler, 2001). Hence, assimi-
lation of supracrustal material generally results in magmatic zircon 
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Abstract
The Archean- Proterozoic transition heralded a number of fundamental changes on 
Earth, including the oxygenation of the atmosphere, a marked emergence of conti-
nents above sea- level, and an increase in δ18O of felsic magmas. The potential drivers 
for the latter are changes in the composition of supracrustal material or increased 
crustal reworking. Although the onset of subduction- induced continental collision 
and associated enhanced crustal recycling could produce high- δ18O felsic magmas, 
temporally constrained zircon δ18O reveals an increase in δ18O at ~2.35 Ga that pre-
dates the oldest widely recognized supercontinent. In this work, we use the O and 
Hf isotope ratios of magmatic zircon crystals in Archean and Proterozoic sediment- 
derived granitoids of the North China Craton to track the incorporation of supracrus-
tal material into magmas. The results are consistent with a Paleoproterozoic increase 
of continental freeboard producing sedimentary reservoirs with comparatively el-
evated δ18O that subsequently partially melted to generate the granitoids.
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with higher δ18O relative to zircon in equilibrium with the mantle. 
Archean zircon has uniform δ18O values averaging 5.8 ± 1.0‰ (1σ, 
n = 2,644), whereas post- Archean zircon δ18O is more variable and 
on average higher (6.8 ± 1.8‰; 1σ, n = 13,314) (Spencer et al., 2014; 
Valley et al., 2005). Statistical change- point analysis of 2.8– 1.9 Ga 
detrital zircon data (n = 452) suggest that the initial rise in average 
zircon δ18O occurred at ~2.35 Ga (Spencer et al., 2019). One way to 
achieve higher δ18O felsic magmas is through enhanced assimilation 
of supracrustal material (Kirkland et al., 2010; Spencer et al., 2014) 
driven by a change in the geodynamic regime (i.e. the onset of 
subduction- driven collisional tectonics) at the Archean- Proterozoic 
transition (Condie, 2018; O’Neill et al., 2016). Importantly, how-
ever, the initial rise in average zircon δ18O predates the ~1.9– 1.8 Ga 
assembly of Earth's first widely accepted supercontinent, Nuna 
(Bleeker, 2003). Instead, the rise in average zircon δ18O occurred in 
a period characterized by a global lull in tectono- magmatic activity 
(Condie et al., 2009; Spencer et al., 2018). Alternatively, increased 
δ18O of recycled material (Payne et al., 2015; Valley et al., 2005) 
could have driven the increase in zircon δ18O without requiring 
more efficient recycling. The ~2.35 Ga shift in average zircon δ18O 
coincides with the oxygenation of the Earth's atmosphere (Great 
Oxygenation Event; GOE) (Gumsley et al., 2017; Luo et al., 2016) and 
an increase in continental freeboard (the average elevation of conti-
nental crust above sea- level) (Flament et al., 2013; Hollis et al., 2014) 
that is proposed to have led to a shift in the triple- oxygen isotope 
composition of shales (Bindeman et al., 2018).

A model involving crustal reworking has been invoked to explain 
the rise of average zircon δ18O at ~2.35 Ga (Spencer et al., 2019). 
However, this explanation is based on detrital zircon that provides 
only limited information on the original source- rock given the inherent 
lack of contextual information, which may only partly be accessible 
through zircon chemistry (Hawkesworth & Kemp, 2006). In contrast, 
zircon from sediment- derived melts provide a clear link to the δ18O 
of their sedimentary source- rocks. Existing bulk- rock and zircon 
δ18O from sediment- derived granites show an increase across the 

Archean- Proterozoic transition (Bucholz & Spencer, 2019). However, 
the existing geochemical datasets for Precambrian sediment- derived 
granitoids are limited in size, particularly, for the critical age span of 
2.6– 1.8 Ga. This study utilizes zircon O and Hf isotope geochemis-
try, combined with bulk- rock trace element compositions of Archean 
to Paleoproterozoic sediment- derived granitoids of the North China 
Craton (NCC; Figure 1) to further characterize the zircon δ18O record 
of sediment- derived melts across this critical transition in Earth his-
tory. Samples derive from five geological units in an area extending 
300 km E- W and 80 km N- S (Table 1; Appendix A). The isotopic sig-
natures in igneous zircon in combination with protolith information 
provide a high fidelity record of potential tectonic and compositional 
drivers for the Paleoproterozoic increase in zircon δ18O.

2  | METHODS

Zircon was isolated using standard density and magnetic separa-
tion techniques, and hand- picked grains were mounted in epoxy. 
Cathodoluminescence (CL) images of zircon grains were taken to 
reveal internal growth structures. Oxygen isotope analysis was 
conducted on a CAMECA IMS- 1280 secondary ion mass spectrom-
eter (SIMS). Oxygen isotope compositions are reported in the con-
ventional delta notation; expressed as δ18O, the permil deviation 
of 18O/16Osample relative to standard mean ocean water (VSMOW) 
(Baertschi, 1976; Craig, 1961). The reported zircon δ18O for each 
sample are weighted means ±2σ uncertainty. Following O isotope 
analysis, zircon U- Pb ages were obtained using an A.S.I. SHRIMP II 
sensitive high- resolution ion microprobe. Hafnium isotopes were 
analysed via laser ablation inductively coupled plasma mass spec-
trometry (LA- ICPMS). Unless indicated otherwise, spots of U- Pb, 
O and Hf isotope analyses were located in the same zircon growth 
zone (Figure 2). To avoid signatures from inherited growth zones, 
only analyses located on magmatic rims of zircon grains were used 
to determine crystallization age, O and Hf isotopic composition of 

F I G U R E  1   Simplified map of the North China Craton (shown in dark grey). Shaded area indicates area of sample collection. See Table 1 
for latitude and longitude and supplementary Figure A7 for a more detailed map
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TA B L E  1   Geological unit, location, lithology, mineralogy, magmatic crystallization ages and zircon δ18O of samples studied here

Sample ID Geologic unit Latitude Longitude Rock type Mineralogy
Age ± 2σ 
(Ma)

Zircon δ18O ± 2σ
(‰SMOW)

Zircon δ18O
n

18IM11B Jining Complex, IMSZ 40.604 112.500 Grt granitoid Pl+Afs+Qz+Grt+Bt 1901 ± 17 10.80 ± 0.90b  8

18IM12B Jining Complex, IMSZ 40.839 112.565 Grt quartz rich 
granitoid

Qz+Pl+Afs+Grt 1929 ± 29 9.74 ± 1.16b  18

18IM13C Xiwulanbulang area, YB 41.084 110.924 Grt granite Qz+Afs+Pl+Grt+Bt(+Ms) 2,536 ± 13 8.12 ± 0.70c  18

18IM14A Daqingshan- Wulashan 
Complex, IMSZ

40.922 110.961 Grt granite Qz+Afs+Pl+Bt(+Grt) 1948 ± 72a  4.65 ± 0.85c  17

18IM15B Xiwulanbulang area, YB 40.994 110.947 Grt granitoid Qz+Pl+Afs+Grt 2,530 ± 60 8.75 ± 0.42c  11

18IM19 Daqingshan- Wulashan 
Complex, IMSZ

40.693 109.641 Grt granite Afs+Qz+Pl+Grt+Bt 2,478 ± 18 7.21 ± 0.58c  35

18IM20 Daqingshan- Wulashan 
Complex, IMSZ

40.709 109.643 Grt granitoid Qz+Pl+Afs+Grt+Bt 2,374 ± 48a  7.39 ± 0.70b  17

18IM21C Daqingshan- Wulashan 
Complex, IMSZ

40.698 109.721 Grt quartz rich 
granite

Qz+Afs+Pl+Grt+Bt 1855 ± 16 6.71 ± 0.52b  21

18IM23D Daqingshan- Wulashan 
Complex, IMSZ

40.811 110.258 Grt granite Qz+Afs+Pl+Grt 2,453 ± 11 6.31 ± 0.63b  13

18IM25C Guyang area, YB 41.182 109.479 Ms Bt granite Qz+Afs+Pl+Ms(+Bt) 2,493 ± 28 6.86 ± 0.89c  20

18IM3 Huaian Complex, TNCO 40.848 113.921 Grt granite Qz+Afs+Pl+Grt+Ms(+Bt) 1917 ± 70 11.41 ± 1.00b  8

Note: Abbreviations: Afs, alkali feldspar; Grt, garnet; Ms, muscovite, Bt, biotite; Pl, plagioclase; Qtz, quartz.
aWeighted mean ages calculated from the oldest statistical coherent population (see Appendix A for a detailed discussion of the U- Pb zircon geochronological data). Minerals are listed from most 
abundant to least. Minerals in parentheses are accessory phases.
bZircon O isotope analyses were conducted at Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
cZircon O isotope analyses were conducted at Centre for Microscopy, Characterization and Analysis at the University of Western Australia; n indicates number of single grain analyses per sample.
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zircon in equilibrium with the melt. Bulk- rock major and trace ele-
ment concentrations were determined using an X- ray fluorescence 
spectrometer. A detailed description of the methodology is provided 
in Appendix A.

3  | RESULTS

The 11 samples studied here include granitoids comprised of 
quartz, alkali feldspar, plagioclase, garnet, muscovite and biotite 
in varying proportions. Magmatic crystallization ages of the grani-
toids range from 2,536 ± 13 Ma to 1855 ± 10 Ma (Table 1). All sam-
ples are strongly peraluminous with an aluminium saturation index 
(ASI)≥1.1 (defined as molar Al/[Ca- 1.67P+Na+K]; Supplementary 
Table D1) and contain at least one aluminous mineral, such as gar-
net or muscovite. Strongly peraluminous granitoids are generally 

interpreted to have formed through the partial melting of (meta- )
sedimentary rocks (Chappell & White, 1992; Frost & Frost, 2008). 
Hence, both mineralogy and geochemistry of all samples sup-
port the derivation from sedimentary protoliths, in accord with 
previous petrogenetic interpretations (Dan et al., 2012; Zhao 
et al., 1999). All samples show Rb/Sr and Rb/Ba ratios below 1.5 
and 0.5 respectively (Supplementary Table D1). Samples with 
crystallization ages <2.0 Ga show Rb/Ba ratios of 0.08– 0.15 simi-
lar to those of samples >2.3 Ga with Rb/Ba ratios of 0.03– 0.07. 
The Rb/Sr ratios of both groups are indistinguishable ranging from 
0.03– 1.4 (Figure 3).

With the exception of sample 18IM14A, the NCC granites 
yield zircon δ18O higher than the mantle value of 5.3 ± 0.6‰ 
(Page et al., 2007), as expected for rocks with sedimentary 
sources (Valley et al., 1994). Based on the timing of the increase 
in average δ18O in detrital zircon at 2.35 Ga (Spencer et al., 2019), 

F I G U R E  2   Thin section photomicrographs, CL images of representative zircon grains, concordia diagrams and O isotope violin plots of 
representative samples (see supplementary Figure A1- A3 for complete sample set). Violin plots are hybrids of box plots and probability 
density curves (Hintze & Nelson, 1998). Spot locations of O, U- Pb and Hf isotope analyses are marked in the CL images. Results of U- Pb 
analyses on zircon rims and cores are shown as blue and green ellipses, respectively, in concordia diagrams. Concordia ages, weighted mean 
ages and weighted mean δ18O (weighted by uncertainty of individual analyses) are quoted with 2σ uncertainty. Quoted weighted mean 
ages are calculated from most concordant single spot 207Pb/206Pb* ages. Weighted mean age marked with asterisk is calculated from the 
oldest statistical coherent population. See Appendix A for details of data analysis. Mineral abbreviations: Qz, quartz; Afs, alkali feldspar; Pl, 
plagioclase; Grt, garnet; Ms, muscovite, Bt, biotite; Ser, sericite; Chl, chlorite

F I G U R E  3   (a) Rb/Ba versus Rb/Sr ratios of sediment- derived granitoids of this study (white circles) and Archean and Proterozoic strongly 
peraluminous granites (SPGs) from Bucholz and Spencer (2019) (Archean SPGs n = 255, Proterozoic SPGs n = 586). Average compositions of 
Archean and Proterozoic greywacke and shales are from 1Condie (1993); compositions of calculated greywacke and pelite- derived melt are 
from 2Sylvester (1998). Neither sediment- derived melts nor sediments show a systematic change in Rb/Ba or Rb/Sr ratio across the Archean- 
Proterozoic transition. Dashed rectangle marks section shown in (b). (b) Rb/Ba versus Rb/Sr ratios, colour- coded by their corresponding 
zircon δ18O values. Rb/Ba and Rb/Sr ratios show no correlation with δ18O. Sediment- derived granitoids younger than 2.0 Ga show higher 
Rb/Ba ratios than their older counterparts (see section 4.3 for discussion). White X marks omitted samples whose bulk- rock composition 
may be affected by secondary processes (discussed in Appendix A2.4). Compositions of Archean and Proterozoic metasediments in the 
Yinshan block and Inner Mongolia Suture Zone, respectively, are from 3Wang & Guo (2017) and 4Wan et al. (2018). (c) Rb/Ba ratio versus 
Zr concentration, colour- coded by their corresponding zircon δ18O values. Higher Rb/Ba ratios in ≤2.0 Ga samples compared to ≥2.3 Ga 
samples, are associated with higher Zr concentrations. Black and white circles show compositions of metasedimentary rocks in the sampling 
area potentially reflecting the composition of the source of the sediment- melts of this study (refer to caption and legend of (A) for references 
and explanation of symbols). There is no evidence for distinct Zr concentrations of the source of the samples studied here, implying that the 
small differences in Rb/Ba ratios and Zr concentration of these samples may be caused by variable melting temperatures rather than variable 
composition of the source (discussed in Appendix A2.3); thus, further supporting that no systematic change in the clay- content of the source 
occurred.
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the granitoids of this study are grouped according to their mag-
matic crystallization age. Zircon from sediment- derived granit-
oids with crystallization ages >2.3 Ga yield δ18O of 6.9 ± 0.9‰ 
to 8.6 ± 0.4‰ (Table 1). Sediment- derived granitoids with crys-
tallization ages <2.0 Ga have a wider range of zircon δ18O from 
4.7 ± 0.9‰ to 11.4 ± 1.0‰, but on average have higher δ18O than 
older samples (Figure 4).

Zircon δ18O is typically interpreted in tandem with εHf (de-
viation of 176Hf/177Hf in parts per 10,000 from the chondritic 

uniform reservoir), as elevated δ18O is often linked to enhanced 
crustal reworking and evolved Hf isotopic signatures (low εHf) 
(Hawkesworth & Kemp, 2006). The vast majority of single grain 
analyses yield εHf values between −10 and +15 (Figure 5). Of the 
154 analyses, only two single grain analyses of sample 18IM3 show 
εHf values <−10. There is no correlation between higher δ18O and 
evolved εHf values.

Detailed results of individual samples are provided in Appendix A 
and in supplementary Tables B1, C1 and D1.

F I G U R E  4   (a) Variation in zircon δ18O with >1.5 Ga crystallization ages. Yellow symbols show data of sediment- derived igneous zircon 
from this study. Blue symbols refer to zircon data from strongly peraluminous granites from 1Marschall et al. (2010), 2Dan et al. (2014), 
and 3Mikkola et al. (2011). Opaque grey symbols show data of detrital zircon from Spencer et al. (2019). Transparent grey symbols show 
compiled global zircon δ18O data from Spencer et al. (2017). Both detrital zircon and igneous zircon from sediment- derived melts show 
a shift in average O isotope composition before and after ~2.35 Ga, as indicated by solid black and dashed white line, respectively. The 
~3.5‰ shift in average zircon δ18O of the sediment- derived granitoids of this study is more prominent than the deviation of 1.1‰ shown 
by detrital zircon (Spencer et al., 2019). This is not surprising given detrital zircon are sourced from diverse magmatic systems, with both 
mantle and supracrustal components. Time constraints for the change in average zircon δ18O are from Spencer et al. (2019). Note that the 
solid black line shows the arithmetic mean of sediment- derived igneous zircon excluding samples 18IM14A and 18IM21C (reversely colored 
symbols; see Appendix 4.2 for detailed discussion of reasons for the exclusion of these two samples). Solid white line shows moving average 
of δ18O for detrital zircon data (Spencer et al., 2019). The change in average zircon δ18O is coeval with the Great Oxygenation Event (GOE), 
the timing of which is indicated by vertical blue line (rapid oxygenation) according to Luo et al. (2016), and by wider blue bar (oscillatory 
oxygenation) according to Gumsley et al. (2017), and a shift in average ∆17O (defined as δ17O- 0.5305*δ18O [‰]) of shales as shown in (b). 
Shale triple- oxygen isotope data are from Bindeman et al. (2018). Results of statistical step- change analysis (Pettitt test) shown as solid black 
line in B) are from Spencer et al. (2019)
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4  | DISCUSSION

4.1 | A Palaeoproterozoic increase in zircon δ18O in 
sediment- derived melts

Our results taken together with the data from Dan et al. (2012), 
Marschall et al. (2010), and Mikkola et al. (2011) demonstrate a ~ 3.5‰ 
increase in average zircon δ18O from 6.7‰ pre- 2.3 Ga (n = 16) to 10.1‰ 
post- 2.0 Ga (n = 5) in sediment- derived granitoids (Figure 4). Two sam-
ples (18IM14A, 18IM21C) are omitted from the calculation of the post- 
2.0 Ga zircon δ18O average, as petrographic and geochemical evidence 
suggest that the zircon O isotope ratios may not be of primary mag-
matic origin or may have been inherited from an igneous source (see 
Appendix A). Our results are in accord with previous studies on detrital 
and igneous zircon demonstrating an increase in average δ18O across the 
Archean- Proterozoic boundary (Spencer et al., 2019; Valley et al., 2005).

4.2 | Decoupled O and Hf isotopic signatures

The recycling of older crustal material leads to lower εHf values and 
older depleted mantle model ages (TDMHf) for zircon from melts that 

assimilated such material as compared to zircon (of the same age) from 
more juvenile melts (Hawkesworth & Kemp, 2006). The granitoids 
analysed in this study show no correlation between radiogenic 176Hf 
depletion (older TDMHf) and high δ18O in zircon (Figure 5). Younger 
TDMHf in the post- 2.0 Ga granitoids indicate on average shorter crus-
tal residence times of the precursors of these rocks as compared to 
the pre- 2.3 Ga granitoids (Vervoort & Blichert- Toft, 1999). The lack 
of a correlation between older TDMHf and increasing δ18O in the 
NCC granitoids is in accord with a previous study on detrital zircon 
that demonstrated decoupled behaviour of zircon δ18O and TDMHf 
(Spencer et al., 2019). This feature has been interpreted as an indica-
tion that enhanced crustal reworking alone cannot account for the rise 
in zircon δ18O (Spencer et al., 2019). This interpretation is supported by 
the timing of the ~2.35 Ga (Spencer et al., 2019) zircon δ18O increase, 
that predates the ~1.9– 1.8 Ga assembly of Nuna (Bleeker, 2003), and 
instead falls into a period characterized by a global lull in tectono- 
magmatic activity (Condie et al., 2009; Spencer et al., 2018).

4.3 | Changes in sediment composition as a driver 
for the zircon δ18O increase

If enhanced crustal recycling is unable to account for the 
Paleoproterozoic increase in zircon δ18O, the explanation of the data 
presented here necessitates an increase in δ18O in recycled material. 
It has been suggested that an increased clay- component in sedimen-
tary rocks and subsequent incorporation into sediment melts could 
have driven the increase in zircon δ18O (e.g., Payne et al., 2015). 
Clay- rich sediments and sediment melts tend to have higher Rb/Sr 
and Rb/Ba ratios than clay- poor ones (Sylvester, 1998). The NCC 
granitoids show Rb/Sr and Rb/Ba ratios that fall within the low end 
of Rb/Sr and Rb/Ba ratios reported for Archean to Phanerozoic 
sediment- derived granites elsewhere (Bucholz & Spencer, 2019; 
Sylvester, 1998), suggesting that the sediment- derived granitoids 
studied here may derive from the partial melting of relatively clay- 
poor sources (Sylvester, 1998). Rb/Ba and Rb/Sr ratios only provide a 
first order assessment of the maturity of the sedimentary source (i.e., 
clay- content) of sediment- derived melts as these ratios are also con-
trolled by the melting reaction, and may be affected by secondary 
processes (Ennis et al., 2000; Harris & Inger, 1992) (see Appendix A 
for details). Importantly, however, neither the results of this study 
nor global datasets of sediments (Condie, 1993) and sediment- 
derived granitoids (Bucholz & Spencer, 2019) show evidence for a 
systematic increase in clay- component associated with the increase 
in zircon δ18O (Figure 3), suggesting that sediment clay content was 
not a dominant control on the O isotope composition of these melts.

4.4 | The emergence of continents and its 
repercussion on sediment δ18O

Based on these results, we suggest that a change in the O iso-
topic composition of supracrustal material available for recycling 

FI G U R E 5 Depleted mantle model age (TDMHf) versus δ18O of 
single grain analyses (n = 154) of igneous zircon from sediment- derived 
granitoids. Uncertainties are shown at two sigma level. Samples are 
colour- coded by crystallization age (i.e. ≥2.3 Ga, n= samples; ≤2.0 Ga, 
n= samples). TDMHf were calculated using the isotopic estimates of 
the depleted mantle from Vervoort et al. (2018), a 176Lu decay constant 
of 1.867*10– 11 year- 1 (Söderlund et al., 2004), and assuming an initial 
176Lu/177Hf ratio of 0.01 (upper continental crust). While the absolute 
values calculated for TDMHf are highly sensitive to the assumed initial 
176Lu/177Hf ratio, the relative differences of TDMHf are not affected. 
There is no correlation between depletion of radiogenic 176Hf (leading 
to older TDMHf and lower εHf) and increasing δ18O in the individual 
groups (i.e., the post- 2.0 Ga and pre- 2.3 Ga granitoids) indicating that 
enhanced crustal reworking alone did not cause the increase in δ18O
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was the likely driver of the observed Paleoproterozoic change 
in average zircon δ18O. Sediments are the dominant high- δ18O 
reservoir on Earth with shales comprising the largest fraction 
(Veizer & Mackenzie, 2003). The average δ18O of non- glacial 
shales increases from ~10‰ in the Archean to ~13‰ in the 
Paleoproterozoic (Bindeman, 2020). The increase in shale δ18O 
through time can be attributed to a variety of causes, including the 
onset of a modern hydrological cycle due to the subaerial emer-
gence of continents (Bindeman et al., 2018), progressive recycling 
of sediments (Windley, 1995), a decrease in ocean temperature 
(Knauth & Lowe, 2003) or a decreasing contribution of hydrother-
mal clays to shales (Knauth & Lowe, 2003). In addition, aggres-
sive chemical weathering under a CO2- rich pre- GOE atmosphere 
may have stripped sediments of feldspar, the component required 
to form high- δ18O authigenic clays (Lowe & Tice, 2004; Savin & 
Epstein, 1970). Furthermore, it has been suggested that increased 
freeboard led to the formation of Paleoproterozoic high- δ18O 
shales that upon subsequent recycling caused an increase in zircon 
δ18O (Payne et al., 2015; Spencer et al., 2019). Sedimentary reser-
voirs other than shales (e.g., silicic and carbonate oozes) also show 
a general increase in δ18O across the Archean- Proterozoic bound-
ary (Bindeman, 2020), and potentially contribute to increasing 
δ18O in sediment- derived melts. However, based on their triple- 
oxygen isotope geochemistry, shales have been proposed to be the 
dominant assimilant or source of post- Archean sediment- derived 
granites (Bindeman, 2020). Intriguingly, the increase of zircon δ18O 
in sediment- derived melts is coeval with a change in the triple- 
oxygen isotope composition of shales between 2.43 and 2.31 Ga, 
which is reasonably linked with the rapid emergence of large suba-
erial landmasses and associated changes in continental weathering 
pattern (Bindeman, 2020; Bindeman et al., 2018). The emergence 
of continents could have supported authigenesis in marine Al- 
rich sediments derived from the erosion of elevated continental 
crust (Hazen et al., 2013) causing an increase in shale δ18O (Savin 
& Epstein, 1970). Paleoproterozoic atmospheric oxygenation may 
have further supported the rise in average δ18O of shales through 
enhanced and diversified clay production as a consequence of 
oxidative subaerial weathering (Hazen et al., 2013). An increase 
of continental freeboard during the early Paleoproterozoic Era 
is consistent with a shift from predominantly submarine to pre-
dominantly subaerial large igneous province volcanism (Kump & 
Barley, 2007). The lifespan of sedimentary basins ranges from <1 
Myr to >100 Myr (Woodcock, 2004). Hence, the compositional 
response of sediment melts to the increase in sediment δ18O may 
be retarded due to the lag time between deposition and recy-
cling. The timing of the δ18O changes in shales (between 2.43 and 
2.31 Ga; Bindeman, 2020) and detrital zircon (~2.35 Ga; Spencer 
et al., 2019) indicate a lag time of <100 Myr between these two 
records. Importantly, the <2.0 Ga granitoids of this study are in-
terpreted to have <2.2– 2.0 Ga sedimentary precursors, depos-
ited well after (>100 Myr) the emergence of continents and the 
concomitant change in shale triple- oxygen isotope composition 
(Bindeman, 2020).

4.5 | Concluding remarks

The results of this study imply that the Paleoproterozoic widespread 
emergence of continents above sea- level and concomitant forma-
tion of high- 18O shales left an imprint on the composition of sedi-
ment melts (recorded by zircon δ18O). The coeval rise of atmospheric 
O2 imply a potential link between continental emergence and atmos-
pheric oxygenation, perhaps related to diminished submarine vol-
canism (Gaillard et al., 2011; Kump & Barley, 2007), or an increased 
supply of nutrients for photosynthetic microbes from emergent 
crust into the ocean (Hao et al., 2020).

4.6 | Statement of significance

The results of this study show that Paleoproterozoic secular change 
in O isotope composition of global sediment melts is caused by the 
widespread emergence of continents above sea- level. The implica-
tion is that the emergence of continents was coeval with the first sig-
nificant build- up of O2 in the atmosphere. Therefore, this study thus 
not only enhances our understanding of planetary crustal evolution, 
but importantly also demonstrates a potential trigger for a boost in 
oxygenic photosynthesis. Previous work on the secular evolution of 
crustal O isotopes has been based on detrital zircon, ultimately de-
rived from a wide variety of magmatic sources including multicycle 
material. In contrast, this study focuses on magmatic zircon whose 
source can be precisely constrained (that is a direct melt of a sedi-
mentary source). This sampling approach allows greater fidelity in 
interpretation of geochemical changes through time.
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