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Abstract Hydrosphere interactions and alteration of the terrestrial crust likely played a critical
role in shaping Earth’s surface, and in promoting prebiotic reactions leading to life, before 4.03
Ga (the Hadean Eon). The identity of aqueously-altered material strongly depends on
lithospheric cycling of abundant and water-soluble elements such as Si and O. However, direct
constraints that define the character of Hadean sedimentary material are absent because samples
from this earliest eon are limited to detrital zircons (ZrSiO4). Here we show that concurrent
measurements of Si and O isotope ratios in Phanerozoic and detrital pre-3.0 Ga zircon constrain
the composition of aqueously-altered precursors incorporated into their source melts.
Phanerozoic zircon from (S)edimentary-type rocks contain heterogenous §'0 and &%°Si values
consistent with assimilation of metapelitic material, distinct from the isotopic character of zircon
from (I)gneous- and (A)norogenic-type rocks. The §'80 values of detrital Archean zircons are
heterogenous, though yield Si isotope compositions like mantle-derived zircon. Hadean crystals
yield elevated 580 values (vs. mantle zircon) and &%°Si values span almost the entire range
observed for Phanerozoic samples. Coupled Si and O isotope data represent a new constraint on
Hadean weathering and sedimentary input into felsic melts including re-melting of amphibolites
possibly of basaltic origin, and fractional addition of chemical sediments, such as cherts and/or
Banded Iron Formations (BIFs) into source melts. That such sedimentary deposits were
extensive enough to change the chemical signature of intracrustal melts suggests they may have

been a suitable niche for (pre)biotic chemistry as early as 4.1 Ga. (248 words)

Key words; Hadean; zircon; weathering; Silica cycle; origin of life; Lachlan Fold Belt



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

Significance

The crust or its chemically weathered derivatives likely served as a substrate for the origin of
life, which could have occurred by 4.1 Ga. Yet no known bona fide terrestrial rocks from this
time remain. Studies have thus turned to geochemical signatures within detrital zircons from this
time. While zircons do not directly record low-temperature weathering processes, they inherit
isotopic information upon recycling and re-melting of sediment. We developed a method to
fingerprint the identity of material involved in water-rock interactions >4 Ga, bolstered by a
large Si and O isotopic dataset of more modern zircon samples. The data presented here provide
evidence for chemical sediments, such as cherts and Banded Iron Formations on Earth >4 Ga.

(117 words)

\body
Introduction

In the apparent absence of a pre-4.0 Ga terrestrial rock record, early speculations about
the Hadean Earth (~4.5-4.0 Ga) were drawn from meteorites and backward extrapolation of
preserved Archean rocks. Insights into the nature of the Hadean surface environment relied on
broad estimates of mantle heat production and its transport to the surface, and scaling of the
lunar impact record to the early Earth (1). Laboratory simulations predicted intense meteorite
bombardment and a thick steam-rich atmosphere (2), suggesting that Earth may not have been
continuously habitable in the first 500 Myr (3).

The first direct constraints on the geology of the young Earth came from the discovery of

Hadean detrital zircons (4). Subsequent in situ oxygen isotope measurements of some Hadean
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zircon yielded isotopically heavy compositions, relative to the canonical mantle value (5,6). Such
isotopic shifts provide evidence for water-rock interactions at low temperatures (sensu lato),
followed by re-melting and incorporation of these signatures into Hadean zircon parent melts by
4.2 to 4.3 Ga (5-8). More recent numerical calculations that evaluate early Earth heat transfer
and plausible chemical reactions (9), the thermal effects of terrestrial impact metamorphism (10),
and a re-evaluation of lunar impact chronology (11) continue to strengthen the case a
continuously habitable planet shortly after accretion.

Such discoveries are important, although many uncertainties remain regarding Earth’s
earliest development. This highlights the need to find new ways to better constrain Earth’s
primordial geology. For instance, only limited information about the identity of weathered
material involved in the zircon source melt is provided by mildly elevated Hadean 520 values,
which are up to ~2 %o above present-day mantle zircon. This is because almost all surficial/low-
temperature water-rock interactions result in an isotopically heavy O composition being imparted
on the rock. Constraining the identity of weathered Hadean material is timely due to the
suggestion that an isotopically light carbon inclusion in a ~4.1 Ga zircon may indicate the
presence of a biosphere (12), implying the need for a suitable substrate for life by this time.

Silicon isotopes, like O isotopes, are also strongly fractionated during chemical
weathering of silicate material or low temperature water-rock interactions (SI Appendix, Fig.
S1). Given the dominance of O and Si in the lithosphere, the composition of altered or
weathered products strongly depends on reactions that involve both elements. First, consider
that neoformation of clay minerals prefers the lighter Si isotopes, and the degree of fractionation
is magnified with the extent of weathering degree/amount of desilicification to more negative

5%°Si values (i.e. 1:1 clays such as kaolinite are much lighter than 2:1 clay minerals, 13-15). This
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gives Si isotopes the added advantage over O isotopes alone as they have the potential to be a
definitive proxy for identifying the presence of pelitic sediment in a melt source (Fig. 1, path 1).
Second, unlike O isotopes, Si isotopes are unaffected during hydration of primary silicates (i.e.
serpentinization) and at low weathering degrees, where igneous minerals still dominate the Si
isotope signature (16; Fig. 1, path 2). Third, precipitation and diagenesis of authigenic silica and
hydrothermal silicification can lead to large variations in §*°Si (17-19). Under non-equilibrium
conditions, this can generate negative shifts in §%°Si, but unlike desilicification, often there may
be no correlation between Si and O variations in the silica, due to the different behavior of these
elements under different rock/water ratios and temperatures (18). Finally, Si isotopes have
another advantage over O isotopes alone because seawater-derived authigenic silica (i.e., chert)
reveals uniquely heavy Si isotope compositions (e.g. 20; Fig. 1, path 3). These Si-O isotope
fractionation pathways — shown schematically in Figure 1 — demonstrate the critical advantage of
coupled Si-O isotope analysis.

Melt assimilation of the weathered products described above may be used to explore past
environments only if the isotopic composition of the whole rock (WR) and minerals — including
zircon — partially, at least, reflect these original altered products. Such variations in WR Si
isotope compositions, linked unequivocally to source variation, have been measured in several
localities, including the Lachlan Fold Belt (21,22). Moreover, there is limited Si isotope
fractionation caused by partial melting and igneous fractional crystallization; mantle rocks and
mantle-derived melts yield identical §°Si values (Bulk Silicate Earth §*°Si = -0.29 + 0.07%o
relative to NBS28; 15). Felsic rocks, absent of any non-igneous assimilant, tend to be only 0.10
to 0.20 %o heavier than BSE, demonstrating there is a small and crucially predictable enrichment

of heavier Si isotopes due to magmatic differentiation (23). A source rock signature will be
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recorded in zircons, provided that the difference between 6%°Si(WR) and §*°Si(zircon) — i.e.,
A%Si(WR-zircon) — is constrained.

To extend the terrestrial Si isotope record back to the Hadean, we take the approach that
5%0Si values should be considered with 880, because such coupled isotopic analyses are
potentially powerful in identifying the lithologies assimilated in Hadean melt sources (Fig. 1). In
this contribution, we report solution-based multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) measurements of mantle-derived zircon and separate felsic whole
rock fractions from the crust to define: (i) the Si isotopic composition of zircon that crystallized
in the absence of sediment inputs; and (ii) A%Si(WR-zircon), which constrains high temperature
Si isotope fractionations. To analyze single zircons at ~20 um spatial resolution, we developed
an ion microprobe analytical protocol for simultaneous in situ measurements of both isotope
systems. First, this method was used to investigate coupled Si and O isotope compositions of in-
context igneous zircons from 10 different Australian Lachlan Fold Belt (LFB) Phanerozoic
granitoids classified as (S)edimentary, (I)gneous, and (A)norogenic (SI Appendix, Fig. S2).
These data, together with the Si and O isotope record of Eoarchean sediments (17,20), form the
basis for our interpretation of ion microprobe data for Hadean and Archean zircon. An overview

of measured samples is presented in SI Appendix, Table S1.

Results

Mantle-derived Mud Tank carbonatite (Australia), Kimberley pool (South Africa), and
Orapa Kimberlite (Botswana) zircons yield 6% °Singszs values that range from -0.34 to -0.41 %o
(SI Appendix, Table S2). The average §°°Si value of -0.38+0.02 %o (1 s.d.), determined by MC-

ICP-MS, is used to define §%°Si of mantle-derived zircon. The LFB Jindabyne tonalite fractions
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yield respective 3°°Si values for zircon, WR, and quartz of -0.57+0.02, -0.20+0.03, and -
0.11+0.02 %o. This defines A%°Si(WR-zircon) = 0.37 %o for this sample (Fig. 2), in good
agreement with ab initio Si isotope fractionation calculations (24).

lon microprobe zircon Si isotope data reveal differences, albeit with overlap, between our
Australian LFB granitoid types (Fig. 3; SI Appendix, Table S3). Typically, S-type samples
contain §%°Si values that extend to more negative values than I- or A-type granitoids. In the most
extreme cases, zircon §%°Si extends down to about -1.5 %o, as observed for the Cootralantra
samples. Zircons analyzed from the Bullenbalong S-type granitoid are not characterized by 5*°Si
values lighter than -1.0 %o, and in fact the overall distribution of §%°Si makes it broadly
comparable to the §°°Si range of other I-type zircons. The Cowra Granodiorite contains zircon
530Si that would be most consistent with results obtained from I-type samples, except that a
larger fraction of the analyses is shifted toward more negative values than other I-types examined
thus far. I-type granitoids have a similar dispersion in §%Si as S-types, though zircon §%°Si
distributions are shifted towards heavier values, and several data are within error of 0 %.. Except
for Cowra zircons, no S-type analyses are within error of 0 %o. The A-type sample (Watergums)
and Duluth Gabbro yield tighter §°Si distributions when compared to I- and S-type ranges for a
similar number of data points. S- and I-type O isotope data, collected ‘simultaneously’ with Si
isotopes, also show distinct differences (Fig. 4; SI Appendix, Fig. S4). S-type zircons typically
yield §*80vsmow Vvalues from +8 to 10.5 %o, whereas I- and A-types are typically confined to
5180 values of +6 to 8.5 %o.

Individual ion microprobe spot data (n = 79) for Jack Hills zircons consist of 14 zircons
>4.0 Ga, and 21 Archean grains (SI Appendix, Table S4), and reveal subtle isotopic differences

among the two age groups (Fig. 5; SI Appendix, Fig. S4). Specifically, the Archean zircon 520
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values are between +5.2 to +6.8%o, comparable to previous Jack Hills zircon studies (25). The
530Si values of Archean zircon are broadly confined to those like mantle-derived zircon. Most
Hadean samples yield &80 values that range from +6 to 7 %o and same grains exhibit both
enrichments and depletions in *°Si relative to mantle zircon and show a broadly similar range as

Phanerozoic zircon.

Discussion

Phanerozoic ‘in-context’ zircons

The well-studied Lachlan Fold Belt represents an ideal test target to demonstrate in situ
zircon-scale investigations. Coupled Si and O isotope studies of zircon have not been conducted
previously, so an obvious question is whether these zircon data lead to broadly similar
interpretations when compared to WR geochemical studies. The WR Si isotope data show that
S-type granitoids are, on average, isotopically lighter than I- and A-type samples, although the
range of Si isotopes in S-type granitoid WR extends to lower and slightly higher §*°Si values
than the other two granitoid types (21; SI Appendix, Fig. S1).

Using felsic rock isotope fractionation relationships of A®O(WR-zircon) = 2 %o (27), and
A®Si(WR-zircon) = 0.37%o (see Fig. 2) we find that S-type zircon, on average, predicts the most
negative WR §°°Si and most elevated 580 WR values. This result is consistent with assimilation
of pelitic material (e.g., Fig. 1, path 1), and WR data for the region (20). For example, averaging
the results from S-type Shannons Flat zircons (Fig. 3; SI Appendix, Fig. S3) predicts respective
WR 5%Si and 580 values of -0.45 %o and +10.4 %.. A §%°Si value of -0.45 %o is the lowest
estimated WR value of the 10 granitoids explored here, and is in broad agreement with the

lowest WR &%°Si values so far reported in the LFB (SI Appendix, Fig. S1). Moreover, predicted
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WR values from S-type zircons imply another sedimentary source besides Ordovician sediments
in close association with the LFB granitoids, also consistent with conclusions reached using WR
data only (21). Similar agreement is found for oxygen isotopes (28); other WR isotope
calculations for the different granitoids are reported in SI Appendix, Table S3. What is also
evident, especially for the I-type zircons, is the presence of an isotopically heavy Si source in
some regions of the Lachlan Fold Belt (e.g., Fig. 3; Glenbog). We speculate that this is due to
fractional crystallization and seawater-derived authigenic silica (Fig. 1; path 3). In the latter case,
silica assimilation will not drive any resulting melt into the peraluminous field nor would it be
likely to affect Sr and Nd isotope compositions, hence the rock will still resemble an I-type, even
with the anatexis of ‘non-igneous’ material.

If individual data points are considered in lieu of averages, I- and S-type zircon Si- and
O- isotopes imply heterogenous isotopic values for the source rocks (Fig. 4). This is particularly
marked when compared to histogram ranges defined by Duluth Gabbro and A-type Watergums
zircon Si and O isotope data (Fig. 3; SI Appendix, Fig. S3). The petrogenesis of zircon in
gabbros and A-type melts is typically linked to a single (generally primitive) melt composition
which evolved via fractional crystallization. This homogeneous, ‘primitive’ melt composition is
well reflected in both suites by their mantle-like Si isotope compositions (5*°Si = -0.35%0) and
normal distribution (Fig. 3). In contrast, the S- and I-type LFB zircons both define wider, often
non-normal, data distributions. Although the lower analytical precision of in situ measurements
contributes to the apparent range, if all zircons from each I- and S-type melt had an identical Si
isotope composition (with perhaps minor variations due to fractional crystallization), data
distributions similar to that of the A-type or gabbroic zircons are expected. Hence, the wider I-

and S-type zircon Si and O isotope range likely reflects heterogeneities in the source, or possibly
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multiple melt sources. This incomplete homogenization of multiple source materials in the
Lachlan samples is also observed in Nd, Sr, and O-isotope WR and mineral studies, which

underscores the hybrid nature of felsic natural systems (28,29).

Hadean and Archean (detrital) zircons

Several zircons yield 3°°Si values indistinguishable from mantle-derived zircon, but with
heavier 50 than the mantle (Fig. 5). These zircons may have crystallized from melts that
included assimilation of hydrated/serpentinized basalt, whereby the original ‘igneous’ Si isotope
composition of the host rocks remained unaltered, (e.g., Fig. 1, path 2). Alternatively, it was
suggested that low fluid/rock ratios could generate positive O isotope excursions without
accompanying Si isotope variation (19). Both scenarios are consistent with Hadean melts
(partially) influenced by source material altered by considerable hydrothermal activity.

Perhaps the most intriguing Hadean zircon yields a mantle-like §'80 value of +5.49 %o,
but records a §%°Si value of -1.13 %o (grain 1-10). This grain represents our strongest evidence
for a Hadean Si reservoir out of equilibrium with the mantle. Evaluation of the §'®0 value only
would lead to the conclusion that this grain shows no evidence for interaction with an aqueous
reservoir, whereas °°Si suggests otherwise. We rule out fractional crystallization, as A%°Si(WR-
zircon) is ~0.35 %o for felsic systems; this relationship implies a WR value of ~-0.75 %.. To
explain this result, we turn to the Archean Si isotope sedimentary record.

Archean cherts, which formed by chemical precipitation (and re-precipitation), have Si
isotope values as low as ~-3 %o, which also applies to Archean BIFs (17, 30-32). These
sediments are typically assumed to result in ¥0-enriched material compared to the mantle (20),

meaning that an *0-depleted reservoir is also required to balance the mantle-like zircon value of

10
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+5.49 %o. The Fe-oxide phases in BIFs are one possibility; these may be O-depleted (33),
which is also supported by low temperature Fe-oxide-H>O oxygen isotope equilibrium
fractionations (34). Also, alteration of mafic rocks by seawater can either enrich or deplete the
resulting product in 80; higher temperature (post-solidus) exchange with seawater decreases the
5180 value of the altered rock (35,36). This reasoning assumes that seawater 380 was ~0%o,
similar to modern (36), which is based on an assumed balance of hydrothermal and weathering
fluxes (37). Alternatively, at far-from-equilibrium conditions (e.g., dashed arrows in Figure 1),
light Si isotope compositions have been recorded in chemical precipitates where no large
variations in O have been recorded (38). We propose that burial and anatexis of a succession of
oceanic lithologies (cherts, BIFs and/or altered mafic rocks) as a possible explanation for the
chemistry of this 4.05 Ga zircon. A simple end-member Si isotope mixing model with basalt and
chemical sediment (e.g., chert) requires less than 20% of the latter to explain the range of 5%°Si
values observed in detrital zircons (SI Appendix, Fig. S5). +

Zircon samples in which both §%Si and &0 outside the ‘mantle’ zircon field are rare.
The most *°Si enriched detrital zircon is from a 4.05 Ga grain, which is also mildly enriched in
180 relative to the mantle (grain 1D = 1-9, §°°Si = +0.14%o; 8*80 = 6.26%0). As with the positive
Si isotope zircons from the LFB granites, this datum implies seawater as the dominant source of
5%0Si (Fig. 1, path 3); note that silicification of volcanogenic sediments from Archean samples
display more positive §%°Si values that range from +0.1 to 1.1 %o, which was also linked to
seawater-derived silica (20). The same study showed that Archean felsic schists are fractionated
to positive 5°Si values, which is also qualitatively consistent with the Si- and O- isotope data for

this zircon.
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Conclusions

In many cases, the Si isotopic measurements of crustal zircons with clear input of
weathered material into the source magmas, as judged by 80 enrichments, exhibit §*°Si values
indistinguishable from mantle-derived zircon. Thus, correlative analysis of Si- and O- isotopes
provides a more robust interpretation than either isotopic system alone; in the case of the detrital
grains, ‘path 2’ was the most common weathering trajectory. That said, a fraction of the Si
measured in Phanerozoic, Archean, and Hadean zircon requires assimilation of silica that
interacted with aqueous solutions into the melt protolith(s), ruling out Si derivation exclusively
from mantle sources. The range of Si and O isotope compositions recorded in the Hadean zircons
is consistent with melt generation from isotopically heterogeneous sources, similar to the
migmatite-related formation of Phanerozoic ‘crustal’-derived I- and S-type granites. This is also
contrary to a model in which all Hadean zircon source melts were derived from isotopically
homogeneous mafic rocks (39).

The combined &0 and &°°Si measurements restrict the characteristics of Hadean
material altered in low temperature environments. Our preferred model is that some of these
involved the anatexis of chemical sediments, possibly felsic schists, and (potentially silicified)
metabasalts. This is especially important because the early chemistry of the crust and aqueous
solutions are important variables that almost certainly affected early prebiotic or inorganic
chemical reactions (40). Archean cherts and highly metamorphosed quartz-pyroxene sediments
host some of the earliest proposed evidence for life associated with rocks (41,42), and an
isotopically light carbon inclusion within a Hadean zircon pushes record of a potential biosphere

back to 4.1 Ga (12). Our new evidence bolsters the case for the existence of a previously
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undocumented suite of diverse environments — including siliceous sediments — for (pre)biotic

chemistry to take hold in the late Hadean.

Materials and Methods

Zircon samples

‘Mantle’ zircons include samples from Orapa (Botswana), and Kimberley Pool, South
Africa (43), a megacryst from the Mud Tank carbonatite, and AS-3 zircons (45). ‘Crustal’
zircons were extracted from 5 S-type, 4 I-type, and 1 A-type LFB hand samples with ages from
395 to 436 Ma (44-48). Detailed information about sample collection location and zircon
geochemistry — including crystallization temperatures — is presented in the SI and elsewhere
(50,51). Jack Hills hand samples were collected from the classic locality (5); previously
published U-Pb zircon ages are presented elsewhere (51). Fragments from a large crystal from
Kuehl Lake (KL) were also analyzed, likely from the same locality as 91500 (52).
MC-ICP-MS solution-based measurements

The bulk Si isotope composition was measured using solution MC-ICP-MS techniques,
following previously developed methods (54,55). Sample dissolution was performed using an
alkali fusion method. Briefly, between 2 and 10 mg of sample powder was weighed into a silver
crucible (99.99% purity), accompanied by ~200 mg of semiconductor grade NaOH. The crucible
was placed into a muffle furnace and heated for 15 minutes at 720°C. The resultant fusion cake
(inside the crucible) was subsequently immersed in MQ-e water (18.2 MQ.cm), left to
equilibrate overnight, then transferred into pre-cleaned polypropylene bottles. The solution was

diluted further in MQ-e water and acidified to 1% HNO3 v/v.

13
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Silicon was purified for isotope analysis using a single-stage cation exchange resin ion
chromatography procedure. Sample solutions were loaded on to BioRad Poly-Prep columns
containing 1.8ml of pre-cleaned BioRad AG 50W-X12 cation exchange resin (200-400 mesh).
As long as the sample pH is between 2-8, silicon will be in solution as a neutral or anionic
species and will pass straight through the resin, eluted using MQ-e water — all other major
element species will be in cationic form and are quantitatively retained by the resin.

Silicon isotopes were analyzed using a Neptune Plus (Thermo Fisher Scientific) MC-
ICP-MS at both the Institute de Physique du Globe de Paris (IPGP) and at the St Andrews
Isotope Geochemistry Laboratories (STAIG), University of St Andrews. The instruments were
operated in medium resolution mode (to resolve and avoid polyatomic interferences), and
samples were introduced into the instruments using an ESI 75ul.min PFA microflow nebulizer
and an SIS spray chamber. A sample concentration of 2 ppm typically resulted in a signal of
between ~14 and 24V on the 28Si beam (using 10* Q resistors), depending on the instrument.
Procedural blanks ranged from between 13 and 70 mV on the 2Si beam, which is negligible
(<10 ppb Si) relative to the sample. Isotope ratios were measured in static mode, with each
measurement consisting of 25 cycles of ~3 second integrations, with a 3 second idle time.
Isotope measurements were calculated using the standard-sample bracketing method, with
NBS28 (NIST RM 8546) as the bracketing standard, in permil (%o) as follows: &*Si =
[(*Si/?®Sisample / *Si/%Sings2s) — 1] x 1000; where x = 30 or 29, depending on the ratio.

Solution Si isotope data are presented in SI Appendix, Table S2. Each datum is calculated
as a mean of 3-5 separate measurements, and the uncertainty is calculated as the standard
deviation. All paired °Si and 2°Si data plot on a predicted mass-dependent fractionation line

(56), indicating that significant interferences on the isotope beams were resolved. Aliquots of
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the standards BHVO-2 and Diatomite were consistently purified through chemistry and analyzed
alongside the sample unknowns. These are also given in SI Appendix, Table S2, and are identical
to their accepted values (15).
Laser fluorination O isotope measurements

Laser fluorination oxygen isotope analyses were performed at the University of Oregon
using a 35W CO»-laser in a single analytical session (Oct. 2017). Zircon fragments with weights
of ~1.5 mg were reacted with purified BrFs reagent to liberate oxygen. The gases generated in
the laser chamber were purified through a series of cryogenic traps held at liquid nitrogen
temperature and a Hg diffusion pump to remove traces of fluorine gas. Oxygen was converted to
CO2 gas using a small platinum-graphite converter, and then the CO, gas was analyzed on a
MAT 253 mass spectrometer. Four to seven aliquots of standards were analyzed together with
the unknown samples during each analytical session (for detailed analytical methods, see (57)).
Three UOG (8*80 = +6.62 %o) and two Gore Mt Garnet, UWG2, (580 = +5.80 %o) were used in
the standard set (58) and varied +£0.07%o.
lon microprobe Si and O isotope measurements

Zircons were cast in epoxy along with zircon megacryst chips and AS-3. The South
African kimberlite (KIM) reproduced with the lowest standard deviation for Si isotopes by MC-
ICP-MS and was thus used as our primary matrix-matched standard for ion microprobe work.
Samples were gently polished by hand using disposable 1 um Al>Oz polishing paper, cleaned in
successive ultrasonic baths of soapy water and distilled water, dried in a vacuum oven, and then
Au coated. A separate mount containing Jack Hills zircons was also prepared. Select crystals

were plucked from a pre-existing mount (51), re-cast in epoxy with standards, and polished. All

15



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

crystals were imaged by cathodoluminescence to help guide ion microprobe spot locations (SI
Appendix, Fig. S4).
The O and Si isotopic analyses of zircons were conducted on the UCLA CAMECA

ims1290 ion microprobe. A 3 nA Cs* primary beam, rastering over 10x10 pum on the samples,
yielded sufficient secondary ion signals (**0~ and 3°Si~ = 6x10°® and 3x10° counts per second,

respectively) to be collected with Faraday cups (FCs) in dynamic multicollection mode. This
configuration allows for simultaneous measurement of 0~ and 80~ on the L’2 and H’2 FCs,
respectively, followed by that of 2Si~ and *°Si~ on C and H1 (all FCs) after one mass jump. The
mass resolution (M/AM) was set at 2,400 (exit slit #1 on the multicollection trolley) to separate
molecular interferences from peaks of interest. One spot analysis is composed of 20 cycles, each
of which includes a counting time of 4 seconds for oxygen isotopes, and of 10 seconds for Si
isotopes. The backgrounds of FCs were determined during the 30 second presputtering prior to
each analysis, and then were corrected for in the data reduction. Secondary electron images were
collected after analysis (SI Appendix, Fig. S7) to verify analytical spot locations were free of
visible inclusions and cracks. External reproducibilities obtained on the standard KIM zircons
were 0.11%o for 0/**0 and 0.23%o for 3Si/Si (1 s.d.), which are commensurate with the
internal measurement errors, and better than reconnaissance O-isotope results obtained for the

Hyperion-11 oxygen plasma source (59; SI Appendix, Fig. S7).
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Figure legends

Figure 1. Schematic cartoon of Si and O isotope co-variation during fluid alteration and
precipitation processes. Chemical weathering, hydration, seawater silica precipitation, may have
different trajectories in Si-O isotope space (BSE = Bulk Silicate Earth). Note that ‘non-
equilibrium silicification’ has no specific vector or slope as this process can be highly variable
due to the different behavior of these elements under different rock/water ratios and at different
temperatures (19). Banded Iron Formations may be enriched in 80 and depleted in 3°Si (not
shown).

Figure 2. Our MC-ICP-MS results showing that mantle-derived zircon megacrysts Mud Tank

carbonatite (Australia), Kimberley pool (South Africa), and Orapa Kimberlite (Botswana) yield
an average 5°°Si value of -0.38+0.02 %o (1 s.d.). The top of the figure shows the Si isotopic
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difference between zircon, quartz, and WR for the LFB I-type Jindabyne tonalite analyzed here;
A®Si(WR-zircon) is 0.37 %o.

Figure 3. Histograms showing §°°Si differences of zircons from 10 LFB granitoids and the
Duluth Gabbro (SI Appendix, Table S3). The bin sizes are 0.2 %o, commensurate with the 1 s.e.
of our ion microprobe measurements. Some S-types contain measured 5*°Si values down to -1.5
%o, While W060, for example, is largely indistinguishable from the §%°Si of our I-type samples.
The A-type and zircons show broadly restricted ranges in 5*°Si, when compared to S- and I-type
zircons. Whole Rock §%°Si for S-, I-, and A-type LFB granitoids (21) can be found in Fig S1.
The mantle zircon field is -0.38+0.02 %o, after Figure 2. Histograms for zircon §'80 values from
individual hand samples can be found in SI Appendix, Fig. S3.

Figure 4. Zircon LFB &0 vs. %Si, with annotated path trajectories after Figure 1. The
‘mantle’ zircon fields are +5.3+0.3 %o and -0.38+0.02 %o for 880 (26) and &%°Si (Fig. 2),
respectively. Average 580 values for S-type zircons are +8.8 %o, consistent with a whole rock
value of 3'80 >10 %o (28). The zircon 520 values from I-type rocks yield average values +7.5
%o, consistent with WR values of <10 %o (SI Appendix, Table S3). Path 2 may also indicate a
balance between assimilation/derivation between chert-like, “path 3” and pelite-like “path 1”
protoliths, both of which have high §'80.

Figure 5 (a) Plot of §%Si vs. 80 for single Hadean (>4.0 Ga) and Archean zircon, with
schematic weathering paths from Figure 1, revealing isotopic heterogeneities in both age suites.
Mantle-derived zircon yield values of +5.3+0.3 (26) and —0.38+0.02 %o (Fig. 1) for §'®0 and
530Si, respectively. (b) Zircon %°Si plotted against age showing fractionations away from mantle
values. Error bars are 1 s.e. (SI Appendix, Table S4) or the standard deviation of multiple ion
microprobe analyses on a single grain, whichever is larger. The ‘mantle’ zircon field is drawn —
and reliant upon — high precision MC-ICP-MS data zircon results (SI Appendix, Table S2).
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