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Abstract We report 87Li, Li abundance ([Li]), and other
trace elements measured by ion probe in igneous zircons
from TTG (tonalite, trondhjemite, and granodiorite) and
sanukitoid plutons from the Superior Province (Canada) in
order to characterize Li in zircons from typical Archean
continental crust. These data are compared with detrital
zircons from the Jack Hills (Western Australia) with U-Pb
ages greater than 3.9 Ga for which parent rock type is not
known. Most of the TTG and sanukitoid zircon domains
preserve typical igneous REE patterns and CL zoning. [Li]
ranges from 0.5 to 79 ppm, typical of [Li] in continental
zircons. Atomic ratios of (Y + REE)/(Li + P) average
1.0 + 0.7 (2SD) for zircons with magmatic composition
preserved, supporting the hypothesis that Li is interstitial
and charge compensates substitution of trivalent cations.
This substitution results in a relatively slow rate of Li
diffusion. The 6’Li and trace element data constrain the
genesis of TTGs and sanukitoids. [Li] in zircons from
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granitoids is significantly higher than from zircons in
primitive magmas in oceanic crust. TTG zircons have 6’Li
(3 £ 8%0) and 6'%0 in the range of primitive mantle-
derived magmas. Sanukitoid zircons have average &’Li
(7 £ 8%o) and 6'®0 higher than those of TTGs supporting
genesis by melting of fluid-metasomatized mantle wedge.
The Li systematics in sanukitoid and TTG zircons indicate
that high [Li] in pre-3.9-Ga Jack Hills detrital zircons is a
primary igneous composition and suggests the growth in
proto-continental crust in magmas similar to Archean
granitoids.

Keywords Zircon - Trace elements - Lithium isotopes -
SIMS - Jack Hills - TTG - Sanukitoid

Introduction

Zircons are a retentive accessory mineral in many rocks.
They are extensively used for U-Pb geochronology, giving
useful information about tectonic events and related pro-
cesses (e.g., Davis et al. 2003). Zircons also give valuable
geochemical information from oxygen isotope ratios and
trace elements (Hoskin and Schaltegger 2003; Valley
2003). Magmatic 6'%0 values are generally preserved in
non-metamict zircons, even through high-grade metamor-
phism and anatexis (Page et al. 2007; Valley et al. 2005;
Watson and Cherniak 1997). Grimes et al. (2007) used
trace elements to show that zircons from continental crust
can be distinguished from oceanic crust. Recently, Li
content ([Li]) and d’Li in zircons have been reported
(Grimes et al. 2011; Li et al. 2011; Ushikubo et al. 2008)
showing that Li is useful for characterizing a zircon’s
parent rock. However, interpreting the significance of [Li]
and 6’Li in zircons requires better understanding of the
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possible effects of alteration in Li and 6’Li distribution in
zircon, Li substitution mechanisms, and Li diffusion rates
in zircon.

Here, we report the analysis of 8L, [Li], and other trace
elements in zircons coupled to imaging for well-studied
igneous suites. This is the first study reporting analyses of
8'Li, associated with 23 trace elements (Li, P, Ca, Ti, V,
Fe, Y, REE, U, and Th) in single analysis pits in zircon.
Due to intracrystalline zoning, such correlated analyses are
necessary to test the proposed Li substitutions in zircons.

We chose igneous zircons from TTGs and sanukitoids
with ages ranging from 2.7 to 3.0 Ga, which are typical
Archean granitoids (e.g., King et al. 1998). The selected
TTG and sanukitoid zircons are from the Superior Province
(Canada), and 6'80(Zrc) and U-Pb ages are reported
elsewhere (Davis et al. 2005; King et al. 1998). The use of
well-described zircons with known parent rocks allows
testing the potential of [Li] and 6’Li as petrogenetic trac-
ers. The differences in trace elements, Li, and 87Li between
zircons from four TTG and four sanukitoid plutons are
discussed in terms of their different petrogenesis. These
data are also compared to Archean detrital zircons from the
Jack Hills (Western Australia) that are older than 3.9 Ga
(up to 4.35 Ga) and for which parent rock type is uncertain.

Li substitution in zircons

While Li is a mobile element in many processes, zircon
appears to be highly retentive (Ushikubo et al. 2008);
however, Li exchange in zircon is not well understood. The
mechanism of lithium substitution in zircon affects chem-
ical diffusion rates and must be evaluated before it can be
interpreted as reflecting magmatic compositions. Zircon is
an orthosilicate in which isolated SiO, tetrahedra shares
corners and edges with distorted ZrOg polyhedra. The
zircon crystal structure incorporates a wide range of trace
elements, including Li, P, Y, Ti, Hf, U, Th, and REE (Finch
et al. 2001; Hanchar et al. 2001; Hoskin and Schaltegger
2003). Incorporation of REE in zircon is commonly
assumed to be a “xenotime-type” substitution, because of
the high [P] in many zircons and because zircon is iso-
structural with xenotime (YPO,). The charge-balanced
substitution is as follows:

(Y + REE)*" P> = Zr*+ 4 Si** (1)

If xenotime-type substitution solely governs the REE
incorporation in zircons, P>* and REE*" compensate and
[(Y + REE)/Plaomic should be 1. However, numerous
studies have observed an excess of total REE compared
with P (i.e., [(Y + REE)/Pl omic > 1), indicating that at
least one other substitutional mechanism occurs (Cavosie
et al. 2006; Hinton and Upton 1991; Pidgeon et al. 1998;
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Speer 1982). Possible substitutions are summarized in
Table 1. Some substitutions are simple, such as tetravalent
Hf, U, Th, Ti, and Sn ions that could directly substitute for
Zr'™*, whereas other elements require a coupled substitution
for charge balance. Finch et al. (2001) and Hanchar et al.
(2001) suggested that Li substitutes on an interstitial site,
charge-balancing REE and Y (see Table 1), leading to a
couple substitution as follows:

Lilt

(intersitiat) T (Y + REE)*" = Zr*" + Oineersial (2)

When converted to atomic proportions, each ppm of Li
(at. wt ~ 7 amu) compensates for over twenty times its
weight in REE (at. wt ~ 150 amu) in Eq. (2). In this case,
if Li and P compensate REE, the ratio defining these two
coupled substitutions, [(Y 4+ REE)/(Li + P)]aomic, should
be 1 (Ushikubo et al. 2008). Because VL't has a larger
ionic radius than Si*" (Shannon 1976), Li is unlikely to be
incorporated in Si sites. Alternatively, Y™ Li could fit Y™"'Zr
sites, associated with 3 interstitial Li for charge compen-
sation (Eq. 3). Li could also be 100% interstitial for charge
compensation of Zr, if an eightfold vacancy can exist
(Eq. 4).

VHILiJr + 3Lif; =vit ZI'4+ + 3I:|(interstitia\1) (3)

(intersitial) —

ALY YD = Ze* 4 40 ersivia ()

(interstitial)

Li substitution in natural zircons was recently discovered
to vary by over 5 orders of magnitude, from <2 ppb to
250 ppm (Ushikubo et al. 2008). Zircons from primitive
magmas, the mantle, and ocean crust are low in [Li]
(kimberlite megacrysts <2 ppb, mid-ocean ridge gabbro
<10 ppb, and mid-ocean ridge plagiogranite < 100 ppb),
whereas zircons from continental crust have significantly
higher Li contents (typically 1-100 ppm, Barth and
Wooden 2010; Grimes et al. 2011; Ushikubo et al. 2008).

Li isotopic fractionation

Fresh igneous rocks from the mantle have &’Li(whole
rock) = 3.8 &= 1.5%o (Chan et al. 2002a, b; Jeffcoate et al.
2007; Magna et al. 2006; Seitz et al. 2004; Tomascak et al.
2008), whereas seawater has very high d'Li (~ 31%o; Chan
and Edmond 1988; Millot et al. 2004; Tomascak 2004,
You and Chan 1996). Li isotope fractionation during
fluid—rock interaction causes up to 50%o variation in 8L,
with products of subaerial weathering as low as —20%o
(Chan and Edmond 1988; Chan et al. 1992, 2002a; Pist-
iner and Henderson 2003; Rudnick and Ionov 2007;
Seyfried et al. 1998; Teng et al. 2008). Continental crust
has an average 57Li(WR) of +1.7%0 (Teng et al. 2009),
making 6’Li a potential tracer of continental alteration
and weathering.
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Table 1 Substitution in zircons

Element Equations References
Xenotime substitution
v+ (Y + REE)** + P°+ = Zr*+ 4 si**
Simple substitutions
(OH)4 (OH), = SiO, Frondel (1953)
Hf* Hf*" = zr** Frondel (1953)

U*, Th**, Ti**, Sn**

(U, Th, Ti, Sn)** = Zr*+
Coupled substitutions

+3(Y,REE)*" +P5* = 37Zr* + si**

- ‘
p leitterstitial) +REE* = Zr**
(OH)™ M™ + n(OH)™ + (4 — n)H,0 = Zr** + (Si0g*~ *
2+ Ra2+ )
o (Mg, Fe)(i:terstitial)
APt Fet (Al Fe)?i;erstitia])+4 (Y, R].EE)HJFPSJr _azt st
g6+ S+ 1 2(Y + REE)*™ = Si*t 4 27¢**
24 3
N Ca%;lerstital) + 2(Y + REE) t= ZZr4+
. St 4+ P5t = 7zt 4 Sitt
4t ) s
° Zr(iﬁlerslilial) +4REE*" = 4Zr*
Nb°*, Ta>* (Y + REE)* + (Nb, Ta)™" = 2Zr*
M06+ 1\/[06+ + ZREE3+ — Si4+ n 2Zr4+

Frondel (1953)

Finch et al. (2001), Hanchar et al. (2001)

Caruba and Iacconi (1983)
Hoskin et al. (2000)

Hoskin et al. (2000)

Based on Romans et al. (1975)
Based on Romans et al. (1975)

Halden et al. (1993)
Finch et al. (2001)

Es’kova (1959)
Speer (1982)

Mo®" + 2REE*T = 3zr**
Mo%*+ )+ 6REE** = 6Zr*t

(intersitital

Speer (1982)
Finch et al. (2001)

a M metal cation, n integer

Lithium isotopes can also be fractionated by kinetic
processes of chemical diffusion in silicate melts and
hydrothermal fluids, or fluid-assisted grain-boundary dif-
fusion, where °Li diffuses faster than 'Li (Lundstrom et al.
2005; Richter et al. 2003; Teng et al. 2006a). Diffusion
processes can produce low values of 6’Li over restricted
distances and time-scales, but only if there is an initial
gradient in [Li]. The resulting low 6’Li will be in the ini-
tially Li-poor phase. In minerals, the diffusion coefficient
varies depending on faster or slower pathways within the
crystal lattice, which may include eightfold versus inter-
stitial sites, crystal defects, and radiation damage (Cherniak
and Watson 2010; Dohmen et al. 2010; Watson and Baxter
2007; Watson and Cherniak 1997; Zhang et al. 2006).
Recently, two studies investigated Li diffusion in minerals:
Dohmen et al. (2010) experimentally calibrated the diffu-
sion rate of Li in olivine, and Cherniak and Watson (2010)
determined that the diffusion rate of Li in zircon is slower
than in olivine but did not specify the substitution mech-
anism of Li in their experimental zircon. Cherniak and
Watson (2010) conclude that Li diffusion is relatively
insensitive to crystal orientation and the presence of
hydrous species, that Li in an interstitial site may diffuse
faster than if in eightfold coordination, that Li diffusion
rate in zircon is faster than other cations (e.g., Dy, Hf, and
Pb), and that Li isotope ratio in zircon will re-equilibrate

under medium- or high-temperature regional metamor-
phism. The authors calculated that a 100-pm-diameter
zircon could retain Li composition at its center for up to
1.5 Ga at 450°C. They also calculated Li diffusive
exchange during cooling. Typical size zircons could retain
Li compositions in the center of grains during slow cooling
(1-2°C/Ma) for maximum temperatures up to 500°C,
whereas at 750°C, they would retain core composition only
if cooling is fast (>10%C/Ma). Cherniak and Watson
(2010) have shown that Li tracer diffusion is faster than
REEs but do not evaluate the effect of REE substitution on
Li diffusion in their experimental zircon. Li-coupled sub-
stitutions in olivine are different from those in zircon, so
diffusivity should not be expected to be similar. If Li is
mostly interstitial in zircons (Eq. 2), and Li™' is charge
balanced by REE ™", it cannot vary independently, and thus
its rate of chemical diffusion depends on the REE diffu-
sivity, which is much slower than that proposed by
Cherniak and Watson (2010) (e.g., D(Sm) = 2.9 x
108%exp(—841 £ 57 kJ mol™'/RT) m? s~'; Cherniak et al.
1997; Cherniak and Watson 2003). Under these conditions,
chemical diffusion of Li will be exceedingly slow even
during granulite facies metamorphism and anatexis, as is
shown by preserved [Li] zoning in zircons from migmatites
in the Adirondack Mountains and Kapuskasing Uplift
(Ushikubo et al. 2008; Bowman et al. 2011). Thus, large Li
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isotope fractionations accompanying chemical diffusion
will not occur in zircon. Primary magmatic 6’Li values
should be retained and provide valuable information if
tracer diffusion of Li is also sufficiently slow.

Rates of isotope exchange by tracer diffusion may be
faster than chemical diffusion. However, the boundary
conditions for this process are different than those of
chemical diffusion. Low values of 6’Li will only result if
caused by equilibrium fractionation or by mixing with an
even lower 0’Li phase.

Zircon background

Type-1 (primary) and Type-2 (secondary) zircon
domains

Two types of normalized REE patterns were recognized in
zircons by Cavosie et al. (2006). Type-1 domains have
typical REE patterns (e.g., large enrichment in HREE
compared with chondrite) and marked positive Ce and
negative Eu anomalies. They are usually thought to be
representative of original magmatic values. In contrast to
Type-1 domains, Type-2 domains are characterized by
higher LREE concentrations and a flatter LREE profile,
with Lay > 1, Pry > 10, and Smy/Lay < 10. Type-2 zir-
con domains have been reported for different locations and
are suggested to be non-representative of any parent
magma (Cavosie et al. 2006; Hoskin 2005; Whitehouse and
Kamber 2003). Thus, the genesis of these domains must be
considered before further interpretation of these data.
Type-2 domains have been attributed to various post-
magmatic processes, including new mineral growth during
hydrothermal events and alteration in originally igneous
zircons. Whitehouse and Kamber (2003) suggest that
LREE enrichment in Greenland zircons (>3.8-Ga cores and
ca. 3.65-Ga rims) could be due to re-crystallization of
zircon, erasing original igneous oscillatory zoning and
mobilizing more incompatible trace elements (i.e., LREE,
Th, and U) into the re-crystallized zones behind a re-
crystallization front. Likewise, Hoskin (2005) suggests that
the Type-2 Jack Hills domains represent “hydrothermal
zircons” that formed from a LREE-bearing, high '*0
(=6-10%0) fluid. In contrast, Cavosie et al. (2006) show
that some Type-2 ion microprobe analyses in Jack Hills
zircons encountered hidden mineral inclusions, including
phosphates, and are thus not true zircon compositions.
They further propose that when no mineral inclusion is
encountered, the Type-2 LREE enrichment results from
radiation damage or alteration in pre-existing igneous zir-
cons, possibly at a very low fluid/rock ratio, since no
anomalous 0'®0 values were found in Type-2 domains.
Thus, non-porous Type-2 zircons should not be assumed to

@ Springer

have precipitated from a hydrothermal fluid, as hydro-
thermally precipitated zircon would likely produce mea-
surable variations in 3'%0 [see also discussion in Cavosie
et al. (2009)], which are not observed in Jack Hills zircons.

Effects of radiation damage on trace element
compositions

Radiation damage increases the susceptibility of zircon to
elemental exchange and alteration (e.g., Geisler and
Schleicher 2000a; Silver and Deutsch 1963; Utsunomiya
et al. 2007). Geisler et al. (2003a) demonstrated that
alteration can lower the Zr, Si, Hf, REE, U, Th, Th/U, and
radiogenic Pb contents of zircons and increase the con-
centration of other cations (Ca*", Ba*", Mg?", and AI’™").
Utsunomiya et al. (2007) studied radiation-damaged zir-
cons from a 3.3-Ga granite adjacent to the Jack Hills
metasedimentary belt in order to examine the effects of
radiation damage as a function of dose. In spite of very
high doses within localized domains (0.21-1.0 x 10"/
a-decay events/mg), damage is partially annealed and none
of the zircons are fully amorphous. Ca and P contents
correlate with dose, ranging up to ~4,000 and 25,000 ppm,
respectively, in the most altered domains. A number of
studies have shown that an increase in [Ca] in zircons is
correlated with higher o-decay doses, suggesting late
hydration of the radiation-damaged (higher [U] and [Th])
areas (Aines and Rossman 1986; Geisler et al. 2003b;
Geisler and Schleicher 2000b; Rayner et al. 2005;
Utsunomiya et al. 2007; Woodhead et al. 1991). The
effects of radiation damage on [Li] and 8Li are not known.

Samples
Sanukitoid and TTG samples

The Superior Province (Canada), the largest exposed
Archean craton, is thought to be a series of island arcs
(granite-greenstone belts) and fore-arc accretionary prisms
(metasedimentary belts) accreted onto an older craton (Wil-
liams et al. 1991). Zircons from TTG (tonalite, trondhjemite,
and granodiorite) and from sanukitoid plutons were chosen to
represent Archean granitoids from the western Superior
Province (e.g., Davis et al. 2005; King et al. 1998).

TTG samples

Archean TTGs are silica-rich granitoids (>63 wt%) with
high Na,O contents (3—7 wt%), Al,O5 contents > 15% at
70 wt% Si0O,, Sr > 300 ppm, Y < 20 ppm, Yb < 1.8 ppm,
Nb < 10 ppm, and low-Mg amphibole (Barker 1979;
Condie 2005; Drummond and Defant 1990; Martin et al.



Contrib Mineral Petrol (2012) 163:745-768

749

2005) and are depleted in HREE (Beakhouse and McNutt
1991). The chemical compositions of TTGs suggest that
they are derived from melting of hydrated subducted tho-
leiitic crust or hydrous basaltic material at the base of
thickened crust (e.g., Huang et al. 2010; Martin et al. 2005;
Smithies 2000; Xiong et al. 2009).

The TTG plutons from the western Superior Province
intruded pre- to syn-Kenoran Orogeny (2.67-3.0 Ga; see
Davis et al. 2005 for a review). TTG zircons analyzed here
come from two diorites (DD81-32 and C88-29) and two
tonalites (C92-30 and DD86-25a). Diorite DD81-32 and
tonalite DD86-25a are from the Wabigoon sub-province,
whereas diorite C88-29 and tonalite C92-30 come from
English River and Wawa sub-provinces, respectively
(Fig. 2; Table 5 in King et al. 1998). C92-30 and DD86-
25a have 64.9 and 68.9 wt% SiO,, respectively (King et al.
1998). Zircons from the four rocks yield ages ranging from
270 to 2.73 Ga and average 0'°0(Zrc) = 5.5 &+ 0.8%o
(2SD) (King et al. 1998). The 6'80 values (measured by
laser fluorination in the 2-mg bulk concentrates) for the
four rocks of this study vary from 5.52 to 6.47%o, averaging
5.8%o0, close to values of zircons from mid-ocean ridge
gabbros and plagiogranites or other primitive magmas
(5.3 £ 0.6%o0; Cavosie et al. 2009; Grimes et al. 2011;
Valley et al. 1998, 2005).

Sanukitoid samples

Sanukitoids are plutonic granitoids characterized by SiO,
from 55 to ~60 wt% for the less-evolved magmas (up to
70 wt% for the more-evolved magmas), K,O > 1wt%, Mg
#>0.60, Ni and Cr both >100 ppm, both Sr and
Ba > 1,000 ppm and LREE > 100 times chondritic val-
ues, and without a Eu anomaly (Shirey and Hanson 1984).
Most authors agree that these plutons are derived from
melting of metasomatized mantle wedge, followed by
fractional crystallization in the crust, but amounts of crustal
contamination and the nature of the metasomatizing fluids
are uncertain (Moyen et al. 1997; Shirey and Hanson 1984;
Smithies and Champion 1999; Stern 1989; Stern and
Hanson 1991; Stevenson et al. 1999, 2009).

The western Superior Province sanukitoid samples
are syn- to post-tectonic, chemically enriched plutons
(2.68-2.70 Ga; 6'%0(Zrc) = 6.37 + 0.48%o, see King et al.
1998; Davis et al. 2005 for a review). We chose zircons from
four monzodiorites (DD96-4, DD96-8, and DD96-10 from
Wabigoon and C92-31 from Wawa sub-provinces), with
SiO, ranging from 57.2 to 62.7 wt%. The ages of the four
monzodiorites range from 2.68 to 2.70 Ga, and their zircons
display a small 6'®0(Zrc) range (6.09—6.46%0) measured in
bulk 2-mg samples by laser fluorination (King et al. 1998).
The values of 6'80(Zrc) in these sanukitoids average
6.28 £ 0.36%0 and are mildly elevated relative to zircons in

high-temperature equilibrium with MORB, TTG, and other
primitive magmas, indicating input from a higher 5'*O supra-
crustal source (dehydration fluid from subducted oceanic
crust, melt of subducted sediments, or continental crust).

Jack Hills zircons

We chose detrital zircon grains from the Jack Hills meta-
conglomerate (Western Australia) (samples 01JH13 and
01JHS54) that were all previously analyzed for U-Pb age,
[Li], and oxygen and lithium isotope ratios (Cavosie et al.
2004, 2005; Ushikubo et al. 2008). Some zircons were also
analyzed for trace elements (Cavosie et al. 2006); however,
the trace element analyses were made in different sessions
and cannot be perfectly correlated because they are not all
from single pits. These zircons are dominantly concordant
in U-Pb age, suggesting that the dated domains preserved
magmatic compositions of U, Th, Pb, trace elements, and
0'%0. Twenty-five dated zircons are older than 3.9 Ga (up
4.35 Ga) and three are from 3.36 to 3.90 Ga. They show
growth zoning by CL, and their average 6'®0 values range
from 4.6 to 7.3%o, with one at 8.5%0 (Cavosie et al. 2005;
Ushikubo et al. 2008). The Li content and Li isotope ratio of
the zircons used for this study range from 6’Li = —18.4 to
+11.8%0 and [Li] = 1.2-70.7 ppm (Ushikubo et al. 2008).

Analytical methods
Trace elements

Before analysis, zircons were imaged by cathodolumines-
cence (CL) using a scanning electron microscope (SEM).
Concentrations of REE, Y, and P were measured in order to
test the different mechanisms for Li substitution. Ca, Fe, U,
and Th were analyzed as potential tracers of alteration.
Zircons were analyzed for 23 trace elements (Li, P, Ca, Ti,
V, Fe, Y, REE, Th, and U) using an IMS-1280 ion micro-
probe in the WiscSIMS Laboratory at the University of
Wisconsin, Madison, with analytical procedures similar to
those in Page et al. (2007) and Lancaster et al. (2009). A
primary '®O~ beam with a current of 4 nA and a 10-kV
accelerating voltage was defocused to a ~ 25-um-diameter
spot. An energy offset of —40 eV, associated with an
energy slit of 44 eV, was applied, so that most molecular
interferences are significantly reduced. In previous studies,
a mass-resolving power (MRP) of 5,000-8,000 was applied
in order to resolve LREE oxide interferences on HREE
atomic ions (Lancaster et al. 2009; Page et al. 2007).
However, because the focal points for ions differ slightly
according to mass, the Lit peak is not flat at MRP = 8,000
when the instrument is optimized for REE peaks. Therefore,
we applied MRP = 3,000 to preserve flatness of the Li

@ Springer



750

Contrib Mineral Petrol (2012) 163:745-768

peak, allowing good precision of Li measurements. Hydride
interferences to trace element peaks were not significant as
zircon grains studied were anhydrous and most hydride
interferences are fully resolved at MRP = 3,000. Oxide
interferences on REE are lower in mass typically by 0.02
amu, requiring >8,600 mass-resolving power for a full
separation from REE peaks. However, they are not signif-
icant for zircons, which show low abundances of LREE. In
contrast, the contributions of LREE oxides to middle and
heavy REE are significant for standard NIST-610 glass that
contains all REE at the level of ~500 ppm. At
MRP = 3,000 and energy offset of —40 eV, LREE oxide
peaks appear on the low-mass shoulder of HREE peaks,
which are easily identified in NIST-610. To solve this
problem, the mass calibration of HREE peaks is adjusted
slightly to measure the higher mass side of each spectrum
that shows a flat top. Secondary ions were counted using a
single ETP electron multiplier detector (EM) in the axial
position using magnetic peak switching. Seven cycles of
measurements were taken during an analysis. Only the last
5 cycles were integrated, and the first two cycles were used
to stabilize the magnet. The counting and waiting times for
analyzed isotopes are reported in supplementary informa-
tion SI-1. The total analysis time per spot was 23 min,
including 100 s of pre-sputtering.

During the analysis session, we used NIST-610 glass as
a running standard, for which concentrations of REE are
high (~500 ppm) and well characterized in the literature
(Pearce et al. 1997), so that the standard provides minimum
relative biases among REE concentrations and reliable
REE patterns. The zircon standards 91500 (Cavosie et al.
2006; Wiedenbeck et al. 2004) and Xinjiang (Ushikubo
et al. 2008) with known trace element concentrations were
used to evaluate the matrix effects on relative sensitivity
factor (RSF) between zircon and NIST-610 (Page et al.
2007; Ushikubo et al. 2008, see also supplementary
information SI-2). We could not apply the matrix correc-
tion for P, Ca, V, and Fe as their concentrations in zircon
standards are not known. The matrix effect is relatively
limited for other elements, with an average factor of 1.2
between values determined using NIST-610 or Xinjiang
zircon standards. Thus, the matrix effect on P, Ca, V, and
Fe may be limited also. We estimated these concentrations
using an averaged matrix correction between zircon and
NIST-610 from other elements. The RSF for each element,
estimated from the analyses of the above standards, is
defined by the following equation:

RSF = [Element COHCCntration]standard/[Sioz]standard/
[iSOtOpe+/SOSi+}mea5ured

RSFs are reported in supplementary information SI-2.
The reproducibility of RSF for individual elements from
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NIST-610 glass was generally better than +4% (2SE), due
to high trace element concentrations. However, the
reproducibility of trace elements in the 91,500 zircon
standard is inversely correlated with concentration and
varies from 10 to 42% (up to +92% 2SE for Pr at 0.01 ppm;
supplementary information SI-3).

For all data, each of the 5 cycles was checked for spikes
(3SD) and none were found, suggesting that no analyses hit
REE-rich inclusions such as a phosphate mineral. After
analysis, each pit was imaged by SEM. No analyses have
unusual pits (e.g., no porous pits or unusual shapes com-
pared with other pits from the same session). Pits hitting
cracks (n = 16) are not deemed accurate and have not been
included in averages, as they tend to have higher LREE, Li,
and Fe contents. Data from pits overlapping cracks are
reported in Supplementary information SI-4.

Li isotope ratios

We measured Li isotope ratios of TTG and sanukitoid
zircons by IMS-1280, using an axial electron multiplier
(EM) instead of multiple EMs. We measured SLit
(counting time = 10 s/cycle), "Li™ (1 s/cycle), and 2*Si**
(2 s/lcycle) by a magnet peak-switching analysis with
40 cycles. The *®Si** peak was used to monitor the sta-
bility of the analysis. Other analysis conditions are similar
to those used by Ushikubo et al. (2008). To summarize the
analytical technique, the primary O~ beam was 10-15 pm
diameter at the surface of the sample in Kohler illumina-
tion mode with ion current of 0.5-3 nA, depending on the
Li content. NIST-612 glass ([Li] = 41.5 £ 2.9 ppm,
8'Li = 31.2%0 & 0.3%0; Kasemann et al. 2005; Pearce
et al. 1996) was used as a running standard to evaluate
instrumental stability. Average-measured values of 20
grains of Xinjiang zircon ([Li] = 6.4 + 1.9 ppm, §'Li =
7.9 & 2.1%0 (2SD); Ushikubo et al. 2008) were used to
calibrate [Li] and 8’Li of unknown samples. Values of 8'Li
are reported in standard per mil notation relative to the
international Li standard, NIST SRM-8545 (LSVEC).
The 6’Li values of Jack Hills zircons are from Ushikubo
et al. (2008). We performed most (21) trace element anal-
yses on visible pre-existing ¢'Li pits without repolishing.

Results

Trace elements

Type-1 domains

TTG and sanukitoid zircons from Superior Province,

Canada The TTG and sanukitoid zircon data are reported
in Tables 2 and 3, and chondrite-normalized patterns
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(McDonough and Sun 1995) of Type-1 TTG and sanuki-
toid zircons are presented in Fig. la—b. Trace elements in
sanukitoid zircons display a more restricted range and their
abundance (143-335 ppm, average = 220 £ 59 ppm) is
lower than in TTG zircons (165-804 ppm; average: 358 +
159 ppm). Positive Ce and negative Eu anomalies are more
pronounced in Type-1 TTG zircons, characterized by
Ce/Ce* [Ce/(Lay X Pry)'?] = 45-418 and Eu/Eu* [Eu/
(Smy x GdN)UZ] = 0.3-1.0, whereas sanukitoid Type-1
zircons have Ce/Ce* = 24-311 and Eu/Eu* = 0.2-0.95.

The highest contents measured in these zircons are for
Y, with 223-1,329 ppm in TTG zircons, and from 278 to
731 ppm in sanukitoid zircons, a narrower and slightly
lower range compared with TTG. Phosphorus is also an
important constituent in the analyzed zircons, reaching
several hundred ppm. The range of [P] in Type-1 domains
is similar: 79-291 ppm for TTG and 72-256 ppm for
sanukitoid.

TTG zircons have 1.5-27.9 ppm Ti for TTG (average of
13.5 £ 17.2 ppm (2SD)), suggesting apparent temperatures
between ~590 and 850°C, assuming equilibration, no
pressure correction, a(SiO,) = 1 and a(TiO,) = 0.7 (Ferry
and Watson 2007). Sanukitoid zircons have higher [Ti] than
TTG, with 8.0-33.6 ppm [Ti] (average: 17.2 £+ 13.3 ppm
(2SD)), suggesting a range of apparent temperatures from
~ 720 to 865°C.

Ca content, which can be used as a tracer of alteration, is
similar for TTG and sanukitoid zircons, with ranges from
0.1 to 4.8 ppm (one outlier at 443 ppm Ca) for TTG and
0.1-3.9 ppm for sanukitoid. Th and U contents range from
16 to 203 ppm and 33 to 340 ppm, respectively, in TTG
Type-1 domains. These elements vary from 57 to 307 ppm
and from 55 to 403 ppm, respectively, for Th and U, in
sanukitoid Type-1 domains. Th/U ratios in sanukitoid zir-
cons vary from 0.5 to 2.3, twice higher than in TTG zircons
(0.2-1.2).

Lithium content reaches several tens of ppm in Type-1
zircon domains from both rock types. Lithium content is
lower in TTG zircons (0.5-36 ppm) compared with sa-
nukitoid zircons (2.2-79 ppm). For TTG and sanukitoid
zircons, the atomic ratio (REE + Y)/(Li + P), represen-
tative of the Li-coupled substitution, ranges from 0.6 to 2.6
and from 0.4 to 1.6, respectively.

Jack Hills The Jack Hills data for twenty-five > 3.9-Ga
and three 3.3- to 3.7-Ga detrital zircons are reported in
Table 4, and normalized REE patterns of the Type-1
domains are presented in Fig. lc. The total abundance
of REE varies widely from 189 to 1,180 ppm (aver-
age = 594 £ 425 ppm), in agreement with previously
published values determined by either ion microprobe or
laser ablation mass spectrometry (Cavosie et al. 2006;
Crowley et al. 2005; Hoskin 2005; Maas et al. 1992; Peck

et al. 2001; Wilde et al. 2001; Trail et al. 2007). This range
encompasses that of TTG and sanukitoid zircons and is in
the range of crustal igneous zircons (Grimes et al. 2007,
2011; Hoskin and Schaltegger 2003). Ce and Eu anomalies
are less pronounced than in TTG and sanukitoid zircons,
with Ce/Ce* = 6.4—174 and Eu/Eu* = 0.1-1.0. For these
Type-1 zircon domains, [Li] = 1.9-56 ppm, [P] = 46—
682 ppm, [Ca] = 0.1-11 ppm, [Y] = 857-3,027 ppm.
(REE + Y)/(Li + P), ranges from 0.3 to 3.0. Th and U
contents range from 6.7 to 260 ppm and from 20 to 273,
respectively, and Th/U = 0.1-0.9. The values of [Ti]
(2.8-14.1 ppm; average = 7.1 £ 5.4 (2SD)) in Jack Hills
zircons are consistent with previous studies of Fu et al.
(2008), Trail et al. (2007), and Harrison and Schmitt (2007),
who reported [Ti] averages from 5.9 4 6.6 ppm to
15.3 £ 15.1 ppm (2SD) for 91 Jack Hills zircons. This
range of Ti values suggested apparent tempera-
tures < 780°C. Values of [Ti] in Jack Hills zircons are in
the range of, but have a lower average than TTG and
sanukitoid zircons.

Type-2 domains

Six analysis pits on TTG, two on sanukitoid and five on
Jack Hills zircons, display Type-2 REE patterns (Fig. 1d;
Tables 2, 3, 4), with Lax > 1, Pry> 10, and Smy/
Lay < 50 (e.g., Cavosie et al. 2006). These analyses rep-
resent 29, 9, and 18% of the total analysis pits in TTG,
sanukitoid, and Jack Hills zircons, respectively. Type-2
compositions were measured in both the cores and the rims
of zircons. Four of the Type-2 REE analyses (3 TTG and 1
Jack Hills) are on cores of zircons that display Type-1 REE
compositions for the rim.

Type-2 analysis pits, as those from Type-1, have been
carefully evaluated by SEM to determine whether re-
crystallized zircon (disturbance in the CL pattern) or
another phase is present, and each analysis cycle (5/anal-
ysis) has been examined to verify the absence of spikes (>3
SD) during an analysis. No spike in the cycle of any
analysis was identified. CL imaging shows concentric or
sector growth zoning, which argues against re-crystalliza-
tion as a process to generate Type-2 domains (Supple-
mentary information SI-5). Although no in situ
geochronology is available for the specific sanukitoid and
TTG zircons we analyzed, all Jack Hills analysis pits were
made in zircon domains that were previously dated
(Cavosie et al. 2004) with better than 85% concordance of
U-Pb ages.

The total REE for the TTG and Jack Hills Type-2
analyses are higher than those from Type-1 patterns with
averages of 563 and 1,395 ppm for Type-2, respectively,
whereas total REE are similar for Type-1 and Type-2
analyses in sanukitoids. Due to LREE enrichment, Ce and
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Table 3 Trace element in sanukitoid zircons

Location Type 1 zircons

C92-31 DDY6-4

2-6.2 7-1.1 7-10.1 11-8.3 3-6.1 5-8.1 5-11.2 6-5.1 11-1.1

Rim Core Core Rim Rim Core Core Rim Rim
Li 23 3.7 2.2 5.2 38.3 41.3 224 16.5 32.2
P 149 206 142 187 152 257 233 161 195
Ca 0.2 0.2 0.2 0.2 1.0 0.1 0.2 0.2 0.3
Ti 12.9 10.6 12.4 17.5 8.0 8.9 14.6 15.7 10.9
v 0.38 0.29 0.48 0.67 0.22 0.21 0.37 0.56 0.40
Fe 1.4 1.5 2.7 2.7 2.4 1.5 1.3 1.3 1.5
Y 408 544 486 516 347 526 411 290 385
La 0.01 0.01 0.02 0.04 0.01 0.02 0.01 0.02 0.02
Ce 55.8 74.5 91.5 85.9 31.5 44.6 334 30.2 47.7
Pr 0.2 0.3 0.3 0.5 0.1 0.3 0.3 0.1 0.2
Nd 2.6 24 3.6 5.8 1.3 2.5 24 1.5 1.7
Sm 4.2 4.5 5.1 6.3 2.1 3.7 35 2.7 32
Eu 1.2 1.2 1.3 2.0 0.4 0.7 0.7 0.4 0.6
Gd 44 4.8 43 6.3 24 4.6 3.8 2.3 32
Tb 44 4.8 43 6.3 2.4 4.6 3.8 2.3 32
Dy 30.5 35.5 30.1 44.8 23.2 343 29.0 20.5 24.4
Ho 8.3 9.7 8.1 11.5 6.6 10.3 7.7 54 6.6
Er 33.2 39.7 31.8 44.1 30.9 453 332 22.6 28.0
Tm 9.2 11.1 9.0 12.0 8.8 13.3 10.2 6.8 8.5
Yb 60.0 62.3 48.8 85.6 72.2 97.7 68.8 45.5 534
Lu 16.4 17.0 14.6 21.2 20.3 29.0 20.4 13.9 16.1
Th 69.8 109 150 169 115 160 78 57.3 131
U 54.6 99.2 119 104 218 243 105 73.2 159
0"Li (%o) —21+40 53+£46 71+£52 10+£27 05+£32 89+36 119+£37 10+£32 68+32
Th/U 1.28 1.10 1.26 1.62 0.53 0.66 0.75 0.78 0.82
(Y + REE)/(P 4+ Li) 1.31 1.22 1.61 1.30 0.52 0.58 0.60 0.61 0.55
(Y + REE)/P 1.42 1.32 1.74 1.48 1.18 1.05 0.90 0.92 1.00
2~ REE 232 269 254 335 203 291 218 155 198
Ca + Fe (ppm) 1.6 1.6 2.9 3.0 34 1.6 1.5 1.5 1.9
Ce/Ce* 265.7 311.1 290.2 152.3 205.6 132.8 137.7 132.7 193.3
Eu/Eu* 0.82 0.80 0.84 0.95 0.50 0.49 0.58 0.53 0.55
(Sm/La)y 552 598 433 284 337 282 450 228 308
Location DD9%6-8 DDY%6-10

1-8.1 3-8.1 4-8.1 7-9.1 7-9.2 1-6.1 2-4.1 3-8.1 4-8.3

Core Core Core Core Rim Core Rim Rim Rim
Li 79.0 459 44.2 30.0 32.8 14.1 32.0 17.3 16.2
P 227 168 237 164 132 211 149 165 72
Ca 0.2 0.7 0.2 0.2 1.7 0.5 1.1 1.3 39
Ti 19.4 18.5 33.6 20.7 20.4 27.2 13.0 22.8 21.7
v 0.22 0.23 0.27 0.43 0.30 0.57 0.20 0.43 0.47
Fe 54 33 24 54 10.2 0.7 8.3 0.9 1.6
Y 494 367 411 628 335 731 278 327 338
La 0.01 0.01 0.02 0.02 0.02 0.09 0.01 0.02 0.03
Ce 23.0 16.3 15.5 14.4 12.5 41.8 41.3 30.8 39.3
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Table 3 continued
Location DD9%6-8 DD9%6-10

1-8.1 3-8.1 4-8.1 7-9.1 7-9.2 1-6.1 2-4.1 3-8.1 4-8.3

Core Core Core Core Rim Core Rim Rim Rim
Pr 0.3 0.1 0.3 0.3 0.1 1.9 0.2 04 0.3
Nd 3.6 1.3 35 2.1 1.6 16.7 1.6 33 1.8
Sm 43 23 4.4 4.0 2.0 17.0 2.5 4.2 3.0
Eu 0.4 0.2 0.4 0.4 0.2 2.5 0.3 0.6 0.7
Tb 43 2.5 3.7 4.9 2.3 8.9 2.1 3.6 2.7
Tb 4.3 2.5 3.7 4.9 2.3 8.9 2.1 3.6 2.7
Dy 34.2 22.7 28.7 40.6 20.1 59.3 15.7 23.5 20.4
Ho 9.1 6.6 7.5 10.8 5.8 13.0 4.0 6.3 59
Er 374 26.9 30.0 44.8 23.1 49.2 18.1 23.8 24.8
Tm 10.8 8.9 9.0 13.2 8.2 13.2 5.7 6.6 7.7
Yb 69.1 57.9 524 81.2 50.4 73.7 38.2 45.1 53.7
Lu 19.4 16.6 15.5 224 14.4 22.0 10.3 11.8 13.5
Th 307 148 150 196 122 181 117 75.1 215
U 403 248 194 246 182 138 151 77.8 91.3
8"Li (%o) 75+32 44434 374+£37 98+£34 20+£34 7037 6.1+32 85+32 132436
Th/U 0.76 0.60 0.77 0.80 0.67 1.31 0.77 0.97 2.35
(Y + REE)/(P + Li) 0.39 0.45 0.43 0.95 0.55 1.28 0.46 0.65 1.12
(Y + REE)/P 1.06 1.07 0.84 1.81 1.23 1.70 0.94 1.00 2.38
Y REE 222 166 176 245 144 332 143 165 177
Ca + Fe 5.6 4.0 2.6 5.6 11.9 1.3 9.5 2.2 5.5
Ce/Ce* 87.9 102.5 52.5 52.7 72.5 24.2 266.6 80.5 107.5
Eu/Eu* 0.26 0.23 0.27 0.30 0.27 0.62 0.35 0.49 0.76
(Sm/La)n 513 389 429 391 217 325 612 299 197
Location Type 2 zircons

DD9%6-4 DD9%6-8
7-9.1 7-9.2 5-9.1 5-10.1
Core Rim Core Core

Li 20.4 18.0 19.9 49.6
P 156 211 184 183
Ca 23 1.7 0.4 9.1
Ti 23.9 10.4 11.3 29.0
v 0.44 0.26 0.92 0.93
Fe 2.0 6.2 3.7 3,085
Y 402 363 477 313
La 0.02 0.04 0.31 2.44
Ce 41.1 40.0 46.0 20.5
Pr 0.3 0.2 0.6 1.8
Nd 4.2 1.8 2.8 7.6
Sm 54 33 4.1 4.7
Eu 0.7 0.4 0.7 0.3
Tb 4.1 2.9 4.3 2.6
Tb 4.1 2.9 4.3 2.6
Dy 29.6 22.5 35.1 19.6
Ho 7.1 6.0 9.8 53
Er 29.1 26.3 36.4 23.8
Tm 7.7 8.1 11.8 7.1
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Table 3 continued

Location Type 2 zircons
DD96-4 DD96-8
7-9.1 7-9.2 5-9.1 5-10.1
Core Rim Core Core
Yb 47.6 53.1 722 433
Lu 13.6 14.8 21.2 13.6
Th 108 124 132 141
U 92.6 78.0 131 213
8"Li (%o) 9.7+ 34 142 £ 34 3.1 +£32 59 +32
Th/U 1.17 1.60 1.01 0.66
(Y + REE)/(P + Li) 0.74 0.64 0.70 0.32
(Y + REE)/P 1.17 0.95 1.31 0.85
2 REE 196 183 252 156
Ca + Fe 43 7.9 4.1 3,093.9
Ce/Ce* 116.3 103.1 25.3 24
Eu/Eu* 0.45 0.37 0.49 0.28
(Sm/La)n 405 144 22 3

Sample name are as follows: x — x-y: x — x zircon number; y: spot number in the zircon
SiO2 content of whole rocks, when measured: C92-31: SiO, = 58.95 wt%; DD96-4: SiO, = 62.7 wt%; DD96-10: SiO, = 57.2 wt% (King

et al. 1998)

Eu anomalies are less pronounced in Type-2 patterns than
in Type-1: Ce/Ce* is lower than 9, 25, and 13 and Eu/Eu*
does not exceed 0.7, 0.5, and 0.5 for TTG, sanukitoid, and
Jack Hills zircons, respectively.

Type-1 and Type-2 zircon domains from TTG, sanuki-
toid, and Jack Hills are reported in two plots (Fig. 2a-b)
where unaltered magmatic versus non-magmatic composi-
tions can be distinguished. In Fig. 2a, representing normal-
ized Sm/La ratios plotted against [La], Type-1 domains of
TTG, sanukitoid, and Jack Hills zircons have high (Sm/La)y
(>10) associated with low [La] (<0.1 ppm), representative
of unaltered magmatic zircons (Grimes et al. 2009; Hoskin
2005). Type-2 REE patterns are marked by flatter LREE
profiles (Fig. 1), leading to Sm/La-normalized ratios lower
than for Type-1 REE patterns. Type-2 REE patterns have
lower (Sm/La)y (3-39; slightly overlapping with the lower
range for Type-1 REE) associated with higher [La]
(0.3-4.7 ppm) than Type-1 REE patterns. Type-2 zircons in
this study have lower [La] but higher (Sm/La)y than
hydrothermal zircons (Hoskin 2005), but have compositions
matching those of porous zircons (Grimes et al. 2009),
although no porous texture has been observed in our zircons.

Li and P contents in Type-2 zircon domains are mostly
similar to Type-1 zircons for TTG and sanukitoid (see
Tables 2, 3, and 4), whereas these two elements tend to be
enriched in Jack Hills zircon domains with Type-2 REE
patterns, with average compositions of 31 and 48 ppm Li
and 260 and 1,150 ppm P for Type-1 and Type-2 zircon
domains, respectively. Similarly, Th/U ratios are similar in

@ Springer

Type-2 and Type-1 zircon domains from TTG (from 0.3 to
1.4, only two analyses are >1) and from sanukitoid
(0.7-1.0), whereas Jack Hills Type-2 zircon domains have
higher Th/U (0.64.4) than Type-1 (Th/U = 0.1-0.9).
Type-2 domains from the three rocks types have Th and U
contents 8—10 and 2-3 times higher (54.5-3,108 ppm Th
and 66.5-698 ppm U) than in Type-1 (6.74-307 ppm Th
and 19.7-403 ppm U), suggesting that Type-2 domains
have suffered more radiation damage, due to the o-decay of
U and Th (Murakami et al. 1991).

Alteration in zircons has also been investigated using
[Ca] and [U] (Fig. 2b). Ca content ranges are slightly
higher in all Type-2 zircon analyses compared with Type-1,
with 22-717 ppm in TTG, 4-3,093 ppm in sanukitoid, and
94-2.796 ppm in Jack Hills. While the amount of radiation
damage is influenced by several factors including compo-
sition, age, and thermal history, simple correlations with
[U] are often found. Rayner et al. (2005) reported com-
positions of altered Archean zircons, which have
[U] > 2,000 ppm and [Ca] > 50 ppm (Fig. 2b). High
[U] in Archean zircon could represent either metamict or
re-crystallized areas. The patchy appearance of the altered
zircons in Rayner et al. (2005) is interpreted to reflect fluid
alteration. The authors do not report evidence of re-crys-
tallization. The low [Ca] (<15 ppm) and [U] (<400 ppm)
of Type-1 domains from the present study attest to their
unaltered magmatic values. The fields of fluid-altered zir-
cons, with [U] > 2,600 ppm and [Ca] > 200 ppm and
porous zircons (Grimes et al. 2009), with compositions
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Fig. 1 Chondrite-normalized patterns of rare earth elements (REE) in
Archean (4.35- to 2.6-Ga) Type-1 igneous zircons from tonalites,
trondhjemites, and granodiorites (TTG) (a), sanukitoids (b), Jack
Hills > 3.9-Ga detrital suite (c), and Type-2 REE patterns (d)

between unaltered and altered zircons, are also plotted. The
Type-2 domains of this study are significantly higher in
[Ca] than the Type-1 domains (Fig. 2b; Tables 2, 3, 4).

They have similar [Ca] but lower [U] than porous zircons
(Grimes et al. 2009) and plot outside the field for altered
zircons. Seven Type-2 domains are in the unaltered zircon
field, whereas the six other Type-2 domains plot at higher
[Ca] between altered and unaltered fields.

Li isotope ratios

Li isotope ratios of TTG and Sanukitoid zircons are plotted
against Li content in Fig. 3 for both Type-1 and Type-2
domains. For comparison, those of Jack Hills zircons are
shown in Fig. 3 using newly obtained REE abundance data.
No systematic relation between Li content and/or &’Li
could be seen between Type-1 and Type-2 domains for the
three rock types. TTG zircons have 6'Li from —12 to 4+8%o
for the Type-1 domains and from —24 to —2%o for Type-2
domains. The two extremely negative values (—24, —12%o)
are associated with high internal error (+=10%o, 2SD) due to
low Li contents (3.6 and 0.5 ppm, respectively). The sa-
nukitoid Type-1 and Type-2 domains display narrower
ranges and higher Li isotope ratios than TTG (—2 to +14%o
for Type-1 domains and +3 to +6%o for the Type-2
domains). Li isotope ratios for the Jack Hills zircons vary
from —18 to +12%o for Type-1 and from —16 to 4+2%o for
Type-2 domains. The values of 6’Li for 60% of the Jack
Hills zircons match those of TTGs and sanukitoids; how-
ever, 40% of the >3.9-Ga zircons have lower values of 'Li
between —5 and —19%o that are not seen in the Archean
granitoid suite. For the three samples, there is no correlation
between Li content and Li isotopic composition other than
the larger uncertainties in 6’Li for low [Li] grains.

The significance of chemical diffusion of Li can be
tested by examining core versus rim zoning of [Li]. Two
analyses (core and rim) have been performed in 6 pairs of
Type-1 domains (2 TTG, 2 sanukitoid, and 2 Jack Hills;
Fig. 4). The TTG and Jack Hills zircons display cores with
[Li] significantly different from rims, showing that neither
[Li] nor 87Li has become homogenized. There is no con-
sistent relationship among these zircons, some cores are
lower in [Li], while others are the same as the rim, and one
core is richer in Li.

Discussion

The comparison of our data with unaltered magmatic zircons
suggests that Type-1 domains are representative of unal-
tered, typical magmatic zircons, whereas Type-2 domains
of this study do not preserve magmatic compositions and
represent areas with radiation damage. The intermediate
compositions of the Type-2 domains between magmatic and
hydrothermal (Fig. 2a-b) are consistent with the interpre-
tation that these are altered zones within a zircon that were
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Table 4 Trace element in Jack Hills zircons

Location Type 1 zircons

JH-13b 2.5NM JH-13b 2.5 M JH-13b 5 M

19-1.5 20-2.1 2-1.1 6-3.1 8-4.1 8-4.3 13-2.1 24-1.1 4-2.3

Core Core Core Rim Rim Core Rim Core Core
Li 1.9 8.2 14.8 43.1 56.2 45.2 29.5 40.9 34.8
P 281 46 166 180 166 196 363 80 548
Ca 0.23 0.47 0.68 0.11 3.6 3.1 4.8 6.3 11.2
Ti 4.5 2.8 5.3 5.9 6.1 7.7 5.1 7.8 14.1
\" 1.11 0.00 0.06 0.01 0.06 0.02 0.15 0.00 0.68
Fe 6.6 3.2 4.0 7.2 107.3 443 11.6 19.8 231.1
Y 1,651 79 605 605 418 454 941 156 3,141
La 0.01 0.02 0.02 0.01 0.04 0.06 0.02 0.01 0.11
Ce 13.6 0.1 3.1 10.5 3.6 4.6 8.2 2.9 21.6
Pr 0.2 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.7
Nd 2.8 0.1 0.7 0.9 0.3 0.6 1.5 1.1 6.7
Sm 7.5 0.1 2.0 2.4 0.8 0.8 4.2 2.0 13.1
Eu 0.9 0.1 0.6 0.3 0.1 0.1 0.8 0.2 1.6
Gd 18.9 0.4 6.2 5.6 3.0 3.6 9.9 3.5 31.8
Tb 20.2 0.3 7.3 6.5 2.7 33 114 3.6 34.0
Dy 172.1 4.8 59.4 55.8 323 34.8 89.3 20.3 302
Ho 56.0 2.1 19.5 20.1 13.5 14.1 28.8 42 103
Er 235 13.1 82.0 91.1 69.6 74.1 129 13.7 455
Tm 48.7 34 17.2 20.4 16.1 17.5 26.0 22 90.1
Yb 404 422 151 174 156 164 220 16.6 716
Lu 77.2 11.3 27.7 35.7 33.4 34.1 41.8 2.5 125
Th 73 7 19 82 27 39 63 11 260
U 78 20 41 199 193 163 108 156 273
S"Li (%o)® -69+69 —-154+37 -—-11.8+33 14+33 —184 £33 —-105+£20 23133 -97+22 —12.1+238
380 (%)™ ® 6+ 0.3 82 £+ 03 n.d. 6.6 £0.23 5.8 +0.23 6.0 £ 0.23 64 +£032 75+£032 45+032
Th/U 0.93 0.34 0.46 0.41 0.14 0.24 0.58 0.07 0.95
(Y + REEY 3.00 0.54 1.32 0.83 0.52 0.60 0.96 0.27 2.26

(P + Li)

(Y + REE)/P 3.10 1.03 1.91 1.82 1.40 1.29 1.35 0.96 2.98
Y REE 1,057 78 376 423 331 352 571 73 1,900
Ca + Fe (ppm) 6.8 3.6 4.7 7.3 111 47.4 16.4 26.2 242.3
Ce/Ce* 54.3 0.0 24.5 72.5 16.3 13.9 40.0 30.1 18.8
Eu/Eu* 0.23 0.98 0.48 0.22 0.28 0.26 0.37 0.25 0.24
(Sm/La)y 868 6 193 344 37 22 430 379 206
Ages® 4,066 3,875 4,125 4,089 4,007 4,007 4,081 4,299 3,904
Location JH-54a 2.5NM JH-54a 5 M

6-2.1 10-4.1 22-1.1 17.1 34.1 58.1 77.1 78.1 78.2

Rim Core Rim Rim Core Core Core Core Rim
Li 14.4 18.4 39.3 454 42.7 41.9 7.0 37.2 16.3
P 166 105 190 115 164 457 316 280 151
Ca 9.4 0.39 5.8 041 5.1 2.2 2.1 0.14 5.6
Ti 10.9 3.9 9.6 5.9 7.7 10.8 52 8.5 8.4
\Y% 0.22 0.00 0.06 0.00 0.04 0.08 0.76 0.27 0.04
Fe 206.2 6.7 45.0 46.7 6.2 8.5 329 5.5 536
Y 1,337 290 1,190 381 556 1,079 1,896 978 280
La 0.10 0.02 0.03 0.01 0.04 0.02 0.04 0.00 0.08
Ce 4.9 1.1 6.5 7.5 4.7 16.0 54 4.8 4.3
Pr 04 0.0 0.1 0.0 0.1 0.3 04 0.1 0.3
Nd 1.8 0.2 0.9 0.3 1.4 2.9 35 0.8 1.9
Sm 34 0.3 3.1 0.7 2.1 5.6 74 2.8 1.9
Eu 0.7 0.1 0.6 0.1 0.5 0.2 1.3 0.3 0.3
Tb 10.3 1.8 9.4 2.5 4.0 11.7 19.7 8.2 2.9
Gd 10.7 2.0 10.2 2.3 4.4 13.0 22.6 9.5 3.6
Dy 111 20.6 106 28.5 422 99.9 186 88.2 25.3
Ho 40.1 8.7 37.5 11.1 15.8 32.6 64.8 30.1 8.4
Er 207 454 172 58.6 77.4 149 271 137 394
Tm 43.5 10.4 34.6 14.3 19.5 30.2 55.1 29.6 7.9
Yb 384 106 304 136 187 252 460 263 77.6
Lu 74.7 22.8 56.5 24.3 38.7 499 81.9 50.9 15.2
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Table 4 continued
Location JH-54a 2.5NM JH-54a 5 M
6-2.1 10-4.1 22-1.1 17.1 34.1 58.1 77.1 78.1 78.2
Rim Core Rim Rim Core Core Core Core Rim
Th 53 11 86 80 63 144 69 88 38
8] 111 43 136 231 163 157 86 181 107
S7Li (%) —-03 £ 3.7 —47 £25 —159 £ 2.8 6.5 £ 3.1 11.8 + 3.1 3619 —11.8 £ 34 4.5 £+ 3.1 1.5+ 3.1
3"%0 (%o) 54 +0.32 47 +0.3 62 +£0.3 53 +£0.6 6.5 £ 0.6 6.4+ 0.6 6.4+ 0.6 74+ 0.6 6.2 +£ 0.6
Th/U 0.48 0.26 0.64 0.34 0.39 0.92 0.80 0.49 0.36
(Y + REEY/ 2.99 0.81 1.61 0.61 0.80 0.68 2.83 1.11 0.65
(P + Li)

(Y + REE)/P 4.27 1.52 3.27 1.81 1.84 1.23 3.14 1.84 1.00
Y~ REE 894 220 741 286 398 663 1,180 626 189
Ca + Fe 216 7.1 50.8 47.1 11.3 10.7 35.0 5.6 542
Ce/Ce* 6.4 25.6 24.7 118.1 16.4 449 10.0 73.2 6.4
EuwEu* 0.38 0.62 0.32 0.33 0.57 0.08 0.32 0.19 0.38
(Sm/La)y 59 24 162 117 90 378 306 977 38
Ages” 4,229 3,631 4,113 4,178 4,165 4,063 4,282 4,046 3,362
Location Type 2 zircons

JH-54a 10 M JH-13a 2.5NM JH-13b 5 M JH-54a 10 M

81.2 90.2 3-6.1 3-4.1 5-5.1 14-1.1 14-4.2 22-2.1 90.1 D7.1

Rim Rim Rim Core Core Core Core Rim Core Core
Li 30.1 30.8 35.6 35.9 44.0 50.2 76.4 49.3 24.9 39.1
P 267 157 249 652 682 1,066 766 2,893 669 350
Ca 0.14 0.21 1.2 1.5 1.7 81.6 143 464 29.7 39
Ti 8.7 3.0 8.9 7.1 5.0 31.8 28.3 109.8 26.5 35.0
v 0.12 0.01 0.33 0.04 0.02 4.02 2.11 12.57 0.71 0.09
Fe 5.0 19.8 5.7 12.1 12.4 531 441 2,332 1,188 89.8
Y 1,062 302 685 1,338 1,358 857 1,568 1,729 2,586 3,027
La 0.01 0.00 0.01 0.01 0.01 1.81 3.20 3.09 0.62 0.49
Ce 7.8 4.2 5.0 13.4 13.4 32.7 63.3 231.5 28.6 35.9
Pr 0.1 0.0 0.1 0.2 0.2 4.6 9.5 124 2.1 0.9
Nd 1.9 0.2 2.0 1.8 1.8 18.1 34.1 43.3 9.7 5.8
Sm 3.8 0.7 2.6 43 4.5 12.4 22.8 28.5 11.3 9.7
Eu 0.7 0.1 0.8 0.4 0.5 1.0 2.5 3.6 1.5 1.0
Tb 8.6 2.3 6.8 11.5 12.1 9.1 21.5 24.7 26.6 28.9
Gd 10.0 22 7.7 12.8 11.8 8.4 21.8 29.3 27.8 29.2
Dy 91.1 23.4 62.5 120 120 88.1 167 201 254 291
Ho 33.5 10.1 20.7 41.3 42.5 24.5 48.4 63.8 83.5 99.3
Er 161.6 472 96.3 190 193 125 240 258 370 445
Tm 35.6 11.7 20.5 41.2 41.4 24.8 54.5 57.3 74.7 85.9
Yb 322.5 114 185 347 355 224 530 481 594 697
Lu 64.9 25.8 37.3 63.7 67.2 43.6 97.3 94.6 100.6 110.7
Th 68 24 51 75 79 313 418 3,108 303 189
U 142 108 161 110 119 254 582 698 270 322
37Li (%) 81+t18 —-06+17 57+£22 54430 1.0 £ 3.0 —135+£28 -83+£25 —-159+£25 07+£31 17+3.1
580 (%) 72+0.6 64+0.6 66 +03 66+043 64 +033 6.6+0.3 58+03 59 +0.3 63+0.6 54+06
Th/U 0.48 0.22 0.32 0.68 0.67 1.23 0.72 445 1.12 0.59
(Y + REEY/ 1.37 0.54 0.85 0.85 0.79 0.62 0.46 0.32 1.70 2.89

(P + Li)

(Y + REE)Y/P 2.14 1.08 1.46 1.08 1.05 0.84 0.61 0.35 2.02 4.50
Y REE 742 242 447 847 864 617 1,316 1,532 1,584 1,841
Ca + Fe 5.1 20.0 6.9 13.6 14.1 613 584 2,796 1,218 93.7
Ce/Ce* 49.8 174.3 38.1 77.7 78.8 2.7 2.8 9.0 6.0 13.0
EuwEu* 0.38 0.34 0.58 0.19 0.19 0.28 0.34 0.41 0.26 0.18
(Sm/La)y 554 634 350 788 696 11 12 15 31 33
Ages® 4,103 4,030 4,006 4,041 4,021 4,033 4,068 4,148 4,263 4,348

Sample name are as follows: x — x-y: x — x zircon number; y: spot number in the zircon
% Values from Ushikubo et al. (2008)
® Values from Cavosie et al. (2006)

[Li] values are from this study
n.d.: not determined
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Fig. 2 a (Sm/La)y compared with La ppm (modified after Grimes
et al. 2009; Hoskin 2005) and b Ca ppm versus U ppm (modified after
Rayner et al. 2005). Type-1 domains (igneous) are represented by
filled symbols, and Type-2 by open symbols. “J. H.” (diamonds) is for
Jack Hills. a Shows the field of unaltered magmatic zircons (gray;
Grimes et al. 2009; Hoskin 2005), the field of porous zircons (dashed
line delimited; Grimes et al. 2009), and the field of hydrothermal
zircons, crystallized directly from aqueous fluids, defined by 13
analyses of visibly porous zircons from 4 rocks from the Boggy Plain
pluton, SE Australia (doted line delimited gray; Hoskin 2005). Are
also plotted the Type-1 (green field) and Type-2 (pink field) analyses
for Jack Hills previously published by Cavosie et al. (2006). Type-1
domains are distinct from hydrothermal or altered zircons. Type-1
data plot in the magmatic field, whereas Type-2 zircons plot in the
field of porous altered zircons

originally of igneous genesis rather than new zircon pre-
cipitated by hydrothermal processes. Accordingly, it is
possible that U- and Th-rich domains of a zoned igneous
zircon can become Type-2, while less radiogenic Type-1
domains of the same crystal preserve magmatic geochem-
istry. Thus, only data of Type-1 zircon domains are used for
further discussion of igneous compositions.

Li-coupled substitutions and Li diffusion in zircons
Li is a significant trace element in zircon of this study
(2-79 ppm by wt% in Type-1 domains, Fig. 3). The ratios

of [(Y + REE)/(Li + P)l.iomic calculated for TTG,
sanukitoid, and Jack Hills Type-1 zircon analyses have an

@ Springer

(Eq. 2), there is no a priori requirement that chemical dif-
fusion of interstitial Li should be faster than Y"'Li diffusion
in zircons. Li chemical diffusion is dominantly linked to
REE diffusion, which is slow in zircon (Cherniak et al.
1997; Cherniak and Watson 2003). Other substitutional
mechanisms may operate for the 6 remaining analyses
(including four analyses containing less than 5 ppm Li)
with high [(Y 4+ REE)/(Li 4+ P)laomic &1.7).

Slow rates of Li chemical diffusion in zircons are proven
by the Li zoning in the analyzed zircons, older than 2.8 Ga,
up to 4.35 Ga for Jack Hills zircons (Fig. 4). Likewise, Li
tracer diffusion has been arrested as shown by the zoned
0’Li values in zircons. Taken zircon by zircon, the average
compositions of §'Li in cores are 10%o different from the
average compositions of rims within the TTG, sanukitoid,
and Jack Hills zircons (Tables 2, 3, 4). This variation is
more than five times the average standard deviation
obtained for each measurement (Tables 2, 3, 4). While the
existing data are not sufficiently detailed to define any
possible profile due to tracer diffusion, the gradients prove
that these zircons have not been homogenized.

Two of the analysis pits in TTG zircons have
[Li] <5 ppm and higher analytical uncertainties, from +4
to £9.9%0 (2SD). As mentioned earlier, other substitution
mechanisms could be active at low concentration (e.g.,
[Li] < 5 ppm). Thus, zircon domains with low [Li] may
have non-equilibrium 6’Li compositions that are not rep-
resentative of the melt in which the zircons formed. They
are not taken into account in the following “Discussion”.
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Fig. 4 CL images of the TTG, TTG
sanukitoid, and Jack Hills
zircons for which two analyses
in each zircon have been
performed. Spot locations where
both trace element abundances
and Li isotope ratios were
measured are shown. [Li] and
8"Li composition of each spot
are indicated

Sanukitoid

DD96-8_7-9

& Li =32.8 ppm
&7Li = 2.0 £ 3.4%o0

Jack Hills

JH13b_2 5M_8-4

C88-29_7-6

Li=1.4ppm
&7Li =-0.2 + 5.7%0

DD81-32_6-8

DD96-10_7-9

JH54a_5M_78

To summarize, the sharp Li gradients prove that intra-
grain chemical diffusion is slow, consistent with the link
between REE and Li. Likewise, there is no evidence of Li
tracer diffusion, suggesting that Li isotope exchange is also
slow in zircon. Thus, [Li] and possibly 6'Li can be used as
petrogenetic tracers.

Li as petrogenetic tool: applications to Archean
and Hadean zircons

Zircons from continental crust
Discrimination based on Li and other trace elements The

TTG and sanukitoid plutons sampled in this study represent
common components of Archean continental crust. These

granitic rocks were formed from differentiated magmas
(Davis et al. 2005; King et al. 1998) and this provenance is
reflected by trace elements and isotope chemistry of their
zircons. Grimes et al. (2007) proposed a discriminant dia-
gram based on U/YD ratio and Y content to distinguish
between zircons from continental crust, ocean crust, and
the mantle (kimberlite megacrysts). In Fig. 6, TTG and
sanukitoid Type-1 zircons plot in the field of continental
zircons rather than the oceanic zircon field and, more
specifically, most plot in the field of continental granitoids.

Li content of zircon can also be used to discriminate
between oceanic and continental crust origin. Li contents
from TTGs and sanukitoids are in the range of previously
reported for zircons from continental crust (Ushikubo et al.
2008) (Fig. 7). These zircons are 100—10,000 times higher
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Fig. 6 U/Yb versus [Y] in zircons, modified after Grimes et al.
(2007). All Type-1 zircons from this study plot in the field for
continental crust. The diagonal black line represents the upper limit
of U/Yb for zircons that are unambiguously from continental crustal.
The continental field represents >1,500 analyses of Phanerozoic and
Archean continental zircons (Grimes et al. 2007). The granitoid field
represents zircons from northern Chile and eastern Australia (Ballard
et al. 2002; Belousova et al. 2006). Zircon megacrysts from
kimberlite are from Belousova et al. (1998) and Page et al. (2007)

in [Li] than in oceanic crust zircons (Grimes et al. 2011).
Thus, a bimodal distribution of Li in zircons from different
tectonic settings is observed, perfectly correlating with
differentiated continental versus more primitive oceanic
crust and the mantle (Fig. 7).

The Li data allow the estimation of the partition coef-
ficient between zircon and evolved melt (D Lircon/melt)-
While no data exist for direct comparison, and no data
comparison with sanukitoid are yet published, the average
[Li] in granitoid rocks with similar petrogenesis to TTG is
43 ppm (range = 2.8-179 ppm; Teng et al. 2009) when
[Li] in TTG zircons average at 13.1 ppm. This ratio (13:43
or ~1:3) suggests a D sirconymerr Of ~0.3, though the
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Fig. 7 Histograms of [Li] content in Type-1 zircons from TTG (a),
sanukitoid (b), and Jack Hills (c), and a comparison of [Li] in oceanic
crust and kimberlite zircons versus continental crust zircons (d).
Zircons from oceanic crust and kimberlites are uniformly low in [Li]
(<0.01 ppm), while zircons from continental crust are
100-10,000 times higher (Grimes et al. 2011; Ushikubo et al. 2008)

effect of variable trivalent cations (i.e., Eq.2) is not
known.

Comparison of Li isotope ratios with magma genesis
models TTG and sanukitoid zircon analyses from this
study are the first data set of Li isotope ratios in a suite of
zircons from continental crust, allowing comparison to
published whole-rock data (WR, Fig. 8). Because Li iso-
topes show little or no fractionation at high temperatures
during partial melting (A’Li(melt-rock) = 0.2-0.5%o; Jef-
fcoate et al. 2007) or inter-mineral equilibrium (Tomascak
et al. 1999) on Earth, the primary values of 8"Li(Zrc)
should be nearly the same as the Li isotopic composition of
parental rocks and magma. We thus assume that Li isotopic
fractionation between melt and zircon is smaller than 2%,
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values of the analytical uncertainties (2SD), and directly
compare values of d'Li(Zrc) to 6'Li(WR).

TTG zircons

TTG zircons can be compared with other granitoids and
Archean TTGs (Magna et al. 2010; Teng et al. 2008, 2009).
Teng et al. (2008) reported whole-rock [Li] and 'Li for
Archean terranes, including TTGs. Archean TTG values of
O’Li(WR) vary from 2.6 to 7.5%o, with an average of
4.1 £ 3.9%0 (2SD). Paleozoic and Mesozoic granitoids
have 57Li(WR) from —4.5 to +8.9%o, with an average of

<« Fig. 8 Histograms of 0’Li in TTG zircons (a), sanukitoid zircons

(b) Jack Hills > 3.9-Ga zircons (c¢), and in rocks from continental
crust (d), and weathered continental material (e). For comparison,
average upper mantle values are plotted both without (dark orange
band) and with analytical uncertainty for our SIMS analyses of zircon
(light orange). The upper mantle represents the compositions of fresh
peridotites and fresh N-MORB (6'Li = 3.8 + 1.5%o; Chan et al.
1992; Elliott et al. 2006; Jeffcoate et al. 2007; Magna et al. 2006;
Seitz et al. 2004; Tomascak et al. 2008). The range of unaltered
continental rocks includes magmatic, metamorphic, and sedimentary
rocks (Bryant et al. 2004; Magna et al. 2010; Marks et al. 2007; Teng
et al. 2004, 2006a, b, 2008, 2009). Weathered continental rocks are
from Huh et al. (2001), Kisakiirek et al. (2004), Moriguti and
Nakamura (1998), Rudnick et al. (2004), and Teng et al. (2004). TTG
and sanukitoid zircons have similar §’'Li values to continental rocks.
Over half of Jack Hills zircons (60%) plot in the field of continental
rocks, whereas 40% have lower values. Empty boxes represent values
for zircon domains with [Li] < 5 ppm

1.2 £ 5.5%0 (2SD) (Magna et al. 2010; Teng et al. 2009).
TTG zircons (6'Li = 3.0 + 7.6%0) have compositions
similar to these Archean TTG and granitoid rocks, sug-
gesting that Li isotopes in zircons are not largely altered
over >2.5 Ga.

TTGs are generally thought to form from melting of
either hydrated subducted tholeiitic crust or hydrous
basaltic material at the base of thickened crust (e.g., Huang
et al. 2010; Xiong et al. 2009). Interestingly, most TTG
zircons plot in the field of mantle or primitive values when
analytical uncertainty is considered (Fig. 8a). The simi-
larity of '%0 composition for TTG zircons, which aver-
ages 5.5 &£ 0.4%o, and the upper mantle has also been
reported for of these samples (King et al. 1998; Valley
et al. 1998). The similarity of 6’Li and 6'%0 for TTG
zircons and the upper mantle compositions are consistent
with melting of weakly altered basaltic material, which
could generate hydrous magmas in which zircons grow
without significant shifts in 6'%0 (Grimes et al. 2011), and
Li content and isotopic composition.

Sanukitoid zircons

Sanukitoids are proposed to form by melting of metaso-
matized mantle-wedge peridotite, followed by fractional
crystallization in the crust. The amounts of crustal con-
tamination and composition of metasomatizing fluids
(aqueous or silicate melt) are uncertain (Martin et al. 2009;
Moyen et al. 1997; Shirey and Hanson 1984; Smithies and
Champion 1999; Stern 1989; Stern and Hanson 1991;
Stevenson et al. 1999, 2009).

Higher [Li] in sanukitoid zircons (average = 25.6 ppm)
in comparison with TTG zircons (average = 13.1 ppm) is
consistent with extensive fractional crystallization, com-
monly suggested for the sanukitoid parental melts (e.g.,
Stevenson et al. 1999), and the moderately incompatible

@ Springer



764

Contrib Mineral Petrol (2012) 163:745-768

behavior of Li. No measurements of [Li] associated with
8’Li(WR) have been taken in sanukitoid rocks to date, and
thus no direct comparison between zircon and whole-rock
composition is possible. The 6’Li values of sanukitoid
zircons plot near the range of unweathered rocks from
continental crust (Fig. 8b, d). Sanukitoid zircons have
higher 6’Li(Zrc) values than TTG zircons and granitoid
rocks, with an average of 6.8 + 8.2%. (2SD). A large
portion of sanukitoid zircons (11 out of 16 zircons with
[Li] > 5 ppm) have higher 6'Li than the mantle. Likewise,
values of 5180(Zrc) in sanukitoids (6.4 £ 0.4%0; King
et al. 1998) are higher than in the mantle range. The higher
0’Li in sanukitoid zircons compared with the mantle is
consistent with the hypothesis of melting metasomatized
mantle to generate the parental melts of Superior Province
sanukitoids. Indeed, Marschall et al. (2007) suggested that
fluids released from the slab during dehydration have
0’Li = 10.6-23.3%o, depending on the alteration degree of
the ocean crust and the depth of release. These authors
modeled the Li budget of subducting oceanic crust during
dehydration, based on Rayleigh distillation and taking into
account that "Li is preferentially mobilized in fluids rela-
tive to °Li (A7Li(mineral-ﬂuid) < 0; e.g., Chan et al. 1993;
Wunder et al. 2006). Following this model, aqueous fluids
derived from the dehydration of altered oceanic crust
would thus have higher 6’Li than the mantle, and the input
of dehydration fluid would increase 6’Li of the mantle
wedge. Li isotopes thus support the role of aqueous fluids
as agents of metasomatism. However, metasomatism by
TTG-like melts alone would not appreciably change the
0'Li of overlying mantle. Indeed, since TTG and mantle
peridotite have the same ¢'Li, metasomatism by TTG melts
would not create higher 87Li, as is observed in sanukitoid
zircons.

Application to Jack Hills zircons

The apparent retentiveness of [Li] and 6’Li in TTG and the
consistency of sanukitoid zircons and whole-rock data
suggest that these characteristics can be used as petroge-
netic tracers for zircons where the parent rock is not
known. We thus compare Jack Hills > 3.9-Ga zircons with
TTG and sanukitoid zircons, as well as with rocks from the
mantle and oceanic or continental crust (Figs. 6, 7, 8) in
order to restrict the origin of the detrital zircons.

Jack Hills zircons have [Li] matching the range for sa-
nukitoid and TTG zircons (Fig. 7). The Li contents are not
consistent with any zircons that have been analyzed from
oceanic crust or the mantle, and indicate a differentiated
magma source, such as continental-type crust. Even the
oldest zircons (4.35 Ga), with [Li] =49 ppm (Table 4),
record growth in proto-continental crust. A continental-
style origin is also suggested by the composition of trace

@ Springer

elements (Fig. 6), and the values of 5180(Zrc), which
average 6.2 + 1.7%o0 (2SD), higher than TTG zircons
(~5.5 £ 0.8%0; King et al. 1998), but similar to sanukitoid
zircons (6.4 = 0.4%o; King et al. 1998). Most of the o’Li
values of Jack Hills zircons (60%) are similar to those of
TTGs and sanukitoids, which may also suggested similar
range of parental melts.

Domains with low values of 6’Li (<—4%o) are seen for
some Jack Hills zircons but are not reported for the Archean
granitoid suite. These low 6’Li domains have the same REE
patterns and similar total REE content (76—1,197 ppm, one
outlier at 1,925 ppm) as Jack Hills zircons with 6’Li > —4%o
(78-1,072 ppm). They have variable [Li], in the range of
other Jack Hills zircons (Fig. 2; Table 4). Low 8’Li values
(<—4%o0) have been found mostly in cores of zircons (n = 5
of 7). If magmatic, then a low 6’Li parent rock is needed to
explain observed low 'Li in Jack Hills zircons. As discussed
by Ushikubo et al. (2008), the low values of 8’Li(Zrc) are
best matched by weathered material from continental crust
(Fig. 8e). Thus, the [Li] and 8’Li values for >3.9-Ga zircons
are a good match to those from TTGs and sanukitoids with
the exception of these very low Li isotope ratios in some
zircons, which have been proposed to result from extensive
weathering before 3.9 Ga (Ushikubo et al. 2008).

These similarities of [Li] and other trace elements, and
0’Li and 6'80, suggest that granitic rocks similar to TTG
and possibly sanukitoids could both have been the parent
rocks for the Jack Hills zircons.

Conclusions

We present the first data set of trace element analyses
coupled to [Li] and 8'Li in single domains of Archean
zircons with known parent rocks. The new data show that:

1. Xenotime substitution alone cannot fully account for
the substitution of non-tetravalent ions. The correla-
tions between [Li] and other trace elements are
consistent with the interpretation that for grains with
>5 ppm, most of the Li substitutes in interstitial sites
in zircon, and charge compensates for trivalent cations.
However, other substitutions are possible for Li that
are not charge balanced by REE (Egs. 3 and 4),
especially at low [Li] < 5 ppm.

2. Two types of REE pattern are present in the Archean
zircons analyzed. Type-1 REE patterns are from
domains with low Ca and concordant U-Pb age, which
indicates that Type-1 zircons preserve primary mag-
matic compositions. Type-2 REE patterns are from
domains enriched in LREE and are secondary in origin.

3. Primary Li contents and 6’Li appear to be preserved in
Type-1 zircons with >5 ppm Li. Different compositions
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of cores and rims in zircons do not support fast chemical
diffusion of Li, which would have homogenized the
observed Li gradients. Relatively slow chemical diffu-
sion of Li and preservation of magmatic [Li] are
supported by the coupled interstitial substitution of Li
and REE (Eq. 2), because REE are known to have slow
diffusion rates in zircon. Zoned zircons further suggest
that Li isotope exchange by tracer diffusion has not
affected the analyzed zircons.

4. Li contents in the analyzed TTG and sanukitoid
zircons are similar to published values for zircons
from continental crust but are distinct from zircons in
oceanic crust or mantle megacrysts from kimberlite.
Thus, [Li] > 0.1 ppm in is an index for differentiated
magmas in continental crust. [Li] in TTG is consistent
with growth in a granitoid melt, and the higher [Li] in
sanukitoid zircons agrees with extensive fractional
crystallization proposed for these rocks.

5. TTG and sanukitoid zircons have d’Li values that span
the range of unweathered continental crust. TTG
zircons have ¢'Li and 6'%0 similar to pristine magmas
from the mantle, consistent with parent magma formed
by melting of basaltic material. Sanukitoid zircons
have a slightly higher average 6’Li than the mantle and
TTGs, in agreement with parental magma generated by
melting of fluid-metasomatized mantle. The present
results thus indicate that Archean zircons with igneous
signature (Type-I REE pattern and low Ca concentra-
tion) preserve primordial Li compositions.

6. The high [Li] in Jack Hills zircons (6-71 ppm) and
other trace elements suggest that they grew in grani-
toids of proto-continental crust. Most of the Jack Hills
zircons have 6’Li and 6'®0 similar to those of TTG
and sanukitoid zircons, consistent with the proposal
that these rocks were protoliths for many of the detrital
zircons, as also suggested by [Ti]. A subset of Jack
Hills zircons have extremely low 8’Li (—18 to —4%o),
reflecting melting of extensively weathered crust.
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