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Abstract zircon structurally accommodates a range of trace impurities into its lattice, a feature which is
used extensively to investigate the evolution of silicate magmas. One key compositional boundary of
magmas is defined by whether the molar ratio of Al,03/(CaO + Na,O + K,0) is larger or smaller than unity.
Here we report ~800 Al in zircon concentrations from 19 different rocks from the Lachlan Fold Belt
(southeastern Australia), New England (USA), and Arunachal leucogranites (eastern Himalaya) with Al,Os/
(Ca0 + Na,O + K,0) whole rock values that range from 0.88 to 1.6. Zircons from peraluminous rocks yield
an average Al concentration of ~10 ppm, which distinguishes them from crystals found in metaluminous
rocks (~1.3 ppm). This difference is related to the materials involved in the melting, assimilation, and/or
magma differentiation processes; for example, magmas that assimilate Al-rich material such as metapelites
are expected to produce melts with elevated alumina activities, and thus zircons with high Al concentra-
tions. These observations are applied to the Archean and Hadean Jack Hills detrital zircon record. Detrital
Archean zircons, with ages from about 3.30 to 3.75 Ga, yield Al in zircon concentrations consistent with
origins in peraluminous rocks in ~8% of the cases (n = 236). A single zircon from the pre-3.9 Ga age group
(n = 39) contains elevated Al contents, which suggests that metaluminous crustal rocks were more common
than peraluminous rocks in the Hadean. Weathered material assimilated into these Hadean source melts
was not dominated by Al-rich source material.

1. Introduction

The majority of granitoid magmas are generated by partial melting within the crust. Many of the original
source rocks remain unexposed, leading researchers to investigate the chemical and isotopic information of
the resulting granites themselves, to decipher the geology, tectonics, and subsequent evolution of these
rocks. In many cases, major element whole rock (WR) analysis yields the first clues about a rock’s origin.
Shand [1927] classified rocks as peraluminous if the whole rock molar ratio of Al,03/(CaO + Na,O + K,0)
(ASI; Aluminum Saturation Index) is greater than 1. Rocks with ASI< 1 are classified as metaluminous (or
subaluminous). This definition is strictly compositional, though later studies attributed variations in WR ASI
to the differences in the source material—either sedimentary or igneous—involved in granitoid generation
[e.g., Chappell and White, 1974, 2001].

Part of the (S)edimentary and (l)gneous granite classification scheme for the Lachlan Fold Belt, southeastern Aus-
tralia proposed by Chappell and White [1974, 2001] defined (S)edimentary-type granites as those with ASI values
in excess of 1.1, resulting in saturation of strongly peraluminous phases such as cordierite, garnet, or muscovite
[Chappell and White, 1974, 2001; White et al., 1986a,b; Miller, 1985, 1986; Patino Douce, 1992]. In later work,
Chappell et al. [2012] discussed the origins of ~50% of the Lachlan Fold Belt I-type granites with 1 <ASI< 1.15
[Chappell, 1999], which was partially attributed to incongruent melting of biotite and amphibole in the source
rocks to form pyroxenes, with incorporation of excess Al into the liquid, thus resulting in peraluminous melts.
Other origins for peraluminous rocks include fractional crystallization [Cawthorn and Brown, 1976; Gerdes et al.,
2002; Chappell et al., 2012] or loss of volatile alkalis from the magma during cooling [Zen, 1986].

While the WR ASI may be attributed to certain processes of felsic rock formation and evolution, the melt ASI
may also influence physical properties of melts. Experimental studies demonstrated that Al can exist in

TRAIL ET AL.

Al IN ZIRCON AS A PROXY FOR ROCK ASI 1580


http://dx.doi.org/10.1002/2016GC006794
http://orcid.org/0000-0003-3505-4351
http://orcid.org/0000-0002-6332-5086
http://dx.doi.org/10.1002/2016GC006794
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/

@AG U Geochemistry, Geophysics, Geosystems 10.1002/2016GC006794

multiple coordination states (e.g., fourfold, fivefold, and sixfold), which is partly a function of the ASI of the
melt [Neuville et al.,, 2004; Mysen and Richet, 2005; Mysen and Toplis, 2007]. The ASI may influence viscosity,
where melts or glasses with ASI > 1 yielded higher viscosities than those with ASI < 1 for the same tempera-
ture and SiO, content [Toplis et al., 1997a, 1997b; Toplis and Dingwell, 2004]. Put another way, samples with
~68 Wt % SiO,, and ASI = 1.1 or 0.9 yield the same viscosity (10'%”% Pa s) only if the respective temperatures
are ~870 and ~750°C [Toplis et al., 1997b].

We were motivated to explore whether differences between metaluminous and peraluminous rocks are
also reflected in the accessory mineral zircon. Zircon is a particularly interesting target because ages can be
determined by U-Pb geochronology and it has the capability of surviving sedimentary cycling which could
provide researchers with a tool to probe the ASI of rock samples long since destroyed. We hypothesized
that excess moles of Al,Os relative to CaO, Na,O, and K,O will result in elevated alumina activities and
higher Al concentrations in zircon. To test this, Al in zircon concentrations were measured from 19 geo-
graphically and petrogenically diverse rocks with variable ASI. This reveals that zircon derived from peralu-
minous rocks yield higher average Al concentrations than grains from metaluminous rocks. These data are
used to infer metaluminous or peraluminous source rock origins for detrital grains with ages from approxi-
mately 3.3 to 4.2 Ga. We specifically target the Jack Hills zircons as they enable us to explore the ASI compo-
sitional boundary for silicate rocks in the absence of a preserved rock record; that is, before 4.0 Ga.

2. Samples and Strategy

2.1. Al Substitution in Zircon

Stoichiometric zircon contains tetravalent cations, and therefore, the entry of trivalent Al into zircon requires
charge balance. Trail et al. [2011] synthesized zircons in the ZrO,-SiO,-Al,03-H,0 system and documented a
strong correlation between ppm Al and OH concentrations in zircon, where the respective concentrations
were determined by electron microprobe and Fourier Transform Infrared Spectroscopy. Trail et al. [2011]
therefore showed that VAP" + H" — "VSi** was a viable substitution mechanism, and so water and alu-
mina activity may both determine Al solubility in zircon. The rocks investigated here contain differences in
alumina and water activities. Relative differences in alumina/H,O activities—based on formation environ-
ment, mineralogy, and WR chemistry—are considered when possible.

2.2. WR Samples

Zircons are mostly from Lachlan Fold Belt (LFB) samples, southeastern Australia. The LFB contains more
than 400 different granitoid plutons, most with ages from 420 to 390 Ma [White and Chappell, 1983;
Chappell and Simpson, 1984]. The geologic and tectonic history of the LFB makes it particularly easy to spa-
tially and chemically investigate the geochemical differences of zircons from chemically diverse parent rocks.

Six peraluminous rocks (ASI > 1) were sampled from the LFB, where the Cowra, Cootralantra, Bullenbalong,
Dalgety, and Shannons Flat granitoids are plutonic [Joyce, 1973; Hine et al., 1978; Chappell et al., 1990, 1993],
and one sample is from the Laidlaw volcanic suite [Wyborn et al., 1982]. The samples have a range of ASI val-
ues, including those that do not contain a strongly peraluminous phase such as cordierite, muscovite, or
garnet. Dalgety and Shannons Flats, for example, have WR ASI values that are weakly peraluminous. In these
cases, the excess Al above that required to crystalize feldspars is contained in biotite. While the ideal biotite
atomic ratio of Al/(K + Na) is 1, vacancies in the interlayer cation and Tschermak’s substitution (i.e., V(Mg,-
Fe)"Vsi = VIAIVAI) mean this ratio can exceed 1. In other words, biotite in peraluminous rocks can approach
the eastonite-siderophyllite join [Speer, 1984; Zen, 1986].

Six metaluminous rocks (ASI < 1) were also sampled. The Tara, Jindabyne, Buckleys Lake, Glenbog, and Mor-
uya plutons [Griffin et al., 1978; Hine et al., 1978; Chappell et al., 1990] are typically classified as I-type rocks
[Chappell and White, 1974]. The final LFB rock sample with ASI < 1 is from the (A)norogenic-type Watergums
pluton [Clemens et al., 1986]. A-type rocks tend to be higher temperature, water deficient magmas that are
possibly derived from partial melting of felsic granulite [Collins et al., 1982]. Such samples enable a compari-
son of Al solubility in zircon from metaluminous rock types with different water activities. A-type rocks are
less abundant in southeastern Australia, so high temperature metaluminous plutonic rocks sampled from
the Aganenticus, White Mountain, Mt Ascutney, and Pawtuckaway from New England, USA, supplement the
LFB suite [Daly, 1926; Shearer, 1976; Brooks, 1990; Eby et al., 1992].
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Table 1. Samples Collected and Processed for Zircons as Part of This Study

Name Sample # Batholith or Complex Latitude® Longitude® ASIP UGS Classif. Classif.
Cootralantra W058 Berridale 36°16'44.40"S  148°45'2586"E  1.16  Granodiorite S
Bullenbalong WO060 Kosziousko 36°18'19.44"S 148°40'6.84"E 1.18  Granodiorite S
Dalgety W064 Berridale 36°28'51.48"S  148°50'54.90"E  1.06  Granodiorite S
Shannons Flat Wo074 Murrumbidgee 35°32/17.60"S 148°52'9.90"E 1.03  Granodiorite S
Laidlaw (volcanic) ~ WO079 Murrumbidgee/Berridale 35°23' 49.7"S 149°07'20.3"E 1.07  Rhyodacite S
Cowra W183 Wyangala 33°49'46.90"S 148°41'41.10"E 127 Granodiorite S
Tara W059 Berridale 36°13'47.82"S  148°40'14.88"E 098  Granodiorite |
Jindabyne WO061 Kosziousko 36°26'3.18"S 148°37'43.86"E  0.98  Tonalite |
Buckleys Lake W066 Berridale 36°32/48.06"S 149°2'1.62"E 099  Monzogranite |
Glenbog Wo067 Bega 36°36'48.54"S 149°21'53.94"E 094  Granodiorite |
Moruya W120 Moruya 35°54'15.0”S 150°06'49.1"E 090  Tonalite |
Watergums WO071 Gabo Island 37°17'43.50"S 149°50'14.46"E 098  Granite A
Pawtuckaway W143 Pawtuckaway 43°6'11.80"N 71°10'50.30"W  0.88  Monzonite A
Agamenticus W147 Aganenticus 43°12'18.90"N 70°38’39.90"W  0.98  Granite A
Conway granite W162 White Mountain 44°3'47.50"N 71°4'24.50"W 096  Granite A
Mt Ascutney W173 Ascutney 43°26'9.20"N 72°25'5.50"W 0.96  Granite A

“Datum = WGS84.
PDefined in text. Whole rock major element chemistry can be found in supporting information Table S1.

The sample suite also includes zircons from three peraluminous Arunachal leucogranites from the eastern
Himalaya. These have WR ASI values of 1.08 and 1.60 [see Harrison and Wielicki [2016] and supporting infor-
mation Table S1 for additional information) but have some key differences when compared to peralumi-
nous samples of the LFB. For instance, LFB granitoids with higher ASI values such as Cowra are cordierite
saturated, while Himalayan leucogranites yield muscovite as the primary carrier of excess moles of Al. Aru-
nachal leucogranite zircons yield low crystallization temperatures centered at 660°C [Harrison and Wielicki,
2016], similar to low temperatures reported elsewhere for Himalayan leucogranites [Kohn, 2014, 2016]. Igne-
ous crystallization of zircon at these temperatures implies minimum melting conditions and a water activity
close to or equal to unity. Additional information for the 16 collected WR samples can be found in Table 1
and in the supporting information. The WR data and sample information for the three Arunachal leucogran-
ites can be found in Harrison and Wielicki [2016]. Last, detrital zircon samples were collected from the Jack
Hills (JH) metaconglomerate discovery outcrop for pre-4.0 Ga zircons as previously reported [e.g., Compston
and Pidgeon, 1986; Weiss et al., 2015].

Table 1 identifies samples as (S)edimentary-type, (I)gneous-type, and (A)norogenic-type rocks [Chappell and
White, 1974, 2001; Collins et al., 1982]. While useful, there are exceptions to this classification scheme, even
among the limited sample suite presented here. For instance, the Dalgety and Shannons Flats both have
WR ASI values less than 1.1, yet these samples remain classified as S types [Chappell et al., 1990]. Here the
term “peraluminous” is used for any rock with ASI > 1. The terms “metaluminous | type” and “metaluminous
A type” distinguish the two groups of metaluminous samples. Namely, metaluminous A-type rocks are
water deficient, and expectedly, yield higher zircon crystallization temperatures than metaluminous | types.
Peralkaline rocks were not sampled (i.e., Na + K> Al). The WR ASI values are utilized throughout this paper
as a point of reference. However, granitoids may contain a significant component of crystals that did not
crystalize from the melt. These crystals may represent parts of the source rock, or alternatively, crystals from
the source rock that underwent recrystallization during cooling [Chappell et al., 1987].

3. Methods

Zircons were processed from hand samples by typical crushing and heavy mineral separation techniques,
but additional steps were needed before grain mounting because radiation-damaged zircons are known to
contain secondary Al. For instance, Medenbach [1976] conducted trace element analyses of zircons of vari-
able structural integrity from diverse localities and found that some zircons yielded high Al contents. These
high Al contents, which in many cases were detected at weight percent levels, are also strongly correlated
with high Ca and Fe concentrations in electron microprobe spot analyses and element maps. To our knowl-
edge, the Medenbach [1976] work is the first mention of such high apparent Al concentrations in zircon.
Reconnaissance ion microprobe analyses of untreated Jack Hills zircons also revealed apparent Al concen-
trations as high as 200 ppm, which were not considered to be robust lattice measurements.
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Thus, all zircon-bearing heavy mineral separates (Table 1) and Jack Hills grains were soaked and sonicated
in cold hydrofluoric acid (HF) for ~10 min to remove radiation-damaged zircons or regions. Grains were
then mounted, cast in epoxy, and polished to 1 um with SiC or diamond. The surfaces of all sectioned grains
were cleaned in HF for a few minutes before analysis as an additional precaution. Cathodoluminescence
(CL) images were collected to guide analytical spot locations.

3.1. LA-ICP-MS Spot Mode for Zircons of Known Provenance

Lachlan Fold Belt and New England (USA) zircon samples were analyzed with a Photon Machines 193 nm
G2 laser ablation (LA) system equipped with a HelEx 2-volume sample chamber connected to an Agilent
7900 inductively couple plasma mass spectrometer (ICP-MS) quadrupole at the University of Rochester, or
using the LA-ICP-MS Photon Machines Analyte connected to Varian 820-MS quadrupole at Rensselaer Poly-
technic Institute. Zircon crystals from Cowra, Cootralantra, Bullenbalong, Dalgety, and Shannons Flat rocks
are known or suspected to contain restitic cores that did not completely dissolve during granite genesis
and therefore do not represent the chemistry of the magma [Gulson and Rankin, 1977; Williams et al., 1992].
The rims of crystals were targeted, guided by CL images.

Grains were carefully screened for inclusions with transmitted and reflected light microscopy. Spot locations
were chosen by identifying crystal regions visibly free of inclusions. Locations were also cross-checked with
CL images before ablation. We further utilized the reflected light (to focus on the zircon surface) and trans-
mitted light (to check for subsurface inclusions) features on the Photon Machines LA camera unit. A laser
fluence of 4.9-7 J/cm? with pulse rate of 10 Hz was used for 20 s of total ablation time. The HelEx 2-volume
sample chamber had flow rates set to 0.6 L/min for He flow within the sample chamber (MFC1). The He
flow in the HelEx arm was set to 0.2 L/min (MFC2).

Zircons were ablated with a spot size ranging from 10 to 35 um. Typical masses included “Li, >>Na, **Mg,
27l 29si, 39K, **Ca, *°Ti, and *’Fe, though ’Li and “°Ti were not always analyzed. Initially, Li was quantified
to explore the relationship between the zircon Al/Li and the the whole rock ASI. The elements K, Na, Mg, Ca,
and Fe were analyzed because they are not expected to be structurally accommodated by the zircon lattice
in appreciable quantities. Therefore, these elements are used to screen the laser ablation signal for inclu-
sions or metamict grain regions not removed during the HF cleaning step.

Muscovite has low K/Al, which can make it a challenging inclusion to identify during ablation. Intro-
ducing He into the collision cell of the Agilent 7900 ICP-MS increased counts of K relative to Al. A He
gas flow of ~1 mL/min was used based on trial-and-error analyses of muscovite, to obtain counts of
K that were at least a factor of 3 greater than Al, a strategy used to explore for the possibility of
microinclusions of muscovite in strongly peraluminous samples. Similar tests were also conducted for
cordierite.

The ICP-MS signals were carefully evalu-
ated with the lolite 3.x software package
[Paton et al., 2010, 2011]. “Spikes” of con-
taminant elements K, Na, Mg, Ca, and Fe
often occurred with spikes of Al contents,
— and were excluded from the final results
10+ (see supporting information figure). While
K, Na, Mg, Ca, and Fe may be incorpo-
rated into the zircon lattice in trace quan-
tities, we erred on the side of caution and

Average = 400 +/- 30 ppm

197 | (1 standard devation)

Count

54
excluded block data in which these ele-
ments were detected. Uniformly high
0 |— ' —l_'—|—| counts of K, Na, .Mg, Ca, or Fe.resulted in
300 350 400 450 500 550  complete exclusion of approximately 5%

ppm Al in zircon (synthetic standard grains) of the zircons analyzed.

Silicon-29 was used as an internal stan-
Figure 1. LA-ICP-MS and ion microprobe analysis utilized zircons from this dard d Al'in zi .
standard aliquot. The absolute concentrations were determined by electron araan In zircon concentrations were
microprobe (n = 72). standardized against NIST612 glass
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[Pearce et al., 1997] or synthetic Al-doped zircons produced after the technique described in Trail et al.
[2011]. The Al concentrations of several synthetic zircons were determined using the Cameca sx100 electron
microprobe at Rensselaer Polytechnic Institute, yielding an average value of 401 = 30 ppm Al (Figure 1). Syn-
thetic zircons were standardized against NIST612 for LA-ICP-MS work, which enables a comparison of matrix-
related fractionation of elements (Al from Si) as a function of spot size. No observable matrix effects were
detected for spots 20 um or larger; that is, calculated Al in zircon concentrations were comparable to electron
microprobe results. However, apparent Al concentrations in zircon deviated by up to 40% from the true value for
spot sizes <20 um. Unknowns analyzed with spot sizes <20 um utilized synthetic zircon standards exclusively.

3.2. Secondary lon Mass Spectrometry Analyses for Zircons of Known Provenance

Secondary ion mass spectrometry (SIMS) analyses were undertaken using the UCLA CAMECA ims1270 for
zircons from the Arunachal leucogranites. Epoxy mounts were ultrasonically cleaned in a sequence of soapy
water, deionized water, and methanol, and then Au coated. For each analysis, we collected 2*Na™, 2’Al™,
and 3%Si* using the axial ETP electron multiplier through peak switching with a mass resolving power of
~4000 which is sufficient to resolve all relevant molecular interferences. Al concentrations were calculated
relative to the synthetic zircon standard (see section 2.1 and Figure 1). A primary beam intensity of 10 nA
with a spot size of ~25 um was used in each analysis. In order to remove any surface contamination, the pri-
mary beam was rastered over the sample prior to each analysis using a 20 um raster size for 3 min. The
SIMS data were examined in a similar manner to the LA-ICP-MS data (section 2.2) to search for evidence of
inclusions. We did not find any evidence for spikes in Al concentration and instead found uniform Al* inten-
sity once we removed any surface contamination. These findings suggest that high Al content is not due to
small inclusions but is structurally bound in the zircon.

3.3. LA-ICP-MS Spot Mode for Archean and Hadean Detrital Zircons

Two types of analyses were conducted. In the first case, U-Pb ages and trace element chemistry of 50 grains
were determined simultaneously using a 30 um spot, with one to three analyses for each grain. The mass
table consisted of “Li, 2Na, **Mg, *’Al, 2°Si, **Ca, >2Cr, *’Fe, *°Ti, 2°®Hg, 2°*Pb, 2°°Pb, 2°’Pb, ?*°U, and 238U,
and resulted in a limit of detection of ~2-3 ppm for Al. This detection limit was low enough to establish
whether the zircons were more likely derived from peraluminous versus metaluminous samples. Ages were
standardized against AS-3 zircon [Paces and Miller, 1993], and a secondary in-house zircon standard from
the same locality as the 91500 zircon [Wiedenbeck et al., 2004; Trail et al., 2015]. Once it was established that
most JH zircons yielded below 2-3 ppm of Al, the analytical strategy was modified for the subsequent 225
grains to lower the detection limit for Al. First, the U-Pb ages were determined using a 25 um spot size and
the following mass table: 2°2Hg, 2°*Pb, 2°°Pb, 2°7Pb, 23°U, 232Th, and *38U. Second, a 35 um spot was placed
directly next to the age spot in the same CL zone with the following masses analyzed: "Li, 2>Na, **Mg, *°K,
277l 2%Si, **Ca, *’Fe, and “°Ti. This yielded a detection limit of ~0.2 ppm for Al.

3.4. Depth Profiling by LA-ICP-MS

Several crystals from four separate zircon aliquots—peraluminous volcanic (Laidlaw), peraluminous plutonic
(Dalgety), metaluminous A-type plutonic (Watergums), and metaluminous I-type plutonic (Jindabyne)—were
depth profiled by LA-ICP-MS. All crystals were cast in the same epoxy mount, very gently polished in colloidal
silica for 2 min, and then sonicated to eliminate surface contamination. Zircons were ablated from their rims
into their interior for 20 s with a mass table of 2Na, 2*Mg, 2’Al, 2°Si, 3°K, **Ca, and >’Fe. The data were discre-
tized in ~1 s blocks. If inclusions were encountered, this portion of the depth profile was excluded from fur-
ther consideration. Synthetic zircons containing ~400, 100, and 40 ppm Al were also ablated and Al/Si was
monitored versus depth to check for instrument-related elemental fractionation. “Laser on” time was con-
verted to depth by removing select grains from epoxy, rotating 90°, remounting, and then polishing to expose
the laser pit in cross section. This revealed that 1 s of ablation translates to a little over a micron of removed
material. Cathodoluminescence imaging was conducted afterward to characterize the internal zoning of the
crystals. The supporting information contains additional information about the details of grain manipulation.

4, Zircons of Known Provenance: Results and Discussion

Representative CL images and analytical locations are found in Figure 2. The LA-ICP-MS and SIMS analyses
of zircons of known provenance reveal a clear relationship between Al in zircon concentration and whether
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Figure 2. Representative CL images of zircons used for exploring Al in zircon concentrations from known rock types. Analytical locations are labeled with either (a-c) Al content in ppm
or (d) profile number. All scale bars are 50 um. (a) Peraluminous zircons from Dalgety (W64) and Cowra (W183). These zircons typically contain restitic cores the rims of these crystals
were targeted, and others like them. (b) High temperature metaluminous A-type samples from Mt Ascutney (W173) and Agamenticus (W143). (c) Metaluminous I-type zircons from the
Jindabyne tonalite. (d) Depth profiled zircons, rotated orthogonal to the ablation direction, and polished to expose the ablation pits in cross section. Some pits penetrate to inherited
cores.

WR ASl is greater or less than unity (Figure 3). Strictly, ASI values are a measure of charge balance with feld-
spar stoichiometry [Shand, 1927], and therefore could be corrected for the removal of Ca associated with
apatite. Here ASI values are not corrected for apatite. Zircons from metaluminous granitoids with higher
temperature affinity (i.e., A-type samples) yield, on average, the lowest recorded Al concentrations, with
average values of <1 ppm (n = 259). Zircons from lower temperature metaluminous granitoids (I types) are
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Figure 3. The Al in zircon contents (in ppm) from peraluminous rocks show
resolvable differences when compared to metaluminous I-type and high
temperature metaluminous A-type samples. Approximately 5% of the Al
concentrations from peraluminous zircons plot at values that range from 25
ppm to approximately 35 ppm, with one datum at 74 ppm (not shown).

slightly higher, with average Al contents of
~2 ppm (n = 154). In both cases, >90% of
the concentrations fall within 2 ppm of the
average. In contrast, Al contents of zircons
found in peraluminous rocks reflect a
broadly normal distribution centered at
~10 ppm (n = 217) in which ~30% of the
data fall within 2 ppm of the average.

There is a step function-like increase in
Al in zircon concentration when ASI of
the WR exceeds one (Figure 4). Notably,
the high Al contents observed in zircons
from peraluminous rocks are not exclu-
sively linked to the saturation of a
strongly peraluminous phase such as
cordierite, garnet, or muscovite. For
example, Dalgety and Shannons Flats
(ASI=1.06 and 1.03, respectively) have
broadly similar Al in zircon concentra-
tions when compared to rock samples
with a strongly peraluminous minerals,
such as Cowra (cordierite saturated).
Here an Al in zircon concentration of 4
ppm value is considered to separate per-
aluminous from metaluminous samples.
Examination of the I/A-type zircon data
reveal that 95% of the results contain Al

concentrations <4 ppm. By comparison, about 15% of the zircons from peraluminous rocks contain Al

contents <4 ppm.

The heterogeneous distribution of Al contents in zircon for the peraluminous samples may have important impli-
cations for magma evolution. We rule out analysis of restitic cores as completely responsible for this variation,
though we recognize the limitations involved in precisely defining the overgrowth-restitic core boundary based

100+

@ metaluminous A-type (high T)
O metaluminous I-type

@ peraluminous

X single peraluminous

ppm Al (in zircon)

I T T T //_77
0.9 1.0 1.1 1.2 1.3 16

Whole Rock ASI

Figure 4. Lognormal plot of Al in zircon concentrations versus whole rock
AS; for samples with less than 10 analyses, individual analyses are repre-
sented by “cross.” Zircons from rocks with ASI > 1 yield distinctly higher Al
concentrations than zircons from rocks with ASI < 1. Metaluminous high T
samples (A type) typically yield zircons with Al contents <1 ppm. No
peralkaline rocks were investigated in this study. The horizontal dashed
line (at 4 ppm) separates peraluminous from metaluminous zircons.

on CL pattern recognition alone (e.g., Figure 1).
Instead, we hypothesized that the range in
recorded Al concentrations for peraluminous
zircons may reflect evolution of the alumina
activity (and/or water activity) of the system
during zircon crystallization.

This hypothesis cannot be explored with
algorithms such as Rhyolite-MELTS [Gualda
et al., 2012] because thermodynamic data
for peraluminous rocks are sparse or alto-
gether absent. Furthermore, the WR values
do not represent chemical composition of
the melt, and granitoids may contain crys-
tals that did not crystalize from the melt.
For example, peraluminous (S-type) samples
contain cordierite, sillimanite, and garnet,
and metaluminous I-types are dominated
by plagioclase crystals and pyroxenes,
which are derived from the source rocks
[Chappell et al., 1987]. It is also true that Fig-
ure 4 does not accurately capture the
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complexities of alumina activity evolution of the system between initial zircon saturation, and final zircon
growth.

As an alternative to modeling or exclusive reliance on WR ASI values, depth profile experiments were conducted
to explore relative changes in alumina activity and/or water activity—see section 2.1—by quantifying Al concen-
trations versus depth for four sample suites (Figure 5a). For reference, average Al concentration versus depth for
three different aliquots of synthetic Al-doped zircons (~400, 100, and 40 ppm) exhibit no resolvable change in Al
concentration with depth (Figure 5b). In other words, there is no instrumental fractionation of Al from Si as a func-
tion of pit depth. Zircons from the metaluminous Jindabyne sample exhibit little to no change in Al concentration
with depth, and Watergums A-type zircons show, on average, a subtle increase in Al concentration with depth to
maximum values of ~4 ppm (Figures 5c and 5d). Average Al concentration trends in peraluminous samples
broadly decrease with depth; CL images for data presented in Figures 5e and 5f can be found in Figure 2.

Some Laidlaw zircons show evidence—in CL images—that depth profiles intersect restitic cores (Figure 2).
These images are used to annotate Al in zircon concentration versus depth data with arrows to show the
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Figure 5. Al concentrations from the rim to the interior domains determined by LA-ICP-MS depth profiles. (a) The lines reflect the averages
for all zircons analyzed for each of the four samples (individual analyses can be found in the supporting information Table S2). Al concen-
trations trend toward subtly higher values in the interiors of metaluminous crystals, in contrast to peraluminous zircons. (b) No instrumen-
tal fractionation of Al from Si is observed for zircon standards; i.e., Al concentration versus depth remains constant. (c, d) Al concentration
remains broadly constant versus depth for individual metaluminous samples; note that the numbers correspond to the CL numbers
provided in Figure 2. (d, ). Al concentration decreases versus depth for individual peraluminous zircon samples. Arrowheads indicate the
probable depth where the restitic cores are intersected, if applicable.
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approximate location of probable restitic core intersection. Data collected after this interval are not likely to
be related to the melt generated for this peraluminous sample. The same exercise was conducted for the
Dalgety zircons. In some cases, depth profiles were far enough away from the central regions of the crystals
that no obvious restitic cores are encountered (e.g., CL image W64profile_17 in Figure 2). Importantly, the Al
contents in these zircons vary with depth, even if the relic core data are omitted.

Most analytical artifacts are ruled out for the observed trends. Surface contamination, for example, is ruled
out for several reasons. First, all zircons were treated in HF acid which should remove any possible silicate
contaminant still attached to the surface of the zircon crystals. Second, grains were gently polished with col-
loidal silica before analysis as an additional precaution. Third, all grains were mounted in the same mount,
and therefore any surface contamination should affect all grains. The latter is important because the Al con-
centrations of the surfaces of A-type Watergums and I-type Jindabyne zircons are comparable to spot mode
data, which indicates that surface contamination, if present at all, is negligible.

Other analytical artifacts that could affect depth profiles include the washout times of the ablation cell. For A-
type and |-type zircons, the concentration change from rim to interior domain is small enough (a few ppm)
that it is of little concern, but it could be important for peraluminous zircons. Tests on Al in zircon standards
show that Al counts decrease by an order of magnitude in 1 s for the HelEx cell. For this reason, and because
there may be some progressive contamination of deeper parts of the profile from the walls of the ablation pit,
the actual change in Al concentration versus depth is likely slightly greater than the data indicates.

Nevertheless, these data further support the idea that (1) higher alumina activity environments of peralumi-
nous melts are reflected in Al in zircon concentrations and (2) peraluminous melts can exhibit measureable
changes in alumina activity over the temperature range of zircon crystallization. Both topics are addressed
in the next two sections.

5. Alumina Activity of Metaluminous and Peraluminous Melts

Although peraluminous and metaluminous rocks have comparable WR Al concentrations, Al in zircon con-
centrations from peraluminous rocks are about a factor of 5 higher than grains from metaluminous rocks.
To explain this difference, the structural role of Al in a melt is considered, accepting that there is some gen-
eral relationship between the composition of the WR and the melt from which the zircon grew. In silicate
melts, it is generally assumed that Al is a principal network-forming cation. This is so because Al is tetrahe-
drally coordinated in association with low-field-strength cations such as Na* and K* to satisfy charge bal-
ance with A** [Mysen and Richet, 2005; Mysen and Toplis, 2007]. Charge balance may also be satisfied with
Ca®". This requires Ca association with two AlO, tetrahedra for charge compensation [e.g., Mysen et al.,
1981].

For ASI> 1, some Al ions lack the necessary change compensating cations, and so the proportion of Al that
can exist in fivefold and even sixfold coordination increases [Neuville et al., 2004]. Alternatively, Al not associ-
ated with a charge balancing cation may form Al triclusters—in fourfold coordination—that contribute to
the polymerization of the melt [Mysen and Toplis, 2007]. If SiO, is held constant, maximum viscosities of sili-
cate melts often exist in the peraluminous field, supporting this model [Riebling, 1966; Le Losq et al., 2014;
Toplis et al., 1997a,b]. In both scenarios discussed above, the structural role of some of the Al in peralumi-
nous melts does not depend on association with K, Na, or Ca. These Al atoms could result in elevated alu-
mina activity in the melt, which could explain why zircons derived from peraluminous melts yield higher Al
concentrations.

Higher Al concentrations in minerals from peraluminous rocks is not restricted to zircon. For instance,
Al/(Na + K) values in biotite are higher in peraluminous rocks when compared to metaluminous samples
[e.g., Zen, 1986; Chappell et al., 2012] and Al contents in quartz from peraluminous rocks are broadly higher
than quartz from metaluminous samples [Breiter et al., 2013; Ackerson et al., 2015].

6. Changes in Alumina Activity During Magma Evolution

The data show that there is some relationship between the alumina activity of a silicic melt and ASI of the
whole rock—even if it is not a simple one—in agreement with conclusions reached by others [e.g.,
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Miller, 1985; Patino Douce, 1992; Acosta-Vigil et al., 2003]. For example, the average Al in zircon concentra-
tions for peraluminous rocks are broadly similar and appear to be independent for ASI > 1. Changes in the
alumina activity of peraluminous melts along the liquid line of descent are probable because depth profile
data show variable uptake of Al in zircon.

We review some key topics that could influence the alumina activity of peraluminous melts. To start, we
consider variables that establish the ASI of a melt during generation from the source rock. Of particular rele-
vance is an experimental study conducted by Acosta-Vigil et al. [2003] in which alumina solubility in granitic
melts was investigated primarily as a function of T and water activity. These authors showed that the pro-
gressive addition of water to their experimental samples resulted in additional dissolution of strongly pera-
luminous phases, such as muscovite, corundum, and aluminosilicates. This was reinforced in a study London
et al. [2012] that involved juxtaposing a haplogranite with a metapelite to explore anataxis/assimilation. A
positive correlation between ASI and H,O was also observed in earlier experimental studies by Clemens and
Wall [1981] and Dingwell et al. [1997]. Acosta-Vigil et al. [2003] proposed that H* may serve a role similar to
low-field-strength cations such as Na™ and K* to satisfy charge balance with A" in fourfold coordination.
If so, then part of the decoupling of ASI from alumina activity depends on the H,O activity of the melt. In
this study, increasing temperature from 700 to 800°C resulted in additional dissolution of peraluminous
phases and therefore melts with higher ASI values.

Thus, ASI values of anatectic melts are at least a function of T, water activity, and the source rock. We now
consider monotonic cooling of an anatectic peraluminous melt in a closed system (i.e., no mass transfer)
although this clearly oversimplifies granitic magma evolution. In experiments that mimic a closed system,
glass compositions from 880 to 710°C (2-5 kbar) show that the change in ASI of the melt—and perhaps alu-
mina activity—is not monotonic, but instead oscillates [e.g., Puziewicz and Johannes, 1988]. Feldspar crystal-
lization from a peraluminous melt along the liquid line of descent will increase ASI of the residual melt, but
perhaps only up to a point. For instance, a melt with ASI > 1.2 could instead be driven to lower ASI values
by the saturation of an alumina activity buffering phase such as andalusite [Chappell, 1999], as a result of
the low solubility of strongly peraluminous phases at lower temperatures.

However, most granitic melts are not closed systems, and it is perhaps more interesting and certainly more
relevant to consider what happens in an open system. Loss of Na and/or K to the vapor phase during cool-
ing [e.g., Zen, 1986; Chappell, 1999] would likely lead to an increase in the alumina activity of the remaining
system. If water (H") is involved in the fourfold coordination of Al in the melt, its loss could also cause the
remaining system to evolve to higher alumina activities. In contrast, removal of strongly peraluminous
phases from the system via fractional crystallization or by eruption [Morgan et al., 1998] would likely lead to
a decrease in the alumina activity. Peraluminous melts generated by partial melting of sedimentary rocks
may also become progressively more peraluminous by fractional crystallization of feldspar, as is suspected
to occur in the LFB [Chappell et al., 1998; Chappell, 1999].

An increase in alumina activity of the system along the liquid line of descent may explain why depth pro-
filed zircons from peraluminous rock samples yield, on average, higher Al concentrations on the rims than
the interior domains. However, this simple interpretation is complicated by the need for Al charge balance
in zircon. Since Al can enter into the zircon lattice with H* (section 2.1) water activity plays a role in the solu-
bility of Al in zircon.

To first order, however, water activity probably does not drastically affect Al solubility in zircon. For instance,
the Himalayan Arunachal leucogranite zircons have Ti-in-zircon crystallization temperatures with a domi-
nant peak at 660°C, consistent with fluid present conditions [Harrison and Wielicki, 2016]. Peraluminous LFB
zircons have higher average zircon crystallization temperatures of ~730°C suggesting crystallization at
lower water activity. Despite these differences, the recorded Al concentration among these sample suites is
similar. Moreover, water deficient A-type samples crystalize zircon at ~790°C with lower Al concentration
(~1 ppm) than the lower temperature (~740°C) I-type counterparts (~2 ppm Al). This ~1 ppm difference is
small since the average Al concentration from peraluminous samples is ~10 ppm.

And finally, zircons within the same peraluminous rock may experience different alumina activity evolution
paths. Depth profiles for a few peraluminous zircons yielded rim Al concentrations in the 2-4 ppm range in
<5% of the analyses (e.g., Laidlaw 012SMPL.d or Dalgety 010SMPL.d in supporting information Table 2),
which is well below the average rim concentration of ~20 ppm. Zircons have been found as inclusions
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within major phases, such as biotite in LFB peraluminous rocks [Hine et al., 1978; Phillips et al., 1981; Healy
et al., 2004], and biotite-rich xenoliths that are metasedimentary in origin are documented [Joyce, 1973]. If
the zircon remains in encapsulated within biotite from the restite, for example, this chemical isolation would
explain the lower Al concentrations observed.

7. Al Contents in Archean and Hadean Detrital Zircons

The quantification of Al contents in detrital zircons represents a compelling opportunity to investigate the
relative abundance of peraluminous-derived versus metaluminous-derived zircons preserved in the sedi-
mentary record. Exploring the chemical composition and nature of early terrestrial magmatism and rock
recycling is essential if we are to understand the dynamics of our planet, propose chemical constraints for
the evolution of the Earth, and define the chemical makeup of weathered material that may have played a
role as a substrate for the origin of life.

We reiterate that 95% of the metaluminous data yield concentrations less than 4 ppm, although upward
of 15% of peraluminous zircons collected in spot mode have Al contents <4 ppm. This percentage
diminishes to <5% if only the depth profile samples are considered. For Hadean zircons, only spot
mode analyses were conducted (Figure 6). This avoids conflating issues with the analysis of younger
overgrowths in Archean and Hadean zircons [e.g., Trail et al., 2007]. Given these two pieces of informa-
tion, we estimate that detrital zircons with 4 ppm Al or greater are likely derived from peraluminous
melts. If the data from known source rocks is used as a guide, this concentration threshold will result in
an underestimation of the total number zircons derived from peraluminous samples perhaps by ~10%
(also taking into consideration that 5% of metaluminous samples yield Al concentrations that exceed 4
ppm).

With these caveats noted, we present the results of Al in zircon concentrations from 275 detrital grains from
the Jack Hills with ages that range from 4.24 to 3.29 Ga (Figure 7). If 3290-3775 Ma zircons are considered,
then approximately 8% of the grains yield Al concentrations that exceed 4 ppm, suggestive of origins in
peraluminous melts. Zircons older than 3.9 Ga (n = 39) yield a single occurrence with an Al content that
exceeded an average value of 4 ppm. Four analyses produced Al concentrations of 6.2, 4.5, 4.1, and 2.5
ppm. Results from this 4.04 Ga grain are consistent with the presence of peraluminous magmas during the
Hadean determined by the presence of muscovite inclusions [e.g., Hopkins et al., 2008; Harrison and Wielicki,

JHURO1_1-6(1,2,3)
3.32 Ga, <2.7 pp!

3.34 Ga,
<2.7 ppm

3.39'Ga,
20 ppm

<2.6 ppm
] R§

7 m

JHSI®2-23 JHSIO_2-24 | JHSIO=8=13

4.3 ppm 1 m
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Figure 6. Representative CL images from detrital Archean/Hadean zircons analyzed in this study. (a) Zircons with simultaneous age and Al content measurements (single spot); Al detec-
tion limit is 2-3 ppm. (b) Zircons with separate measurements of age and Al content (double spot); Al detection limit is 0.2-0.3 ppm.
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Figure 7. Al concentrations in Jack Hills zircon versus age showing several here.

candidate grains in the detrital population that are likely derived from peralumi- 18 X
nous rocks. Analyses with Al concentrations below the limits of detection are Some 6“0 values recorded in Hadean

plotted as “plus.” All data are tabulated in the supporting information tables. zircons provide evidence for low tem-
perature water-rock interaction [e.g.,
Valley et al., 2005], even though there is still considerable uncertainty regarding the chemical composition
of the recycled material. Even broad constraints that bear on the nature of recycled material (clays) could
help constrain the environments of early Earth, which may be important for certain origin of life models. In
some cases, RNA molecules can bind efficiently to certain clays resulting in the formation of longer oligom-
ers, while clays do not exhibit useful bonding properties [e.g., Ferris and Ertem, 1993]. The ultimate composi-
tion of the weathered Hadean material remains mostly obscured, though evidence for assimilation of large
volumes of strongly peraluminous material into Hadean magmas is sparse among the data presented here.
Future studies that combine Al concentrations with '80/'°0 measurements may lead to new insights.

The higher frequency of peraluminous-derived grains from the 3290-3775 Ma age group may reflect a tem-
poral change in the chemical composition or volume of assimilated peraluminous material, or alternatively,
by a detrital sample bias. In the case of the latter, 8 of 13 zircons with U-Pb ages between 3300 and 3350
Ma yield Al contents that are consistent with a peraluminous origin, possibly indicating that many of these
grains weathered from the same terrain. High abundances of elevated Al concentrations in zircons over dis-
crete time intervals from the detrital record may reflect past orogenic events, given that peraluminous gran-
itoids are common in collisional tectonic settings.

8. Concluding Remarks and Outlook

An important compositional boundary of silicate magmas is defined by whether the molar ratio of Al,Os/
(Ca0 + Nay0 + K;0) is larger or smaller than one. Data show that Al in zircon concentrations are a useful
proxy for this melt and WR parameter. Al contents in zircon may also be useful to explore the chemical char-
acter of sources involved in granitoid genesis. For instance, Chappell et al. [2012] notes that “S-type” rocks
within the LFB always contain ASI values greater than 1. On the other hand, many I-type rocks yield ASI > 1,
and fractional crystallization may drive melts into the peraluminous field. Granitoid rocks from the Moonbi
Suite of the New England Batholith (Australia), for example, show variations from just above ASI values of
0.9 and 65% SiO,, to ASI values approaching 1.05 and ~75% SiO,. Others have also shown that peralumi-
nous melts can develop though felsic differentiation (removal of hornblende) of calc-alkaline rocks [Caw-
thorn and Brown, 1976]. In cases where zircon is present, Al contents may trace the evolution of alumina
activity during assimilation, fractionation, and crystallization. Finally, many of the models of magma evolu-
tion are conceptual, qualitative, and oversimplified scenarios. In this regard, experiments are needed in
order to understand the relationship between ASI, alumina/H,O activity, and Al in zircon concentrations
more rigorously.
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