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Abstract

We have determined U-Pb ages, trace element abundances and Hf isotopic compositions of approximately 1000 detrital
zircon grains from the Mississippi, Congo, Yangtze and Amazon Rivers. The U-Pb isotopic data reveal the lack of >3.3 Ga
zircons in the river sands, and distinct peaks at 2.7-2.5, 2.2-1.9, 1.7-1.6, 1.2-1.0, 0.9-0.4, and <0.3 Ga in the accumulated age
distribution. These peaks correspond well with the timing of supercontinent assembly. The Hf isotopic data indicate that
many zircons, even those having Archean U-Pb ages, crystallized from magmas involving an older crustal component, sug-
gesting that granitoid magmatism has been the primary agent of differentiation of the continental crust since the Archean era.
We calculated Hf isotopic model ages for the zircons to estimate the mean mantle-extraction ages of their source materials.
The oldest zircon Hf model ages of about 3.7 Ga for the river sands suggest that some crust generation had taken place by
3.7 Ga, and that it was subsequently reworked into <3.3 Ga granitoid continental crust. The accumulated model age distri-
bution shows peaks at 3.3-3.0, 2.9-2.4, and 2.0-0.9 Ga.

The striking attribute of our new data set is the non-uniformitarian secular change in Hf isotopes of granitoid crusts; Hf
isotopic compositions of granitoid crusts deviate from the mantle evolution line from about 3.3 to 2.0 Ga, the deviation
declines between 2.0 and 1.3 Ga and again increases afterwards. Consideration of mantle-crust mixing models for granitoid
genesis suggests that the noted isotopic trends are best explained if the rate of crust generation globally increased in two stages
at around (or before) 3.3 and 1.3 Ga, whereas crustal differentiation was important in the evolution of the continental crust at
2.3-2.2 Ga and after 0.6 Ga. Reconciling the isotopic secular change in granitoid crust with that in sedimentary rocks suggests
that sedimentary recycling has essentially taken place in continental settings rather than active margin settings and that the
sedimentary mass significantly grew through addition of first-cycle sediments from young igneous basements, until after
~1.3 Ga when sedimentary recycling became the dominant feature of sedimentary evolution. These findings, coupled with
the lack of zircons older than 3.3 Ga in river sands, imply the emergence of large-scale continents at about 3.3 Ga with further
rapid growth at around 1.3 Ga. This resulted in the major growth of the sedimentary mass between 3.3 and 1.3 Ga and the
predominance of its cannibalistic recycling later.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

One of the Earth’s unique features among the known
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chemical compositions — from lower portions dominated by
mafic rocks to upper portions dominated by granitoids
(Taylor and Mclennan, 1985; Christensen and Mooney,
1995; Rudnick and Fountain, 1995; Wedepohl, 1995; Gao
et al., 1998). Yet there is considerable debate as to when
and how it has evolved to its present form (e.g., Rudnick,
1995; Albarede, 1998; Tatsumi, 2000; Hawkesworth and
Kemp, 2006; Rollinson, 2008). Of the two contrasting mod-
els of continental growth, the first is that the volume of con-
tinental crust has increased progressively with time (Hurley
and Rand, 1969; Moorbath, 1978), as manifested by the
present areal extent of continental crust of different ages
(Veizer and Jansen, 1985). The second argues that a near-
present mass of continents formed within the first billion
years of Earth history with little subsequent growth (no-
growth model), implying that the present age distribution
is the result of the recycling of older continental crust (Fyfe,
1978; Armstrong, 1981; Bowring and Housh, 1995; Harri-
son, 2009). More recently, the striking peaks in radiogenic
isotope model ages of granitoids and sediments have been
recognized (Nelson and DePaolo, 1985; Patchett and
Arndt, 1986; McCulloch and Bennett, 1994; Jahn, 2004;
Kemp et al., 2006; Wang et al., 2009; Yang et al., 2009).
This has led to a third model in which the continental crust
has grown throughout geological time with pulses at higher
rates, possibly in response to major mantle instabilities such
as superplumes (Hill, 1993; Stein and Hofmann, 1994; Stein
and Golstein, 1996; Condie, 1998; Albarede, 1998; Davies,
2008). The challenge in deciphering the evolutionary history
lies with better understanding the role of granitoid genesis
in continental crust development.

Granitoid genesis by melting of pre-existing continental
crust has been considered to be the principal agent of crus-
tal differentiation to shape the compositional structure of
the continental crust (e.g., Wyllie, 1984; Taylor and McLen-
nan, 1985). Granitoid magmas formed by intra-crustal
melting inherit the radiogenic isotopic compositions of the
reworked crust (e.g., DePaolo and Wasserburg, 1976). By
contrast, newly generated continental crust has radiogenic
isotopic compositions indistinguishable from those of its
mantle source (e.g., DePaolo, 1981). Because crustal gener-
ation processes transfer heat and (in a subduction setting)
volatiles into continental crust, crustal generation is likely
accompanied by crustal differentiation. This results in the
genesis of granitoid magmas involving a juvenile compo-
nent and a reworked crustal component (e.g., Voshage
et al., 1990; Petford and Gallagher, 2001; Annen et al.,
2006; Kemp et al., 2007; Jagoutz et al., 2009). Therefore,
radiogenic isotopic evolution of granitoid crust potentially
records the generation and differentiation history of the
continental crust (Allegre and Ben Othman, 1980), leading
to more robust models for the continental growth. In addi-
tion, if the temporal isotopic evolution of granitoid crust
can be established, it can be used to infer the growth and
recycling of the sedimentary mass by reconciling it with
the isotopic secular change in sedimentary rocks.

Previous attempts at constraining the radiogenic isoto-
pic evolution of granitoid crust (e.g., Moorbath, 1978; Alle-
gre and Ben Othman, 1980; Patchett et al., 1981) have
suggested that the isotopic compositions generally deviate

from the mantle evolution line through time, with an impli-
cation that this reflects quasi-continuous continental
growth. However, these studies utilized only a limited num-
ber of granitoid samples and considering that granitoid
crust is significantly diverse and heterogeneous, their inter-
pretation is speculative. Furthermore, because a significant
part of granitoid crust is covered by sediments and there-
fore inaccessible to in situ sampling and measurements at
present, it may be difficult to arrive at a reliable secular
trend based solely on the exposed geology.

These problems can be largely circumvented by using
detrital zircons from large rivers. Large rivers erode ex-
posed continental crust over an extensive area, and most
eroded materials have experienced sediment-sediment recy-
cling (sedimentary recycling) (Veizer and Jansen, 1979,
1985; Goldstein et al., 1984; Campbell et al., 2005) as well
as several current erosion cycles before transfer to river
mouths (Dosseto et al., 2006). Prolonged sedimentary recy-
cling results in efficient mixing of sediments derived from
various source rocks, including the parts of granitoid crust
that are currently inaccessible. Zircon, which is ubiquitous
as an accessory mineral in granitoids, can be precisely dated
by U-Pb isotopes, and is well suited for Hf isotopic studies
(e.g., Patchett et al., 1981; Amelin et al., 2000; Griffin et al.,
2000). Moreover, due to its robustness zircon can retain pri-
mary isotopic information through sedimentary and meta-
morphic processes. Accordingly, an integration of U-Pb
and Hf isotopic data of detrital zircons from large rivers
may be the best way to evaluate secular changes of radio-
genic isotopes in granitoids on a continental scale (Bodet
and Schirer, 2000). So far, we have accumulated U-Pb,
Hf isotopic and trace element data for approximately
1000 zircon grains from the Mississippi (lizuka et al.,
2005), Congo, Yangtze, and Amazon Rivers, that reveal
significant Hf isotopic secular trends. Here we use the re-
sults to evaluate the evolution of the sedimentary system
and continental growth history.

2. SAMPLES AND METHODS

The sand samples were collected at or near the mouths
of the Mississippi (MP1), Amazon (AMZS), Yangtze
(YZ1), and Congo (CNG2) Rivers. These include the larg-
est three rivers on Earth according to the size of their drain-
age areas (Milliman and Syvitski, 1992) (Table 1). Zircons
were concentrated from the sand samples using magnetic
separation and heavy-liquid techniques. The aliquots of zir-
con concentrates were used by Rino et al. (2004, 2008) for
zircon U-Pb dating. In this study, zircon grains were newly
prepared for a comprehensive U-Pb, trace element and Lu—
Hf analytical work. The grains were mounted in epoxy and
were polished to reveal their interiors. Caution was taken to
minimize preferential selection of zircon grains during
mounting. Before isotopic analyses, the zircons were im-
aged using cathodoluminesence (CL) imaging to reveal
any internal structure. CL images were obtained using a
JEOL JSM-5310 scanning electron microprobe combined
with an Oxford CL system at the Tokyo Institute of Tech-
nology. For analyses, we selected oscillatory- or sector-
zoned zircons that were likely to preserve the magmatic
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Table 1
Summary of the samples used in this study.

Sample  River Sample locality

N of analyzed grains

Drainage area’ (x 10° km?) Sediment load™ (x 10° t/yr)

MP1 Mississippi ~ 30°29'40"N, 91°11'33"W 416
CNG2 Congo 40°17'08"S, 15°27'29"E 213
YZ1 Yangtze Nanjing Danjao Park 158
AMZ8 Amazon Santana Island 230

3.3 400
3.8 43
1.9 480
6.1 1200

 Data are from Milliman and Syvitski (1992).

a MP1-zrn321 AMZ8-zrn054

7.1 eHf(t)

CNG2-zrn063 CNG2-zrn087

"-\

b recrystallized

AMZ8-zrn200 AMZ8-zrn204

-2.7 eHf(t)

YZ1-zrn055 YZ1-zm147 °vergrowth

alteration

Fig. 1. Representative cathodoluminescence images for (a) igneous zircons (oscillatory- or sector-zoned) and (b) metamorphic or altered
zircons (little-, no-, or highly patchy-zoned) in the river sands. Laser ablation sites for U-Pb isotopic-trace element and Hf isotopic analyses
are shown, together with U-Pb ages and ¢Hf(7) values. Scale bars are all 50 pm.

chemistry (Fig. 1a); we avoided little/no-zoned and highly
patch-zoned zircons (Fig. 1b), that have been interpreted
as metamorphic or alteration in origin (Hoskin and Black,
2000; Rubatto, 2002).

Determinations of U-Pb age and trace element abun-
dances (La, Ce, Pr, Sm, Eu, Gd, Yb, and Hf for zircons
from MPI and additional Y, Nb, Ho for zircons from
AMZS8, YZ1 and CNG?2) were concurrently performed on
a laser ablation-inductively coupled plasma mass spectrom-

eter (LA-ICPMS) at the Tokyo Institute of Technology.
The ICPMS instrument used in this study was a ThermoEl-
emental VG PlasmaQuad 2 quadrupole-based ICPMS
equipped with a S-option interface and chicane ion lens (Ii-
zuka and Hirata, 2004). The laser ablation system was a
MicroLas production (Gottingen, Germany) GeoLas
200CQ which utilizes an ArF excimer laser as a 193 nm
deep ultraviolet light source. Helium gas was flushed into
the ablation cell, minimizing aerosol deposition around



Detrital zircon evidence for continental growth 2453

the ablation pit and improving transport efficiency. To im-
prove the stability of the signals, a gas expansion chamber
was inserted between the ablation cell and the ICP ion
source (Tunheng and Hirata, 2004).

The data were obtained from two different sizes of abla-
tion craters (16 and 32 pm) with the integration time of
20 s, a laser repetition rate of 4-6 Hz, and emission power
of 4-5 mJ. Samples were analyzed in runs of ~28 analyses
which included ~12 unknown sample analyses, bracketed
by 4 analyses of the SL13 or 91500 zircon standards and
four analyses of NIST 610 SRM. The instrumental mass
bias and ablation-related fractionation were corrected using
the results of the bracketing standard analyses. Normaliza-
tion for 2°°Pb/?**U was made against the SL13 (0.09281:
Roddick and van Breemen, 1994) or 91500 standard zircons
(0.17917: Wiedenbeck et al., 1995), and for 2°’Pb/*°Pb
against NIST SRM 610 (0.9096: Hirata and Nesbitt,
1995; lizuka and Hirata, 2004), respectively. Common Pb
was corrected using 2°*Pb. The isobaric interference of
204Hg on 2**Pb was corrected by monitoring 2°’Hg. To re-
duce the isobaric interference of ***Hg, a Hg-trap device
using an activated charcoal filter was applied to the Ar
make-up gas before mixing with He carrier gas (Hirata
et al., 2005). No common Pb correction has been applied
to analyses where the corrected ratio is within analytical
uncertainty of the uncorrected ratio. Analytical uncertain-
ties combine the counting statistics and the reproducibility
of standard analyses, added in quadrature. The U-Pb age
in the following discussion represents the 2°’Pb/?*°Pb age
for zircons older than 1.0 Ga, and the 2°Pb/**®U age for
younger zircons. For the trace element analyses, the peaks
89y 9INb, '¥La, “0Ce, Py, 47Sm, 'S'Eu. '¥'Gd, '**Ho,
172yb, Hf were measured, and the data were normalized
against NIST SRM 610.

The Lu—Hf isotopic analyses were performed using the
ArF excimer laser ablation system attached to a Nu Plasma
500 MC-ICPMS at the Tokyo Institute of Technology. The
Nu Plasma 500 MC-ICPMS contains 12 Faraday collec-
tors. The dispersion of the spectrometer is adjusted by using
a pair of quadrupole lenses that act as zoom lenses, focus-
ing the ion beams into the Faraday collectors. The lenses
were set to detect 7'Yb, '3Yb, 7 Lu, 176(Hf-i- Yb + Lu),
77Hf, 178Hf, "Hf and ('*°Hf) simultaneously. Helium
gas was used for flushing the ablation pit. Furthermore,
4 ml/min N, was mixed into the Ar sample carrier gas to
enhance the signal sensitivity. Analyses were carried out
with beam diameters of 35 or 63 pm, 6-15 Hz repetition
rates, and ~60 sec ablation times. To correlate Lu-Hf iso-
topic data with the U-Pb age and trace element abundances
properly, the laser ablation site for Lu—Hf isotopic analysis
was placed within similar internal domains and close to the
original pit for U-Pb isotopic and trace element analysis
(Fig. la). Line-scan analysis, rather than spot analysis,
was utilized for some grains having neither multiple growth
nor altered domains (e.g., CNG2-zrn063 and c.f., YZI-
zrn055 and 147; Fig. la), as the technique produces rela-
tively stable signal intensity profile. All Lu-Hf isotopic
analyses were carried out using a time-resolved analytical
procedure, in which signal intensities for each mass and iso-
tope ratios including initial '"®Hf/'”’Hf are displayed as a

function of time during the analysis. This procedure allows
one to evaluate the depth profile isotopic homogeneity of
the analysis, whereas the CL images only present a two-
dimensional view of the zircon surface.

Mass discrimination effects were corrected using an
exponential law. The mass bias factor for Hf was calculated
by normalizing the measured "’Hf/'7"Hf to 0.7325 (Patch-
ett et al., 1981). To obtain accurate '"®Hf/!"’Hf for zircon,
the contribution of isobaric interferences by '"°Lu and
76Yb on the 7°Hf signal must be carefully corrected. The
interferences were corrected by measuring '”’Lu and
"3Yb. The signal intensity of '"Hf was calculated by

" fLu
true 1761y
Tsyr = Dsuuyyopnn — [ TrsL X R, sy, X

misy

mize /;(Yb)

b

Himyy X RES, sy X ( v ) (1)
mMiniyy

where I; and m; are signal intensity and mass of isotope i,
R™* and R"™ are true and measured isotope ratios, and
p(Lu) and B(Yb) are mass bias factors for Lu and YD,
respectively. The true 7®Lu/!”°Lu value of 0.026549 (Chu
et al., 2002) and '"°Yb/'*Yb value of 0.78696 (Thirlwall
and Anczkiewicz, 2004) were employed. The p(Yb) was cal-
culated by normalizing the measured '*Yb/'"'Yb to
1.12346 (Thirlwall and Anczkiewicz, 2004), whereas the
p(Lu) was assumed to be identical to the B(Hf). More
detailed instrumental setting and analytical procedures are
described in lizuka and Hirata (2005).

We have accumulated Lu-Hf isotopic data for the zir-
con standard 91500, which is one of the most widely distrib-
uted and therefore extensively investigated standards for
Lu-Hf isotopes by TIMS (Wiedenbeck et al., 1995) and
solution MC-ICPMS (Amelin et al., 2000; Woodhead
et al.,, 2004; Davis et al., 2005; Nebel-Jacobsen et al.,
2005; Richards et al., 2005; Wu et al., 2006; Blichert-Toft,
2008, also see discussion by Griffin et al., 2006, 2007; Corfu,
2007). Our long term repeated analysis, using 63 um pit size
with 8 Hz repetition rate or 35 pm pit size with ~20 Hz rep-
etition rates, yields an initial "°Hf/'"’Hf value of
0.282311 + 50 (2 5.d.) (Table 2). The initial '7°Hf/!”"Hf va-
lue is somewhat higher than a reference value of
0.282299 + 6, which is calculated from the present-day
YT6H{/'7HF value of 0.282305 =+ 6 (Blichert-Toft, 2008: nor-
malized to '7°Hf/'"Hf = 0.282160 for IMC-Hf 475) and
76Lu/""7Hf value of 0.00030 =+ 3 obtained from the mean
values of solution chemistry studies, even though the rela-
tive difference is smaller than the error. To allow accurate
comparison with literature values, our Hf isotopic data
were normalized to a value of 0.282299 for the 91500 stan-
dard, using the mean initial 176l £/7THf values obtained for
this standard on any given day.

To evaluate the accuracy and precision of data obtained
by the present technique, we have analyzed the zircon stan-
dards QGNG and TEMORA with the same analytical con-
ditions as this study. Our determinations of the initial
YeHEATTHE for QGNG (0.281588 + 37, 25s.d.) and for
TEMORA (0.282678 + 34, 2s.d.) compare well with the
solution-MC-ICPMS results for QGNG (0.281586 =+ 4, cal-
culated from '7°Lu/!”’Hf =0.000731 and present-day
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Table 2

Results from Lu-Hf isotopic analyses of the zircon sandards.

Zircon Age (Ma)  SLu/""Hf (2s.d.)  V6Yb/'’Hf (2s.d.)  '°Hf/''Hf (2s.d.) Initial "7°Hf/""7Hf (2'5.d.)

91500 1065.4

Long term averages (n = 156) 0.00032 + 14 0.00852 =+ 385 0.282317 + 50 0.282311 + 50
(0.00013-0.00061)  (0.00293-0.02045)

This study (n = 47) 0.00034 + 15 0.00971 =+ 568 0.282322 + 55 0.282315 + 54

TEMORA (1 = 12) 416.8 0.00108 + 58 0.03337 + 1736 0.282687 + 35 0.282678 + 34
(0.00054-0.00146)  (0.01707-0.04265)

QGNG (n = 10) 1851.6 0.00075 + 42 0.02826 + 1602 0.281649 + 46 0.281622 + 37
(0.00040-0.00105)  (0.01401-0.03365)

"TSHE/17THf = 0.281612 + 4 reported by Woodhead and 3. RESULTS

Hergt, 2005) and TEMORA (0.282677 + 8, calculated from
76Lu/'""Hf = 0.00109 and present-day 7°Hf/!"’Hf =
0.282686 4+ 8 reported by Woodhead and Hergt, 2005),
respectively (Table 2). This indicates that the present ana-
lytical protocols are robust under in situ analysis of moder-
ate to high heavy rare earth elements (REE)/Hf zircon.

We report analytical errors on the initial "*Hf/'7"Hf,
rather than the present-day '"®Hf/'7"Hf, for single spot
measurements, because resolvable variations in the pres-
ent-day "°Hf/'7"Hf due to radiogenic in-growth of "°Hf
may exist within Archean zircon grains having heteroge-
neous Lu/Hf. The analytical errors combine the internal
run errors (2 s.e.) and the reproducibility of the standard
analyses (2 s.d.), added in quadrature.

The calculation of the '"®Hf/'”’Hf at a given time used
the '7°Lu decay constant of 1.867 x 107! yr~! (Séderlund
et al.,, 2004). The present-day chondritic parameters re-
ported by Bouvier et al. (2008) were used to calculate
¢Hf(¢). To estimate the mean mantle-extraction age of the
source materials of the zircon, we calculate depleted mantle
two-stage model ages (Tpy) for all grains, under the
assumption that the host magmas of the zircons were pro-
duced from crustal materials that were originally extracted
from the depleted mantle. For the calculation, we used the
76Lu/'""Hf of average Precambrian granitoid crust
(0.0093; Vervoort and Patchett, 1996) for the reworked
crustal materials. The depleted mantle evolution curve
was defined by

[7OHE/THEPM = 0.2832 4 0.0393 x (1 — &™)
x (t < 3.76 Ga)

[TOHE/ T HfPM = [THE/THACUN (0> 376 Ga) (2)

where acronyms DM and CHUR represent depleted mantle
and chondritic uniform reservoirs, respectively. The defined
evolution curve is consistent with the Hf isotopic composi-
tion of juvenile rocks through time (Nowell et al., 1998;
Blichert-Toft et al.,, 1999; Vervoort and Blichert-Toft,
1999; Davis et al., 2005). The assumption that the early
mantle had chondritic Hf isotopic composition is also con-
sistent with the lack of ancient (>3.76 Ga) zircons having
positive ¢Hf(r) (Amelin et al., 1999, 2000; Blichert-Toft
and Albaréde, 2008; Harrison et al., 2008; Hiess et al.,
2009; lizuka et al., 2009). For grains having higher initial
76Hf/'"7Hf than the depleted mantle value, the U-Pb ages
were interpreted as the mean mantle-extraction model
ages.

3.1. U-Pb isotopic and trace element data

The U-PDb isotopic data for zircons are summarized in
Electronic Annex Table EA-1. The data are also graphically
presented on concordia diagrams for each river (Fig. 2).
The zircon U-Pb age populations for each river are shown
in histograms (Fig. 3a—d). Zircons having U-Pb ages older
than 3.4 Ga were not observed in any sample studied. The
Mississippi River zircons (MP1) define three major U-Pb
age groups (Figs. 2a and 3a): (1) concordant and variably
discordant zircons yielding *°’Pb/*°°Pb ages of 2.8-
2.6 Ga; (2) concordant and slightly discordant zircons
defining ages between 1.8 and 0.9 Ga; (3) concordant zir-
cons younger than 0.2 Ga (lizuka et al., 2005). Most of zir-
cons from the Congo (CNG?2) and Yangtze (YZI1) Rivers
yielded concordant or slightly discordant ages (Fig. 2b
and c). The CNG?2 data exhibit five peaks at 2.7-2.6, 2.1—
1.8, 1.2-1.0, 0.8-0.5, and 0.3-0.2 Ga (Fig. 3b). The YZI
data show small peaks at 2.7-2.4 and 2.0-1.8 Ga and prom-
inent peaks at 0.9-0.7 and 0.3-0.1 Ga (Fig. 3c). The zircons
from the Amazon River (AMZS8) can be characterized by
two main groups of ages with concordant or variably dis-
cordant ages of 2.7-2.5 and 2.3-1.9 Ga (Figs. 2d and 3d).
These U-Pb age distributions of the four rivers are, in gen-
eral speaking, similar to those observed by Rino et al.
(2004, 2008). In derail, however, this study resolved more
prominent sharp peaks in the Phanerozoic era. This dis-
crepancy is attributed to the difference in data handling of
the young zircons: in this study we utilized 2°°Pb/>**U ages
for zircons younger than 1.0 Ga zircons, whereas Rino et al.
(2004, 2008) used imprecise >°’Pb/?°°Pb ages, thereby defin-
ing much broader peaks for the young zircon populations.

Some zircons older than 1.0 Ga are clearly discordant in
terms of their U-Pb isotopes, suggesting that they have expe-
rienced Pb-loss events. Because inaccurate U-Pb ages would
result in artificial secular trends of the geochemical and Hf iso-
topic compositions, we have not used the data obtained from
>1.0 Ga with >25% discordance for the following discussion.

The trace element data for zircons are shown in Elec-
tronic Annex Table EA-2. Fig. 4 shows Hf, Yb, U, Ce/
Ce=:,< Eu/Eu*,*Yb/Sm and Th/U plotted against U-Pb age
(Ce  and Eu are theoretical Ce and Eu value predicted
from a smooth chondrite-normalized REE pattern, respec-
tively). Most zircons display REE patterns having positive
Ce and negative Eu anomalies and a prominent heavy
REEs enrichment relative to light and middle REEs, which
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Fig. 2. U-Pb Concordia diagrams for detrital zircons from samples (a) MP1, (b) CNG2, (¢) YZI, and (d) AMZS, respectively. Error bars
represent errors quoted in Table EA-1. Open symbols indicate the data yielding >1.0 Ga 2*’Pb/*°*Pb ages with >25% discordance.

are commonly observed in terrestrial crustal zircons (e.g.,
Hoskin and Ireland, 2000). Furthermore, most zircons have
Th/U of >0.1, a feature typical of magmatic zircons (Hos-
kin and Ireland, 2000; Rubatto, 2002).

3.2. Lu-Hf isotopic data

The Lu-Hf isotopic data obtained for the dated zircons
are summarized in Electronic Annex Table EA-3. The zircon
Lu-Hf isotopic data are also plotted as a function of their
crystallization age (Figs. 5 and 6a). Fig. 5 illustrates that
younger detrital zircons generally have higher initial
Y6H{/17THS, and shows no clear horizontal trends which
can be formed by various degree of ancient Pb loss from a
single population of zircon (e.g., Amelin et al., 2000; Gerdes
and Zeh, 2009; lizuka et al., 2009). The Mississippi River
zircons display four characteristics: (1) the zircons having
Archean ages (>2.5 Ga) plot slightly above to clearly below
the CHUR evolution curve with ¢Hf(¢) values from +5 to
—17; (2) the zircons with ages of around 2.5-1.8 Ga plot
on to markedly below the CHUR curve; (3) most of the mid-
dle-late Proterozoic (1.8-0.9 Ga) zircons lie between the
CHUR and DM evolution curves (positive ¢éHf(¢)); (4) the
Phanerozoic zircons show a large spread in ¢Hf(¢) values
from +9 to —36 (lizuka et al., 2005). The Congo River zir-
cons can be characterized as follow: (1) the Archean zircons
have ¢Hf(¢) values from slightly positive to moderately neg-
ative values (+3 to —7); (2) the zircons with ages around 2.2—

1.8 Ga mainly plot below the CHUR evolution curve and
range in ¢Hf(7) values from +3 to —18; (3) the zircons crys-
tallized after the late Proterozoic (<1.3 Ga) have clearly po-
sitive to negative ¢Hf(¢) values (+9 to —30). The Yangtze
River zircons have four characteristics: (1) all the Archean
aged zircons except for one plot on to moderately above
the CHUR evolution curve, with a range of ¢Hf(#) from
+7 to —1; (2) the zircons with early Proterozoic ages (2.2—
1.6 Ga) range in ¢Hf{(#) from +2 to —14; (3) the zircons with
ages around 1.1-0.6 Ga have a wide range of ¢Hf(¢) values
from +11 to —19; (4) most of the Phanerozoic zircons plot
below the CHUR evolution curve with ¢Hf(#) values down
to —34. The zircons from the Amazon River show three
characteristics: (1) the ¢Hf{(¢) values for the Archean zircons
range from +6 to -15 and indicate a peak between —5 and
—10; (2) the zircons with ages around 2.3-1.9 Ga also
mainly plot below the CHUR evolution curve, exhibiting
a range of ¢Hf(¢) from +3 to —21; (3) most of the zircons
younger than 1.8 Ga yield ¢Hf(¢) values from slightly posi-
tive to moderately negative.

The Tpwm populations of the zircons are shown in histo-
grams for each river (Fig. 3e-h). The Tpy, for the Mississippi
River zircons range from 3.6 to 0.2 Ga and indicate a low
peak at 3.2-2.8 Ga and a broad peak between 2.1 and
0.9 Ga (Fig. 3e) (lizuka et al., 2005). The Tpy, for the Congo
River zircons distribute between 3.4 and 0.7 Ga and show
two broad peaks at 3.0-2.1 and 2.0-0.9 Ga (Fig. 3f). The
Yangtze River zircons exhibit a range in Tpy from 3.1 to
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Fig. 3. (a—d) Histograms of U-Pb ages of detrital zircons from samples MP1, CNG2, YZ1, and AMZ8, respectively. (e-h) Histograms of Hf
model ages (Tpy) of detrital zircons from the four samples. Hf model ages were calculated using a Lu/Hf of granitoid crust (Lu/Hf = 0.0093;
Vervoort and Patchett, 1996). Solid lines show probability density plots.

0.4 Ga, with peaks at 2.7-2.4 and 1.4-0.7 Ga (Fig. 3g). The tems, it is important to identify their mode of provenance.

Amazon River zircons display a range in Tpy from 3.6 to There are three main factors to be considered:
0.6 Ga and shows sharp peaks at 3.3-3.0 and 2.9-2.6 Ga

(Fig. 3h). The zircon Tpy histograms for the four rivers (1) Since zircon is ubiquitous as an accessory mineral in

(Fig. 3e-h) display no peaks in the Phanerozoic era. granitoid rocks that dominate the upper continental

crust, they are most likely the original primary source

4. DETRITAL ZIRCON U-PB ISOTOPE of detrital zircons in river sands and sedimentary

SYSTEMATICS rocks.

(2) When considering the topography of the present-day

4.1. Provenance of detrital zircons continental crust, there is a tendency for young crust

to be elevated in mountain belts, whilst older crust is

To evaluate the significance of U-Pb and Lu—Hf isotope generally flat and topographically sterile. This would

systematics of detrital zircons in sand from large river sys- tend to bias the erosion of young igneous rocks into
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quoted in Table EA-3.

sedimentary cycling over their older counterparts
(Allegre and Rousseau, 1984; McLennan, 1988; Pinet
and Souriau, 1988; Summerfield and Hulton, 1994).
Sedimentary rocks are the most abundant rock type
on the continental surface. They are disaggregated
by wind and water more readily than igneous rocks,
and therefore the rate of sedimentary recycling is
much faster than the erosion of igneous basements,
especially for old topographically sterile crust (Veizer
and Jansen, 1979, 1985; Goldstein et al., 1984;
Michard et al., 1985; McLennan, 1988; Veizer and
Mackenzie, 2003).

3

=

Accordingly, it is logical to expect that zircons in sands
from large river systems, as well as those in continental sed-
imentary rocks, were essentially derived from older sedi-
mentary rocks (sedimentary recycling) and young
contemporaneous granitoids (first-cycling). This inference
is supported by the detrital zircon studies that have com-
bined U-Pb isotopic dating with fission-track (FT) or
U-Th-He isotopic dating.

The FT and U-Th-He isotope systems in zircon are
effectively stable at <200 °C (e.g., Tagami et al., 1998;
Reiners et al., 2004). These systems therefore can be used

to date orogenic (exhumation) event that freed the zircon
from its bedrock source for capture in the sampled sedi-
ments. By contrast, the U-Pb isotope system in zircon,
having an effective closure temperature in excess of
900 °C (Lee et al., 1997; Cherniak and Watson, 2001),
essentially records the time of its crystallization in the
igneous rock. The combination of these low- and high-
temperature zircon chronologies has revealed that zircons
with old (>400 Ma) FT or U-Th-He ages are extremely
rare in continental sediments such as those from the Mis-
sissippi, Gange and Indus Rivers (Carter and Moss, 1999;
Carter and Bristow, 2000; Rahl et al., 2003; Campbell
et al., 2005; Reiners et al., 2005). This finding is consistent
with the view that first-cycle zircons derived from old
igneous basements are minor. Furthermore, by coupling
the detrital zircon He-Pb isotopic data with reported geo-
chronological data for the source regions, it is indicated
that at least 70% of the Navajo sandstone and Ganges
River and 60% of the Indus River zircons have been recy-
cled from earlier sediments, and that the proportions of
first-cycle zircons derived from old (>300 Ma) igneous
basements are <7% and 0-27% for the Ganges and Indus
River sands, respectively (Rahl et al., 2003; Campbell
et al., 2005).
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Compilation of the running medians for zircons from the samples of this study and from river sands of other large rivers in Southeast-Asia
(Bodet and Schirer, 2000), the Ukraine (Condie et al., 2005), and China (Yang et al., 2009) and sedimentary rocks deposited on the passive
margins of the Laurentian (Condie et al., 2005), West-Gondwana (Gerdes and Zeh, 2006), and East-Gondwana (i, Kemp et al., 2006; ii,
Veevers et al., 2006) continents. Medians based on <5 data sets have been omitted. The solid line shows the mean of the running medians
(Table 4).

4.2. U-Pb age distribution

The oldest of our zircons in all river sands except for
YZ1 have U-Pb ages of circa 3.3 Ga (Fig. 3a—d). This indi-
cates the ubiquitous granitoid crust formation by around
3.3 Ga, and also implies that sedimentary recycling has
been operative since that time, thereby preserving circa
3.3 Ga zircons in modern sediments widely. It should be
noted that the paucity of >3.3 Ga detrital zircons has been
commonly recognized for other large rivers (Ledent et al.,
1964; Goldstein et al., 1997; Bodet and Schirer, 2000; Rino
et al., 2004, 2008; Amidon et al., 2005; Condie et al., 2005;
Campbell and Allen, 2008; Yang et al., 2009).

Each river sand sample shows several prominent peaks
in the zircon U-Pb age histogram. Notably, a peak at
2.7-2.5 Ga was observed in all the four river zircons. This,
as well as the widespread occurrence of granitoids with ages
of circa 2.7 Ga at present (Gastil, 1960), suggests global epi-
sodic granitoid formation during this period. Another com-
monly-observed feature in all the U-Pb age histograms is a
lack of ages at 2.4-2.2 Ga, indicating a globally quiescent
period of granitoid crust formation during this period. In
addition, the few 2.4-2.2 Ga zircons all have negative ¢Hf{(7)
values (Fig. 6a), suggesting little crust generation in the
time interval. Such a phenomenon was recently highlighted
by Condie et al. (2009). On the other hand, there is no
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synchronization of post-Archean peaks amongst the four
samples. This suggests that episodic granitoid formation
in the source regions of the four river sands are not coinci-
dent in post-Archean era, in contrast to the episodic global
granitoid formation at 2.7-2.5 Ga.

Fig. 7a shows the the probability density plot for the U—
Pb ages of detrital zircons. The relative probability was
based on the age proportions, rather than the number of
grains, of detrital zircons from the four rivers thus avoiding
undue weighting of the results based on the relatively large
number of analyses (i.e., the relative probability of zircons
having U-Pb ages between ¢ and ~100 Ma is an average of
percentages of the zircons for each river sand sample). We
can recognize peaks at 2.7-2.5, 2.2-1.9, 1.7-1.6, 1.2-1.0,
0.9-0.4, and <0.3 Ga. These well correlate with the timing
of aggregation of the Sclavia/Superia, Columbia, Rodinia,
Gondwana, and Pangea supercontinents, respectively
(Dalziel et al., 2000; Bleeker, 2003; Veevers, 2004; Zhao
et al., 2004; Johnson et al., 2005; Cawood and Buchan,
2007; De Waele et al., 2008; Rogers and Santosh, 2009)
(Fig. 7a). The correspondence can be interpreted as reflect-
ing that the formations of supercontinents are coupled with
episodic major igneous activities resulting from subducted
slab avalanches and mantle instabilities (Condie, 1998;
Rino et al., 2004, 2008) and/or that super-mountain build-
ing due to continental collisions enhanced first-cycling of

young igneous basements to the sedimentary system
(Campbell and Allen, 2008).

5. DETRITAL ZIRCON HF ISOTOPE SYSTEMATICS
5.1. Comparison with Nd isotopic data of river sediments

The Hf and Nd isotope systematics for the most crust
and mantle form a strong correlation, indicating the covari-
ance between Lu/Hf and Sm/Nd fractionations by most
magmatic processes in the crust and mantle (Johnson and
Beard, 1993; Vervoort and Blichert-Toft, 1999; Vervoort
et al., 1999). To compare the present Hf isotopic data of
detrital zircons with previously reported Nd isotopic data
of sediments from the Mississippi, Yangtze, Congo, and
Amazon Rivers, the averaged zircon Tpy values and Nd
depleted mantle model ages of the sediments (Goldstein
et al., 1984) are summarized in Table 3. The Nd model ages
were calculated using the present **Nd/'**Nd and
1478 m/1*Nd of the river sediments (Goldstein et al., 1984)
with the Nd isotopic evolution line for the depleted mantle
proposed by McLennan and Hemming (1992), which as-
sumes that the mantle evolved progressively from ¢Nd(3.8 -
Ga) =0 to eNd(present) = +10.

For the Mississippi, Congo and Yangtze Rivers, the Nd
model ages correspond to the averaged values of Tpyy in the

Supercontinent age

(NN W W 1 |

Relative probability (%)

Hf model age |

Age (Ga)

Fig. 7. Compiled (a) U-Pb and (b) Hf model (Tpy) age populations of detrital zircons from the four rivers. They were obtained by
accumulating the age proportions rather than the number of grains of detrital zircons from the four rivers, to avoid undue weighting of the
results based on the relatively large number of analyses. Periods of supercontinent assembly are shown in the top column.
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Table 3
Comparison of average zircon Hf model ages and Nd model ages
of sediments for the Mississippi, Yangtze, Congo, and Amazon
Rivers.

River Detrital zircon Sediments”
U-Pbage 1sd. Tpm 1s.d. Ndmodel age

Mississippi ~ 1.10 0.83 1.72  0.64 1.64

Congo 1.19 0.77 1.89  0.69 1.91

Yangtze 0.69 0.68 1.44  0.59 1.57, 1.62

Amazon 1.96 0.84 2.57 0.76 1.48

All ages are represented in Ga.

" Nd isotopic data are from Goldstein et al. (1984), which were
recalculated with the depleted mantle evolution curve of McLennan
and Hemming (1992).

range of 0.2 Ga. This clearly supports the point that the Hf
and Nd isotope systematics are generally well coupled dur-
ing most magmatic as well as sedimentary processes. By
contrast, the Nd model age of the Amazon River sediments
are 1.1 Ga younger than the average Tpy of the detrital zir-
cons. There are two possible causes for this discrepancy.

Table 4

The first is that because zircon is highly resistant to chem-
ical weathering relative to other minerals (Patchett et al.,
1984; Velbel, 1999; Balan et al., 2001), Sm and Nd could
be preferentially moved into, or out of, the sedimentary sys-
tem during sedimentary cycle. We see no reason, however,
that the decoupling owing to the high resistance of zircon
could be significant only for the Amazon River. The sec-
ond, and more plausible explanation, is that the Amazon
River sediments certainly originated from igneous rocks
that contain few zircons and have young depleted mantle
model ages. In fact, the northern volcanic zone of the An-
des, which represents an important contribution of sedi-
ment to the Amazon River (e.g., Dosseto et al., 20006), is
mainly comprised of late Cenozoic undifferentiated rocks
(basalt-basaltic andesite) with relatively juvenile isotopic
signatures (Harmon et al., 1984; Thorpe et al., 1984).

5.2. Hf model age distribution

A plot of ¢Hf(r) against crystallization age (Fig. 6a)
shows that most zircons have markedly lower ¢Hf(#) than

Mean of the running median of zircon ¢Hf{(#) for the river sands and sedimentary rocks.

Age (+0.15 Ga) Mean ¢Hf(7)* 1s.d. Model age® (Ga) Data source®
0.0 -5.79 6.65 1.02 1, 3-5

0.1 —4.01 2.30 1.01 1, 3-5

0.2 —4.74 3.11 1.13 1-5

0.3 —4.49 3.34 1.20 1-5

0.4 —4.08 2.44 1.261 1-5, 7, 9-11
0.5 —4.43 2.87 1.35 1-5, 7, 9-11
0.6 —4.35 2.92 1.43 14,7, 9-11
0.7 -3.90 5.03 1.48 1-5,7,9, 11
0.8 —1.13 3.70 1.43 1-3,5,7, 11
0.9 —0.57 3.46 1.48 1-3, 5, 10
1.0 0.41 4.60 1.51 1-3, 5,7, 10, 11
1.1 0.56 4.41 1.59 1-5, 7, 10, 11
1.2 -0.93 2.58 1.74 1,2, 4,5, 11
1.3 1.31 2.95 1.71 1,2,4,7, 11
1.4 0.20 5.52 1.84 1,6,7

1.5 —0.48 4.76 1.96 1,4,6,7

1.6 —0.75 4.48 2.05 1,4,6,7

1.7 —0.90 3.77 2.14 1,2,4,6,7
1.8 —3.07 3.71 2.32 1-5,7,8

1.9 —3.88 3.07 2.44 1-5, 7-9

2.0 —3.18 4.10 2.49 1-5, 7-9

2.1 —4.84 4.60 2.65 2-4,7-9, 11
2.2 —3.55 5.27 2.67 1,2,4,7-9, 11
2.3 —4.60 3.67 2.79 4,7,8, 11
2.4 —3.53 4.88 2.82 1-4,6,7,8, 11
2.5 -2.79 4.71 2.87 1-4,7,8

2.6 —1.52 3.89 2.89 1-4, 7-9, 11
2.7 —-2.53 3.06 2.02 1,2,4,8

2.8 —1.94 291 3.07 1,2,4,8

2.9 —-2.32 1.10 3.17 1,4, 8

3.0 —1.07 1.53 3.19 1,4, 8

3.1 —0.55 0.95 3.25 1,4

3.2 —0.59 3.33 4

* The medians based on <5 data set have been left out.

® Calculated using the ratio of average Precambrian granitoid crust (’*Lu/!””Hf = 0.0093: Vervoort and Patchett, 1996).
€ (1) MP1; (2) CNG2; (3) YZI1; (4) AMZS3; (5) SE-Asia; (6) Ukrain; (7) Yellow River; (8) Laurentia; (9) W-Gondwana; (10 and 11) E-

Gondwana (i) and (ii).
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that of the depleted mantle at the time of crystallization. In
detail, the proportions of all zircons having crustal resi-
dence time (the deviation of Tpy from the U-Pb age) of
>300 Ma from the Mississippi, Yangtze, Congo, and Ama-
zon River sands are 69%, 85%, 86%, and 90%, respectively.
These data reinforce the view that granitoid magmatism has
had a fundamental role in the differentiation of the conti-
nental crust. The relatively short average crustal residence
time for the Mississippi River is due to the high proportion
of 1.8-1.3 Ga zircons that generally have high ¢Hf(¢). The
figure also illustrates the significance of crustal reworking
in granitoid formation even before 2.8 Ga, indicating that
crust, which was stable for long enough to result in a signif-
icant change in Hf isotopes, was present by Mesoarchaean
time.

Zircon Hf model age (Tpym) can provide chronological
constraints on the generation of juvenile continental crust
that was reworked into the zircon parental magma. How-
ever, the Tpy potentially represents the accurate timing
of the crust generation only if the parental magma lacked
a mixed component (Arndt and Goldstein, 1987); if not,
then the Tpyy provides the hybrid age of multi components.
Indeed, recent studies (e.g., Grove et al., 1997; Annen et al.,
2006; Kemp et al., 2007; Jagoutz et al., 2009) have demon-
strated that many granitoid magmas contain not only a
crustal source component but also a juvenile mantle source
component. In addition, parental magmas of some grani-
toids, such as S-type granites, certainly involve multi-crus-
tal components having various Lu/Hf ratios (e.g.,
Chappell, 1984). Since the Tpy is calculated under the
assumption that the reworked crust is granitoid in Lu/Hf
composition (7Lu/'"Hf = 0.0093; Vervoort and Patchett,
1996), this can only be regarded as a minimum age for the
reworked crust (Nebel et al., 2007). Note that even a com-
bination of zircon Hf and O isotopes (Kemp et al., 2006;
Pietranik et al., 2008; Hiess et al., 2009; Wang et al.,
2009) cannot circumvent the former problem, though it
can diagnose reworking of a sedimentary source
component.

We draw attention to three features in the Ty distribu-
tion (Fig. 3e-h). The first is that the oldest zircon Tpy; for
the Mississippi, Congo and Amazon River sands, are circa
3.7 Ga. This suggests that crust generation generally took
place by around 3.7 Ga, and that the crusts were subse-
quently reworked into <3.3 Ga granitoid crusts. The second
feature is that the model age histograms for the four river
zircons show no peaks in the Phanerozoic era. This is in
contrast to the prominent peaks in the same time interval
in the U-Pb age histograms (Fig. 3a—d), indicating that Pre-
cambrian continental crusts were dominant sources of
Phanerozoic granitoid magmas. The third feature is that
all of the four river samples show peaks between 3.4 and
2.4 Ga and between 2.0 and 0.8 Ga, indicating that sources
of large volume of granitoid continental crust are, on an
average, extracted from the mantle during these periods.
The broadness of the peaks, relative to those in the U-Pb
age distributions, can be interpreted as reflecting either that
generation of the continental crust is less episodic as com-
pared to granitoid crust formation, or that the granitoid
magmas have mixed age source rocks.

The accumulated Tpy population of detrital zircons
from the four rivers (Fig. 7b) shows relatively sharp peaks
at 3.3-3.0 and 2.9-2.4 Ga, and a broad peak between 2.0
and 0.9 Ga. These are broadly coincident with the observed
peaks in the Nd model age population of sedimentary rocks
(around 3.6, 2.7, 1.9, and 1.2 Ga; McCulloch and Bennett,
1994), and also with those in the Hf model age population
of detrital zircons having mantle-like O isotope signatures
(at 3.4-3.0 and 2.2-1.7 Ga; Kemp et al.,, 2006; Wang
et al., 2009).

5.3. Secular variation of Hf isotopes in granitoid crust

Detrital zircons, even those having similar U-Pb ages,
show a wide range in ¢Hf(¢) (Fig. 6a), indicating that gran-
itoid crust is highly heterogeneous in terms of radiogenic
isotopes. To examine possible general secular change of
radiogenic isotopes in zircons from large rivers, we have
plotted running medians of ¢Hf(¢), based on a 300 Ma win-
dow and 100 Ma forward step, for zircons from each sam-
ple of this study (Fig. 6b—e). Common characteristics have
been identified: (i) the median ¢Hf(#) value deviates from
the depleted mantle evolution curve from the Mesoarcha-
ean to early Paleoproterozoic, (ii) the deviation
(AeHfpm(?)) decreased between circa 2.0 and 1.3 Ga (gray
bars on Fig. 6), and (iii) increased afterwards. Note that a
choice of a 200 or 600 Ma window for the calculation
would produce similar trends. To evaluate the further gen-
erality of the trends, we also calculated and plotted the
¢Hf(¢) medians of zircons from other large river sands (Yel-
low River, Yang et al., 2009; Southeast-Asia, Bodet and
Schirer, 2000; Ukaraine, Condie et al., 2005) and sedimen-
tary rocks deposited on the passive margins of the conti-
nents, namely former river sands in large river systems
(Laurentia, Condie et al., 2005; East-Gondwana, Kemp
et al., 2006 and Veevers et al., 2006; West-Gondwana, Ger-
des and Zeh, 2006) (Fig. 6f). The results indicate the simi-
larity of the trends.

It might be possible that the noted trends are attributed
to other mechanisms other than those associated with gran-
itoid crust formation, such as the abundance of zircons de-
rived from mafic rocks or sedimentary cycling processes.
Zircons derived from mafic rocks tend to have relatively
higher ¢Hf(r) and low Hf contents (Belousova et al.,
2002). Preferential input of mafic-derived zircon in the
2.0-1.3 Ga period could account for the trends, but no sys-
tematic secular variations were observed in the Hf abun-
dance in the zircons (Fig. 8a), suggesting this mechanism
unlikely. If sedimentary processes were responsible, then
it would require a global preferential cycling of zircons that
have a certain ¢Hf(¢) and a particular crystallization age.
Such preferential sedimentary cycling could occur during
collisional orogenesis, because continental collision would
generate leucogranites having low ¢Hf(7) via intra-crustal
melting (Deniel et al., 1987; France-Lanord and Le Fort,
1988; Inger and Harris, 1993) and subsequently uplift them
to be preferentially eroded, whereas such granitoids are vol-
umetrically minor. However, we see no correlation between
the secular trends and the timing of aggregation of super-
continents (Figs. 6b—f and 7), suggesting that the preferen-
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samples, based on a 300 Ma window and 100 Ma forward step. Medians based on <5 data sets are shown by open circles.

tial sedimentary process is not a dominant control. We
therefore conclude that the trends reflect secular variations
of Hf isotopes in granitoid crust.

5.4. Generation and differentiation of the continental crust

The geological significance of the observed ¢Hf(7) trends
can be investigated by modelling the Hf isotopic evolution
of granitoid crust in terms of the efficiency of crustal
reworking. In the context of a granitoid genesis model in
which a parental magma involves a juvenile magma compo-
nent derived from the depleted mantle and a reworked crus-
tal component (e.g., Grove et al., 1997; Annen et al., 20006;
Kemp et al., 2007; Jagoutz et al., 2009), the ¢Hf{(#) of the
granitoid can be adequately estimated by adjusting the
mass fraction of Hf from the reworked crustal component
involved in the mixing. This is termed the reworking index.

We have considered that crust formation events take place
with a regular time interval of 100 Ma. The initial Hf iso-
tope ratio of the granitoid crust formed during the nth event
at time ¢, is given by:

["SHF /THI)C = o, [7°HE/TTHE]C + (1 - o1,)

% [176Hf/]77HfL[:M (3)

where acronyms GC, RC, and DM represents the granitoid
crust, reworked crustal component and depleted mantle,
respectively, and o is the reworking index. Hence o reflects
relative significance of the juvenile magma addition (crustal
generation) and reworking of pre-existing crust (crustal dif-
ferentiation) in granitoid crust formation. Because
[SHf /' TTHE) (Fig.  6b-f)
[78Hf/'HE]™ is defined in Eq. (2), we can deduce a, by

assuming ["Hf /"7 H]C.

is  measured and
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Fig. 9. Reworking index as a function of time, as modelled to
reproduce the ¢Hf(¢) trends in granitoid crusts (as in Fig. 6b—f). The
model assumes that granitoid genesis results from a mixture
between juvenile magmas and crustal melts derived from pre-
existing crusts comprising granitoid and mafic rocks with crystal-
lization ages from ~2000 to 100 Ma. The mass ratio of the mafic
and granitoids is assumed to be 1 (see text for details). The time
window (150 Ma) used for the calculation of ¢Hf(¢) medians is
illustrated by the shaded zones surrounding the reference lines at
2.7, 1.9, and 1.2 Ga.

Since both mafic and granitoid (sedimentary) rocks are
likely to be involved in the formation of granitoid crust
(e.g., Chappell, 1984; Kemp et al., 2007), we have consid-
ered that the reworked crustal component is derived from
pre-existing crusts comprising granitoid and mafic rocks
with a certain mass ratio of the two rocks (Mmafic/Mgranitoid)-
We then assume that the mafic rock has the Hf isotopic
composition of the contemporaneous depleted mantle at
the time of formation and has a '7®Lu/!”’Hf of mafic lower
crust (0.018; Rudnick and Fountain, 1995). For the granit-
oid, we have used the observed ¢Hf(z) for its initial Hf iso-
tope ratio (Fig. 6b—f) and the "Lu/'”’Hf of average
Precambrian granitoid crust (0.0093; Vervoort and Patch-
ett, 1996). For old granitoids in Fig. 6b—f where the ¢Hf{(7)
is not available, their initial Hf isotope ratios were taken to
give A¢Hfpm(7) equal to that of the oldest available grani-
toids in each sample (i.e., AeHfpm(?) are 4.6 for >3.3 Ga
MP1 granitoids, 4.7 for >3.3 Ga CNG2 granitoids, 2.5
for >2.7 Ga YZ1 granitoids, 1.3 for >3.4 Ga AMZS grani-
toids, and 1.9 for >3.2 Ga Mean granitoids, respectively).
The Hf isotopic composition of the reworked crustal com-
ponent is expressed as the following equations:

n—1

with
Mgranitoid C

ranitoid
X = £

Hf
Mgranitoid Cgranitoid + Mmafic Cmafi(‘

1
H, Hf
1 + (mmaﬁc/mgrzmitoid) (Cmfaﬁg/cgftaniloid>

and

iaizl
0

where «; is the contribution of the pre-existing crust formed
in the ith event to the reworked crustal component, and
C;;mmd and C™'_ are the concentrations of Hf in the gran-
itoid and mafic rocks, respectively. The Hf contents of aver-
age Precambrian granitoid crust (9.0 ppm; Vervoort and
Patchett, 1996) and of mafic lower crust (1 9 ppm; Rudnick
and Fountain, 1995) were used for Cgrdmlold and CH.
respectively. As we have no evidence for reworking of crust
older than 3.7 Ga (Fig. 7b), our calculations start from
3700 Ma (i.e., to=3700 Ma). The parameters of «; and
Minafic/ Mgranitoia €an be chosen in different ways. We tenta-
tively accepted that pre-existing crusts available for rework-
ing at any time are restricted to the ~20 last formed
(~2000-100 Ma) crusts with a mmafic/Mgranitoia Of 1. Because
the cumulative age distribution of geologic entities such as
continental basement and sediments follows a power law
function (Veizer and Jansen, 1985), the contribution of each
crust has been taken to decrease with age:

32
Za,—land Za,-(u) (n = 20)

n—20 n—20

Za, =1 and Zal = <w> (n < 20) (5)

We can then calculate [7°Hf /""7Hf]; and obtain o,. Begin-
ning with the oldest ages, we estimated the successive o,
step by step and deduced the secular change in «. Fig. 9
shows the temporal change in the reworking index to repro-
duce the observed ¢Hf(f) curves in granitoid crusts
(Figs. 6b-f). Note that the choice of an age range of
1000-100 or 3000-100 Ma and of a Mmafic/Mgranitoid value
of 4 or 1/4 for reworked crust would not alter the argu-
ments below (Fig. 10). The results indicate that increased
reworking index is defined at >2.5 and 2.1-1.0 Ga for the
Mississippi River zircons, >2.5 and 1.5-1.2 Ga for the Con-
go River zircons, >2.3 and 1.4-0.6 Ga for the Yangtze Riv-
er zircons, >3.0 and 1.9-1.0 Ga for the Amazon River
zircons, and >3.0 and 1.8-0.8 Ga for the mean of all detrital

(a; = 0) 4)

[176Hf/177Hf]§ —x \‘E a; ([176Hf/]77Hf]GC [176Lu/177Hf]gMnimid (e}v(t,ft,,)) _ 1>J
0

1

(1-x {Z a ([”"’Hf/me]

[176L /177Hﬂmaﬁc( (ti— t,,)) I)J
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Fig. 10. Secular changes in reworking index to reproduce the
¢Hf(7) trend in granitoid crust as in Fig. 6f and Table 4, based on
the assumption that granitoid crust formation results from a
mixture between a juvenile magma component and a reworked
crustal component. (a) Pre-existing crusts available for reworking
have the mmaﬁngmnnoid value of 1, and an age range of ~1000-
100, ~2000-100, or ~3000-100 Ma. (b) Pre-existing crusts avail-
able for reworking are restricted to ~2000-100 Ma crusts, which
have a Mmagic/Mgranitoia value of 1/4, 1, or 4.

zircons from large rivers and continental sedimentary rocks
(solid line in Fig. 6f and Table 4).

There are at least two plausible mechanisms capable of
significantly changing the reworking index in granitoid
crust formation with geological time. The first is the varia-
tion in rate of continental crust generation. Thermal simu-
lations for granitoid genesis (Annen et al., 2006) show that
a high basalt emplacement rate results in high production
rates of both crustal melts and residual melts from basalt
crystallization, but an increase of the crustal melting is re-
stricted relative to the residual melting because heat diffu-
sion in the crust limits the thickness of the crustal melted
zone. This suggests that a reworking index would be rela-
tively low in a period of rapid continental crust generation.
The temporal variations of the reworking index therefore
can be interpreted as indicating that the rate of crust gener-
ation increased around (or before) 3.3 and 1.3 Ga in all
studied area (Fig. 9).

An alternative mechanism is a change in the major gran-
itoid formation process. There are prominent geochemical
differences between typical Archean granitoids (TTG: tona-
lite-trondhjemite—granodiorite) and most post-Archean
granitoids which follow a calc-alkaline differentiation trend,

particularly with regard to REE patterns: the former show
HREE depletion and no Eu anomalies, while the latter have
negative Eu anomalies. Based on this, the style of major gran-
itoid genesis has been considered to change from the Archean
to the Proterozoic as a consequence of the cooling of Earth.
In the Archean, granitoid magmas were generated at depths
in equilibrium with residual garnet (Petford and Atherton,
1996; Smithies, 2000; Whalen et al., 2002; Rapp et al.,
2003; Condie, 2008) probably by partial melting of young
subducted crust (Martin, 1986; Drummond and Defant,
1990; Foley et al., 2002; Hiess et al., 2009), whereas during
post-Archean times most granitoid magmas formed at crus-
tal depths in the presence of plagioclase as a residual or frac-
tionating phase (Wyllie, 1984; Taylor and McLennan, 1985).
Indeed, our data show that the median Eu/Eu* values of zir-
cons from the Amazon River decrease during the Paleopro-
terozoic era (Fig. 8h), while for the other studied rivers the
values of Archean post-Archean zircons overlap within inter-
nal quartiles (Fig. 8e-g). The Eu/Eu* secular change might
reflect that granitoid magma genesis by crustal melting be-
came increasingly more important during the Paleoprotero-
zoic era. However, the observed secular trends in the
reworking index are opposite of that expected. In addition,
the lack of correlation between ¢Hf(7) and Eu/Eu* (Fig. 11)
as well as other geochemical parameters does not support
this interpretation. We therefore consider that a variation
in rate of continental crust generation is more likely to ac-
count for the secular changes in the reworking index than
the transition of the style of major granitoid genesis.

5.5. Implications for episodic continental crust generation

While rocks amendable to study on the continental sur-
face are generally not a direct sample of newly generated
crust, the timing of possible episodic crust generation has
been proposed based on the following two observations.
The first is that radiogenic isotope (Sr, Nd, Hf) model ages
of granitoids and sediments cluster around 3.6, 3.3, 2.7,
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Fig. 11. Plot of ¢Hf(¢) versus Eu/Eu* for detrital zircons from
sample of this study.
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1.9, 1.2, and/or 0.5 Ga (Nelson and DePaolo, 1985; Patchett
and Arndt, 1986; McCulloch and Bennett, 1994; Jahn, 2004;
Kemp et al., 2006; Yang et al., 2009; Wang et al., 2009). The
Tpm population of our detrital zircons (Fig. 7b) is consistent
with these results. However, as previously mentioned (Sec-
tion 5.2), the model age peaks could reflect hybrid ages of
multi-juvenile crust formation events (Arndt and Goldstein,
1987). The second observation is that the zircon U-Pb ages of
isotopically juvenile granitoids on different continents show
peaks around 2.7, 2.1, 1.9, and 1.2 Ga (Boher et al., 1992;
Condie, 1998; O’Reilly et al., 2008). The ‘hybrid age’ problem
can be largely circumvented by this method. Note, however,
that our data reveal that the isotopically juvenile granitoids
are minor in the upper continental crust. Thus, juvenile gran-
itoid record alone might be highly incomplete and insufficient
to investigate the growth history of continental crust. More
recently, it has been shown that Os isotopic model ages of
ophiolite and mantle xenolith samples also cluster around
3.3-2.5, 1.9, and 1.2 Ga, possibly reflecting significant man-
tle depletion by episodic crust generation at these times
(e.g., Griffin et al., 2003; Carlson and Pearson, 2005; Pearson
et al., 2007).

Given that the reworking index in granitoid crust forma-
tion depends on the rate of continental crust generation, the
temporal variations of the reworking index, based on a sig-
nificant number of detrital zircon U-Pb and Lu-Hf data,
can be used to evaluate models for episodic generation of
the continental crust. Our results indicate that the rate of
continental crust generation increased around (or before)
3.3 and 1.3 Ga in all studied areas (Fig. 9). The high rates
of crust generation around 2.7 and 1.9 Ga, that have been
proposed by Condie (1998), are defined in the detrital zir-
con record of some of the studied rivers (the Yangtze and
Congo Rivers for circa 2.7 Ga event and the Mississippi
and Amazon Rivers for circa 1.9 Ga event, respectively).
Our results also indicate that crust generation was relatively
minor, and crustal differentiation was the dominant feature
of the evolution of continental crust at 2.3-2.2 Ga and after
0.6 Ga in all studied areas. While further zircon U-Pb and
Lu-Hf isotopic work on other major rivers is clearly re-
quired to evaluate the generality of the conclusions, our
current pictures clearly support the model for the episodic
global generation of the continental crust.

Despite of the potential ‘hybrid age’ problem in model
age calculation, the observed peaks in the model age popu-
lation (Fig. 7b) do in fact broadly correspond with the juve-
nile granitoid age population (Condie, 1998) and also with
the timing of low reworking index in granitoid crust forma-
tion (Fig. 9). This association may suggest that in many
granitoid magmas, a crustal component dominates over a
juvenile mantle component, and therefore that the model
ages approximate the timing of juvenile crust formation
events. The implication of this interpretation is that even re-
stricted addition of juvenile magmas to the continental
crust can cause significant intra-crustal melting.

6. SEDIMENTARY GROWTH AND RECYCLING

Sediments are major components of crustal materials
recycled into the mantle, and therefore potentially modify

the composition of the mantle. Sedimentary systems also
control the composition of the ocean and the atmosphere
through weathering, erosion and deposition processes
(e.g., Veizer and Compston, 1976; Kramers, 2002; Lowe
and Tice, 2004). Hence, knowledge of sedimentary dynam-
ics is essential to better understanding the evolution of the
Earth’s crust-mantle and surface environment. The tempo-
ral Hf isotopic evolution of granitoid crust identified here
can provide new insights into the growth and recycling of
the sedimentary mass by combining with the Nd and Hf
isotopic data of sedimentary rocks.

The Nd and Hf model ages of sedimentary rocks reflect
the mean mantle-extraction age of the various provenance
components. Fig. 12a summarizes the Nd and Hf isotopic
data from sedimentary rocks as plots of the sedimentation
age versus the Nd or Hf model age (from data compilation
in McLennan and Hemming, 1992; Vervoort et al., 1999). It
illustrates that for most sedimentary rocks the model age
exceeds the sedimentation age and that the age difference
generally increases from ~2.5 Ga to the present. Two inter-
pretations of these data have been made. The first (O’Nions
et al., 1983; Allegre and Rousseau, 1984) interpreted that
sediments are primarily representative samples of the crys-
talline crusts feeding the sedimentary basins and the Nd iso-
topic data reflect the crustal residence time of the
continental crust. It is, however, well established that the
rate of sedimentary recycling is much faster than the ero-
sion of old igneous basement (Veizer and Jansen, 1979,
1985; Goldstein et al., 1984; Michard et al., 1985; McLen-
nan, 1988; Veizer and Mackenzie, 2003). Therefore, alterna-
tives (Veizer and Jansen, 1985; Mclennan, 1988; McLennan
and Hemming, 1992) consider that the Nd isotopic data re-
flect growth and recycling of sedimentary system. Assuming
that the effect of crustal reworking is insignificant relative to
that of sedimentary recycling, the age difference has been
interpreted in terms of the relative importance of the canni-
balistic sedimentary recycling versus first-cycling of the
young igneous basement having a short crustal residence
time. This has led to the inference that the sedimentary
mass grew to a near present-day sedimentary mass through
addition of first-cycle sediments from young igneous base-
ments, until after ~2.5 Ga when cannibalistic recycling be-
came dominant. However, our results (Fig. 6) clearly
indicate that crustal reworking is an important process in
granitoid crust formation, and therefore that the igneous
precursors of sediments should have long crustal residence
times, calling for re-evaluation in sedimentary evolutionary
models.

To distinguish the effects of sedimentary recycling and
crustal reworking, the model ages of sedimentary rocks
are compared with the mean Hf model ages of the contem-
poraneous granitoid crusts (Fig. 12b and ¢). The mean Hf
model ages of granitoid crusts are calculated from the mean
values of the ¢éHf(7) medians for zircons from the large riv-
ers and from sedimentary rocks (Fig. 6f and Table 4). Be-
cause sediments in active margins (Fig. 12b) and
continental (cratonic/passive) settings (Fig. 12c) have sys-
tematically different model ages (McLennan and Hemming,
1992; Vervoort et al., 1999), we evaluate the two groups of
sediments separately. Two remarkable features are evident.
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Fig. 12. Reconciling the igneous and sedimentary records. Plots of Hf (squares) or Nd (circles) model age versus stratigraphic age (a) for all
sediments (from data compilation in McLennan and Hemming, 1992, and Vervoort et al., 1999), (b) sediments deposited in active margins,
and (c) sediments deposited in continental settings. The data from Vervoort et al. (1999) were recalculated using the '7°Lu decay constant of
1.867 x 107!, and the parameters of the depleted mantle defined in this study. The mean Tpy; (solid line) + 2 s.d. (shaded area) of the
contemporaneous granitoid crusts, calculated from averaged Tpy for zircons from the large rivers and passive margin sedimentary rocks
(Fig. 6f and Table 4), are also shown as a function of the crystallization age.

First, active margin sediments have, on average, similar
model ages to those of the contemporaneous granitoid
crusts through geological history, while the model ages of
young continental samples markedly exceed those of the
granitoid crusts. This indicates that sedimentary recycling
has primarily taken place in continental settings rather than
tectonically active margin settings. Minor recycling at ac-
tive margins can be explained by efficient sediment loss
from the system by subduction and/or accretion to the deep
crust (Reymer and Schubert, 1984; Hay et al., 1988; von
Huene and Scholl, 1993; Rea and Ruff, 1996; Plank and
Langmuir, 1998; Clift and Hartley, 2007). The major con-
trol by tectonic setting on sedimentary recycling rate has
been also demonstrated by Veizer and Jansen (1985) which
examined the mass-age relationship in modern various tec-
tonic sediments and demonstrated that the half-life of con-
tinental sediments is >10 times longer than that of active
margin sediments, consistent with our results.

Second, the excess of model ages of continental sedimen-
tary rocks over the granitoid crusts is rarely observed in
samples older than ~1.5 Ga. This is best explained if the
continental sedimentary mass was growing significantly by
the addition of first-cycle sediments from contemporaneous
igneous precursors until ~1.5 Ga, and subsequently canni-
balistic recycling became the dominant feature of sedimen-
tary evolution. This interpretation is consistent with the
observed secular change in Th/U of sedimentary rocks. Un-
der oxidizing conditions, U*" is oxidized to U°" which is
highly soluble and readily mobilized during rock weather-
ing, whereas Th*" does not change oxidation state and re-
mains insoluble during weathering. Hence, if sedimentary
recycling is important in sedimentary evolution, it should
be accompanied by an increase in Th/U, as multi-cycled
components should preferentially lose U. Indeed, sedimen-
tary rocks younger than 1.5 Ga have high Th/U relative to
those older than 1.5 Ga (McLennan and Taylor, 1980; Tay-
lor and McLennan, 1985). In addition, because the size of
the continental sedimentary mass is principally a function
of the extent of the continents (Veizer and Jansen, 1985),

our inference for sedimentary growth is compatible with
the variation in rate of continental crust generation to ex-
plain the observed ¢Hf(#) trends in the granitoid crusts
(see Sections 5.4 and 5.5).

A relevant question in sedimentary evolution is: When
did the accumulation of sedimentary masses begin so that
they could be recycled into younger sediments? The oldest
of detrital zircons from large rivers generally have U-Pb
ages of circa 3.3 Ga (Fig. 7a; Campbell and Allen, 2008;
Rino et al., 2008). Given that detrital zircons in river sands
and sedimentary rocks were essentially derived from older
sedimentary rocks and young contemporaneous igneous
basements (Rahl et al., 2003; Campbell et al., 2005; see also
Section 4), the observation suggests that sedimentary recy-
cling was generally operative by around 3.3 Ga. On the
other hand, the oldest zircon Hf model ages for the river
sands are circa 3.7 Ga (Fig. 7b). The lack of >3.3 Ga zir-
cons, despite the zircon Hf model ages up to 3.7 Ga, could
be interpreted to indicate that Eo- and Paleoarchaean crusts
dominantly comprise mafic rocks, which contain few mag-
matic zircon (Vervoort and Blichert-Toft, 1999; Foley
et al., 2003). We consider this unlikely, however, because
granitoid formation process under the presence of liquid
water oceans appear to be established by 4.2 Ga (e.g., Cavo-
sie et al., 2005; Watson and Harrison, 2005; Ushikubo et al.,
2008; Harrison, 2009). Indeed, preserved Eo- and Paleoar-
chaean terranes generally exhibit bimodal occurrences of
mafic (greenstone) and granitoid (TTG) rocks (de Wit and
Hart, 1993; Windley, 1995). An alternative and more plau-
sible explanation is that certain amounts of granitoid crust
were formed and eroded to be deposited in sediments, but
at that time the first-cycle sediments were efficiently removed
from sedimentary recycling system via subduction into the
mantle and/or accretion to the deep crust. This view is con-
sistent with the paucity of Eo- and Paleoarchean mature
sedimentary rocks such as quartz-rich sandstones (Lowe,
1994; Veizer and Mackenzie, 2003; Valley et al., 2005). Be-
cause sedimentary recycling has primarily taken place in
continental settings rather than tectonically active margin
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settings, these observations may indicate that crusts gener-
ated during Eo- and Paleoarchaean time formed island arcs,
and that sediment accumulation accompanied by sedimen-
tary recycling generally began at around 3.3 Ga, as a result
of the stabilization of a critical volume of crust that permit-
ted the establishment of continental basins or shelves (Fla-
ment et al., 2008). This inference is consistent with
geological evidence for the oldest continental block having
formed at circa 3.4 Ga (Buick et al., 1995).

Presumably, the hotter and, therefore, rheologically
weaker lithospheric mantle fostered many small plates
and island arcs early in Earth’s history (Dewey and Wind-
ley, 1981; Richter, 1988; Takahashi, 1990; Nisbet et al.,
1993; de Wit and Hart, 1993; Komiya, 2004; Berry et al.,
2008; Rey and Coltice, 2008), and the young arc crust
was efficiently returned to the mantle via subduction.
Accordingly, net growth of continental crust was essentially
minor in early Earth’s history despite high rates of crust
generation. The formation of the continents was delayed
until a time when moderately strong and large plates were
formed and newly formed crust was able to survive through
collision amalgamation and sediment accumulation accom-
panied by sedimentary recycling in passive tectonic settings
(Dewey and Windley, 1981; de Wit and Hart, 1993).

Overall, the lines of evidence from detrital zircons imply
that generation of continental crust began by 3.7 Ga and
continued over geological time with major global increases
around (or before) 3.3 and 1.3 Ga. This process, in conjunc-
tion with the secular cooling and strengthening of the litho-
spheric mantle, resulted in the emergence of the continents
around 3.3 Ga with further rapid growth around 1.3 Ga.
The continental crust development led to the major growth
of the sedimentary mass between 3.3 and 1.3 Ga, and the
predominance of its cannibalistic recycling later.
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