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ARTICLE INFO ABSTRACT

Editor: Dr A Webb Zircons from the oldest dated felsic crust, the Acasta Gneiss Complex, Canada, provide key information that may

help understand the generation of crust on our nascent planet. When screened to eliminate grains with secondary

Keywords: alteration by measuring relative hydration (A'®0'H/°0), primary > 3.99 Ga zircon cores show §'80 of 5.88 +
Acasta 0.15 %o, at the extreme upper (heavy) range for mantle values. Another early (>3.96 Ga) zircon component
Archean indicates distinctly different, primary light 5180 values (5'%0 < 4.5 %0). This bimodality in ancient zircon oxygen
Hadean . . . . .

Zircon isotopes implies partial melting of both deep (lower crustal) and shallower (near surface) source rocks,

responsible for felsic crust production on the early Earth. A similar bimodality in zircon 5'20 is recognised in
data from other ancient cratons, albeit at different times. Although alternative (uniformitarian) interpretations
may also satisfy the data, the tempo of this bimodality matches models of planetary high-energy impact flux,

Oxygen isotopes
Early Earth

consistent with a fundamental role for bolide impacts in the formation of crustal nuclei on the early Earth.

1. Introduction

The primary (magmatic) oxygen isotopic composition in zircon
crystals has provided important constraints on the conditions of partial
melting on our early planet. Relative to Vienna Standard Mean Ocean
Water (VSMOW), magmatic zircon crystals with Hadean (>4 Ga) and
Archean (4.0-2.5 Ga) ages have primary §'0 values that typically range
from 3.0 %o to 8.0 %o (Valley et al., 2005). Zircon crystals in equilibrium
with (and/or crystallising from) mantle-derived melts have 61805Mow
values of 5.3 %o + 0.6 %o (Mattey et al., 1994; Valley, 2003). However,
incorporation of high §'%0 material, such as supracrustal rocks affected
by relatively low-temperature (<200 °C) near-surface processes, in-
creases the 5!80 composition of a magma and zircon grains crystallized
therefrom. For example, granites derived from partial melting of, or that
assimilated, metasedimentary rocks typically have bulk-rock §'®0gmow
values of 9-15 %o (O’Neil and Chappell, 1977) and contain magmatic
zircon with §'80gpmow in the range ~7-%o (Valley, 2003). By contrast,
magmatic rocks and zircons with sub-mantle §'%0 implies melting
and/or assimilation of hydrothermally-altered rocks that interacted with
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H50-rich fluids in the shallow crust (Bindeman et al., 2012; Smithies
et al., 2015; Valley et al., 2005).

The Acasta Gneiss Complex (AGC) in the Northwest Territories,
Canada (Supplementary Fig. S1), contains the oldest known evolved
rocks on Earth, the tonalitic Idiwhaa gneiss, which contains zircon
grains preserving U-Pb crystallization ages as old as c. 4.03 Ga (Bowring
and Williams, 1999; Reimink et al., 2014, 2016; Stern and Bleeker,
1998). The oxygen isotopic composition of zircon in these gneisses
provides clear evidence for the involvement of low-5!%0
hydrothermally-altered crust in the generation of their host magma.
Given their similarities to modern-day °‘icelandites’, the Idiwhaa
gneisses are considered by some to have formed through shallow-level
fractionation of basaltic magma (Reimink et al., 2014). However,
others have proposed an origin through shallow melting induced by a
large meteorite impact (Johnson et al., 2018).

Here, we investigate oxygen isotopes in zircon from a sample (AC13)
of the Idiwhaa gneiss, using secondary ionization mass spectrometry
(SIMS). We compliment these data with laser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS) Lu-Hf isotope analysis
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of garnet to better understand the effects of subsequent episodes of
metamorphism. The results are compared to existing data from other
ancient continental nuclei (cratons) and to models of impact flux, and
provide insight into the processes of continental crust production on the
early Earth.

2. Materials and methods
2.1. Sample

Sample AC13 comprises a peak assemblage of quartz (47 vol.%) +
plagioclase (40 vol.%) + biotite (8 vol.%) + hornblende (4 vol.%) +
garnet (1 vol.%), with accessory magnetite, ilmenite, apatite, and
zircon. The rock consists of alternating quartzofeldspathic layers and
garnet-hornblende-bearing bands with minor biotite that define the
foliation. Garnet typically occurs as rounded or slightly elongate anhe-
dral porphyroblasts (1-3 mm) that are partially replaced at their mar-
gins and along fractures by plagioclase and biotite with or without
epidote (Supplementary Fig. S2). Rare inclusions of quartz, plagioclase,
and hornblende in garnet show no clear preferred orientation.

Zircon grains from sample AC13 have been previously dated by SIMS
(Kirkland et al., 2023). Based on cathodoluminescence (CL) images,
their internal features were classified into three distinctive textural
components (CL types 1-3) (Fig. 1). CL type 1 -comprises
highly-metamict cores containing areas of concordant zircon that yield
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an age of 3990 + 2 Ma. CL type 2 consists of oscillatory zoned over-
growths on type 1 cores. CL type 3 forms homogeneous low-CL response
rims that overgrow type 2 and which define an age of 3332 + 12 Ma. Ion
imaging of these zircon grains reveals that they preserve recrystalliza-
tion fronts that penetrate inwards from the grain margins into the type 1
metamict cores, leaving a newly grown lower uranium content zone
onto which new rim growth developed. Importantly, isolated isotopi-
cally undisturbed (e.g. concordant U-Pb) domains are preserved within
the cores (Supplementary Data 1).

2.2. SIMS oxygen

Oxygen isotope (*80/'%0) and '°0'H/°0 (OH") ratios were deter-
mined on previously-dated zircon grains from sample AC13 using a
Cameca IMS 1280 at the Centre for Microscopy Characterisation and
Analysis at the University of Western Australia (Supplementary Data 1)
following the procedures of Kita et al. (2009). Samples were stored
under heated vacuum for five days before analysis to limit in-chamber
degassing and help minimise the background during analysis. A static
~2.7 nA Cs' beam with an impact energy of 20 keV was focused to a 10
pm spot on the sample surface. A normal-incidence electron gun was
used for charge compensation. Analyses used a magnification of 100x
between the sample and field aperture, a 400 pm contrast aperture, a
3000 pm field aperture, a 90 pm entrance slit, 500 pm exit slits, and a 40
eV band bass for the energy slit with a 5 eV gap. Secondary O~ ions were
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Fig. 1. Representative CL images of zircon crystals from sample AC13 Acasta Gneiss. U-Pb analysis spots are denoted by white ellipses (Kirkland et al., 2023).
Oxygen analysis spots are denoted by blue ellipses. Numbers overlying the grain image indicate the CL types 1-3 (white, red, and blue font). 2°”Pb/2°°Pb ages and
percent discordance are in white font; 5'80 in per mil and A'®0'H/*®0 in percent is in light blue font. Scale bars are 100 pm long. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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accelerated to 10 keV and analysed with a mass resolving power of
~2400 using dual Faraday Cup detectors on the multi-collection axis.
OH" ions were collected using an on-axis, low background, Faraday cup
fitted with 10! Q resistors operating at a mass resolving power of 7000.
The 0~ and OH™ peaks are not completely resolved under these con-
ditions, and the magnetic field was offset slightly to the high-mass side
to avoid interference from 7O~ on the OH~ peak. Spots were
pre-sputtered for 30 s before automated peak centring in the field and
contrast apertures. Uncertainty on isotopic ratios for individual analyses
is calculated using the expressions given in the supplementary infor-
mation of Kirkland et al. (2013).

Analyses consisted of 20 x 4 s cycles, which gave an average internal
precision of 0.2 %o (2 SD mean). Bracketing of reference materials
allowed for instrumental mass fractionation and drift corrections. The
91500 zircon (Wiedenbeck et al., 1995) was used as the primary oxygen
isotope reference material and multiple grains of other reference zircon
were run as unknowns. Using 91500 as the standard, the Plesovice
zircon returned a weighted mean 5180 value of 7.97 + 0.06 %o (95 %
conf.; n = 21; MSWD = 2.4), consistent with the value reported by
Liebmann et al. (2021); (5180 of 7.94 + 0.13 %o). Analyses of the Mud
Tank zircon indicated a 880 value of 4.83 & 0.07 %o (95 % conf.;n=>5;
MSWD = 0.65), similar to the value reported by Valley (2003) %0 =
5.03 =+ 0.20 %o). Corrected 80,160 ratios are reported in 5'0 notation
in per mil variations from VSMOW. A second oxygen session was per-
formed on Grain X, during which analyses of the Mud Tank zircon
indicated a 880 value of 4.83 + 0.26 %o (95 % conf.; n = 5; MSWD =
2.00). The stability of ®0'H/'®0 measurements was monitored by
measuring the '°0'H/'®0 in the primary and secondary reference ma-
terials. The error reported for 1°0'H/1°0 for each single spot represents
the internal error, as 1°0'H/*0 is used qualitatively to assess whether
the analysed domain was altered. Oxygen isotope data is provided in
Supplementary Data 1.

2.3. Garnet Lu-Hf

Garnet Lu-Hf analyses were conducted on a RESOlution 193 nm
excimer laser ablation system connected to an Agilent 8900 triple
quadrupole (QQQ) ICPMS following the procedures of Simpson et al.
(2021). Gas flow parameters for the Laurin Technic S155 laser cell
were—Ar carrier gas 0.95 L/min, He Carrier gas 0.32 L/min. The
addition of 1.2 ml/min NH3 (20 % ammonia) in He was used as the
reaction gas in the ICPMS, and was tuned to maximise sensitivity for Hf
reaction products at +82 added mass (19-20 % of mass flow controller
full scale; not calibrated). Laser fluence was 2.7 J/crnz, with a laser
repetition rate of 10 Hz and 130 pm ablation spot size. The following
masses were measured sequentially (dwell in ms): 2771 (5), 43Ca 5), 47Ti
(5), ¥Y (5), Pzr (5), 1*°Ce (5), 7%vb (10), 172*82yb (30), 7°Lu (10),
17541611, (20), 1758214 (100), 176+82Hf (100), 178+82HF (100). 175Lu was
measured as a proxy for 7°Lu, and 7®Hf was measured as a proxy for
177Hf. Present day 1761,u/175Lu (0.02659) and '77Hf/78Hf ratios (0.682)
(De Bievre and Taylor, 1993) are assumed. Data were reduced using the
Iolite4 software package (Paton et al., 2011), which corrects for back-
ground counts, mass bias, and instrument drift. NIST 610 was used as the
primary reference material assuming 1”®Lu/'7’Hf and '7%Hf/'7”Hf ratios
of 0.1379 + 0.0005 and 0.282122 + 0.000009, respectively (Nebel
et al., 2009). Our long-term weighted average for '7°Lu/}7Hf and
176Hf/77Hf ratios in NIST 612 were 0.1348 + 0.0004 (n = 6, MSWD =
11.1) and 0.28122 + 0.00088 (n = 6; MSWD = 5.9), respectively,
consistent with their published values (Nebel et al., 2009). To check for
systematic errors due to matrix mismatch between the NIST silicate glass
and the analysed garnets, we measured an in-house garnet reference
from a REE-bearing pegmatite in the Capricorn Orogen, that has been
dated by U-Pb zircon at 939 + 5 Ma (Wingate et al., 2011). The garnet
Lu-Hf isochron age for this sample of 923 + 27 Ma (MSWD = 1.3) is
within analytical error of the U-Pb zircon date. Results of Lu-Hf ana-
lyses are provided in Supplementary Data 2.
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3. Results
3.1. Zircon oxygen isotopes

Oxygen isotope SIMS spot analyses were located in the same textural
domain as U-Pb SHRIMP spots following repolishing of the grain mount.
Measured zircon §'%0 ygmow values range from 6.7 to 4.5 %o. Given the
metamict nature of core domains and the possibility for secondary
alteration, a range of filtering steps permit identification of limits on
primary magmatic signatures. Combining U-Pb concordance and
1601H,/1%0 ratios, the latter measured concurrently with 5'%0, has been
shown to be effective in distinguishing primary versus altered oxygen
isotope values in zircon (Liebmann et al., 2021; Pidgeon et al., 2013;
Van Kranendonk et al., 2015). We define A'®0'H/°0 as the percentage
difference between the median '°0'H/°0 in crystalline reference ma-
terial (91500, PL, and Mud Tank) and analyses of unknowns.

Measured zircon A'®0'H/'0 values in Acasta zircon extend from
within the range exhibited by crystalline reference zircon to more than
17 times the median value of the reference zircon. We interpret elevated
A%0'H/160 values to indicate H,O within the zircon structure, likely a
function of charge balancing in a metamict structure (Pidgeon et al.,
2013). Typical crystalline reference zircon has A®0'H/°0 of <10 %.
However, OGl, an Archean reference zircon has up to 39 %
A'%0'H/1%0. Considering only analyses within 5 % of concordia, a
general secular pattern from values at the extreme heavy end of mantle
compositions at 4.0 Ga, to light (sub-mantle) 580 at >3900 Ma,
returning to heavy (supra-mantle) §'%0 in the Paleoarchaean is
observed, although many of these analyses have '°0'H/!°0 ratios
greater than in crystalline zircon (Fig. 2).

Multiple analyses within the c. 4.0 Ga core of Grain X yield
5180 (vsmow) values of 5.88 + 0.15 %o (MSWD = 1.2), with A1°0'H/1%0
implying weak hydration (Fig. 3). Rims and metamict domains within
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Fig. 2. Zircon 5'%0 %o versus 2°’Pb/2%Pb zircon age evolution plot. The filled
circles denote analyses with A'®O'H/!%0 within 250 % of the crystalline
reference zircon. Star symbols denote analyses within 5 % of concordia. Colour
scale ramp for each symbol reflects A'®0'H/°0. Mantle zircon field of 510 =
5.3 + 0.6 %o. Overlaid histogram is single spot garnet Lu-Hf model ages. The
garnet errorchron age is indicated as a pink vertical bar. Stages of zircon evo-
lution as discussed in the text and labelled as white text within black circles.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. CL and EBSD images of zircon Grain X. Left = CL image; Right = EBSD
band contrast image. The U-Pb zircon analytical spots are shown as red circles,
with 297Pb/2%Pb ages in yellow font (Ma). Oxygen isotope analytical spots are
shown as blue circles, with §'80 (%) and relative hydration (%) in white font.
Spot IDs are those in data S1. The band contrast image is constructed from all
EBSD patterns collected in a given area. Dark regions have poor pattern quality
(amorphous), whereas bright regions have good pattern quality (crystalline).
Scale bar is 50 pm.(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

this ancient grain yield predominantly heavier §!%0 values (of up to 8.6
%o), but with relatively greater hydration. An analysis on an altered CL
bright vein yields a lighter 5!%0 value of ~5.0 %o.

3.2. Garnet Lu-Hf age

Forty-nine LA-ICPMS Lu-Hf analyses of garnet yield an errorchron of
3181 + 110 Ma, with an initial 7%Hf/}"7Hf of 0.250 + 0.083 (Fig. 4).
More radiogenic analyses permit calculation of two-point model ages to
assist in understanding isotopic and chemical complexity in this dataset.
Pinning the least radiogenic component on an average '7SHf/!7’Hf
initial composition of 0.2803 + 0.0200, which encompasses the entire
published range from the Acasta Gneiss, yields model ages that range
from 3.9 to 2.8 Ga, with a broad peak between 3.4 and 3.2 Ga. No
correlation is apparent between model age and chemistry (Al Ca, Ti, Y,

Garnet

1T/ 1TTHE
[9)]

Age = 3181110 Ma
Initial 176Hf/177Hf =0.250+0.083
MSWD = 3.8

s L L

10 30 50 70 90 110 130
176_y/17THf

Fig. 4. Garnet Lu-Hf errorchron for sample AC13. Error ellipses are at the 2-
sigma level.
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Ce, Yb), implying the scatter is not a function of inclusions (Supple-
mentary Fig. S3). We interpret the errorchron to approximate the time of
closure to radiogenic Hf in most of these garnet crystals, and to date
cooling from a high-grade metamorphic episode at some time between c.
3.3-3.1 Ga. The excess dispersion likely implies domains within garnet
became effectively closed to Hf diffusion at different times.

4. Discussion

The garnet Lu-Hf errorchron is consistent with metamorphism and
cooling to the effective closure temperature for most of the radiogenic Hf
in this mineral between 3.3 to 3.1 Ga (Fig. 4). The closure temperature
for garnet Lu-Hf is domain specific and, although affected by several
factors (fast diffusion pathways, cooling rate, grain size, etc.), is ex-
pected to be at least 600 °C (Simpson et al., 2021). Late Paleoarchean to
early Mesoarchean metamorphism and the generation of fluids from
prograde metamorphism of supracrustal rocks may have promoted the
generation of zircon overgrowths also at this time. Whole rock Lu-Hf
geochronology has resolved 3.96 Ga and 3.60 Ga magmatic components
in the Acasta gneiss, with some samples recording younger ages and a
greater degree of metamorphic overprinting (Guitreau et al., 2014). The
complexity of these Lu-Hf dates are consistent with samples yielding
3.37 Ga Sm-Nd isochrons also containing 3.96 Ga magmatic zircon
(Mojzsis et al., 2014; Moorbath et al., 1997). Fisher et al. (2020) pre-
sented a compilation of bulk rock Sm-Nd isotope data for the Acasta
Gneiss, yielding a c. 3.3 Ga errorchron. Although some have argued that
a c. 3.3 Ga age may not be geologically meaningful (Bowring and
Housh, 1995), more recent U-Pb zircon dating (Bauer et al., 2017)
support new growth or modification of zircon at around this time,
consistent with the in situ Lu-Hf garnet results from sample AC13.

4.1. Oxygen isotopic signature

The 3.99 Ga oldest core component (Group 1a) is associated with
580 0f 5.88 %o in domains with low '°0'H/1°0 values that are similar to
those within the OG1 reference zircon (Fig. 5). A later phase of
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Fig. 5. Relative zircon hydration versus %0 (VSMOW). Vertical yellow bar
denotes the range of A'®0'H/°0 considered to indicate insignificant quantities
of HyO within the zircon structure. Phase I and II zircon from Reimink et al.
(2016) has an interpreted primary crystallization age of c. 4.02 Ga. Dashed
vertical line is the median relative hydration of crystalline reference zircon.(For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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concordant zircon has light 5'%0 (<4.5 %o), low 160113,/160 ratios, and
an age of at least 3965 Ma (e.g. spot AC-3). Such light oxygen isotopic
signatures cannot be the product of sample preparation, as it would
require several wt.% Hy0 in the zircon structure to deviate 5'%0 from
primary values (e.g. from 5.3 %o to 4.5 %), inconsistent with the
measured '°0'H/'0 magnitude in these domains (Supplementary Data
S3). Furthermore, a previously analysed set of six Eoarchean-Hadean
zircon analyses with low relative hydration have a primary 820 of <
4.478 + 0.082 %o (MSWD = 0.75) (Reimink et al., 2016).

Younger zircon overgrowths (CL type 3) with an EBSD response
suggestive of highly-crystalline zircon have 1°0'H/°0 within the range
of reference zircon and 830 >6 %, consistent with growth from fluids
and/or melts derived from supracrustal rocks. Elevated °0'H/*®0 sig-
natures within metamict cores also indicate interaction with
supracrustally-derived fluids, involving fractionation between zircon
and liquid oxygen isotopes (Valley, 2003). Additionally, oxygen isotope
data from zircon fronts (CL type 2) implies that recrystallization at
3520-3380 Ma involved a reservoir with 8'80 above mantle values,
consistent with fluids and/or melts liberated during high-grade meta-
morphism (dehydration and/or melting reactions) and garnet (re)crys-
tallization. Many analyses also imply a later (post-metamorphic) episode
of alteration through charge-balance reactions involving interaction
between radiation-damaged zircon and meteoric HyO-rich fluids (De
Hoog et al., 2014; Pidgeon et al., 2013, 2017).

In summary, the data suggests at least four major episodes of zircon
growth and/or modification (Fig. 2): (1) primary growth in magma with
580 at the isotopically-heavy end of mantle values; (2) interaction with
magma(s) produced through assimilation and/or partial melting of
hydrothermally-altered crust (i.e. fluids with light §!80); (3) recrystal-
lization, or new growth, of zircon in the presence of isotopically heavy
5'%0 metamorphic fluids (>6 %o); (4) subsequent alteration by meteoric
fluids (<5.3 %o).

Determining the primary (magmatic) oxygen isotopic signatures for
ancient zircon grains from Acasta is difficult given their complex and
protracted history. Calculations on the degree of structural modification
that these grains should have experienced due to radioactive decay
(assuming a lack of annealing), also assessed through EBSD imaging,
highlights an important issue in the interpretation of the oxygen isotopic
composition of zircon. For example, the study of Reimink et al. (2014)
identified several c. 4.02 Ga primary zircon growth components (their
‘phase 1 and II') with 8'®0 values that they interpreted to reflect
assimilation of low-3'80 altered crust by the parental magma. Accepting
a primary magmatic zircon age of 4.02 Ga, calculations show that
average ‘phase I’ zircon with 442 ppm U and 405 ppm Th would have a
density of only 4.2 mg/cc, within the ‘highly metamict’ stage of Mur-
akami et al. (1991). Nonetheless, our data indicate that such zircon
domains may retain primary signatures providing they did not interact
with fluid. For example, zircon with 150 ppm U and 89 ppm Th,
appropriate for ‘phase II’, have higher calculated densities (~4.4
mg/cc), with six ‘phase II’ analyses within the range of crystalline
zircon. These ‘crystalline’ zircon analyses yield 5'80 values between
4.79 and 4.38 %o, demanding an early light-oxygen source component in
the magma from which they crystallised.

Such variable ‘phase I and II’ zircon oxygen signatures were inter-
preted to imply shallow-level fractionation of basaltic magma and
assimilation of hydrothermally-altered crust (Reimink et al., 2014).
Trace element chemistry (no enrichment in LREE) and concordant U-Pb
systematics have been argued to suggest a primary zircon component
with 5180 as heavy as 5.9 %o in ‘phase I’ zircon (Reimink et al., 2014,
2020), similar to values seen in the core region of Grain X, from this
work (Fig. 3).

A plot of A'0'H/*0 versus §!%0 for AGC zircon reveals correlations
characteristic of secondary hydration in zircon as well as equilibration
with a metamorphic fluid (Fig. 5), for which the least hydrated analyses
with 880 ~4.5 %o is interpreted to provide a maximum limit on a source
value for that >3.97 Ga zircon component. Hence, a bimodal zircon
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oxygen isotope signature is apparent in the oldest components of the
Idiwhaa gneiss.

4.2. Secular pattern

Craton-scale secular deviations in zircon §'80 will reflect a combi-
nation of local magmatic processes and, potentially, broader planetary
geodynamics. At Acasta, the broad secular pattern in zircon oxygen
isotopes define bimodal signatures (Fig. 2), including a light component
in the Hadean to Paleoarchean, progressing to, on average, heavier
signatures in the Mesoarchean. A similar zircon oxygen isotope pattern
is also seen in other ancient cratons (Fig. 6). For example, a Pettitt test
(Pettitt, 1979) of homogeneity on 3.3-2.6 Ga primary magmatic zircon
oxygen values from the Yilgarn Craton highlights a statistically (p <<
0.05) significant temporal variation with a change point at 2670 Ma
when 520 values rose from 5.3 %o to 5.7 %o. Primary magmatic zircon
oxygen values in the Pilbara Craton (Smithies et al., 2021) also show a
statistically significant change (p << 0.05) at 3060 Ma when 580 values
rose from 5.4 %o to 6.5 %o. Similarly, zircon oxygen isotope data from the
Barberton granite-greenstone terrane, South Africa (Wang et al., 2021)
reveal a statistically significant change at 3232 Ma when average 5!%0
values rose from 5.5 %o to 6.4 %o. In each case, the data show an increase
in the proportion of heavy oxygen through time. Although such changes
are unlikely to be a function of a single geodynamic process, and
occurred over different time periods, the data points towards greater
influence of processes favouring light oxygen incorporation into zircon
earlier in the evolution of each craton.

Early (>3990 Ma) oxygen isotopic signatures within the Acasta
gneiss, which at the upper (heavy) limit of mantle values are consistent
with deep melting with or without a minor supracrustal component that
underwent low-temperature oxygen exchange with the hydrosphere (e.
g. altered greenstones) (Smithies et al., 2021). Importantly, however, a
> 3965 Ma sub-mantle oxygen signature in zircon requires assimilation
or direct melting of altered near-surface crust that had interacted with
meteoric water (Taylor, 1971). For example, crustal material with low
5180 relative to modern upper mantle is relatively uncommon and
mostly associated with high-temperature hydrothermal alteration of
oceanic crust (ranges mostly from 5120 of 3 to 9 %) or volcanic caldera
collapse (Carley et al., 2014; Valley et al., 2005). Iceland, the British
Tertiary Province, the Yellowstone volcanic field, and the Bentley Basin
in the Musgrave Province are all examples of low 5'80 extensional
systems linked with assimilation (with or without partial melting) of
hydrothermally-altered supracrustal rocks (Troch et al., 2020).

In most cases, the underlying processes driving the formation of
shallow magmatic-to-hydrothermal systems with variable §'%0 are
regarded as endogenous, driven by heat derived from within the Earth.
These processes generally involve plate-boundary tectonics and/or
mantle plumes, which are also the most commonly invoked drivers
behind continental crust production on the early Earth (Fischer and
Gerya, 2016; Kusky et al., 2018; Rozel et al., 2017). For example, felsic
rocks with low 580 signatures (‘icelandites’) formed (and are probably
forming) on Iceland, where a mantle plume (providing ‘bottom up’ heat)
impinges on deeply-fractured (and thereby hydrothermally-altered)
basaltic rocks of the mid-Atlantic ridge (Halldorsson et al., 2018).
Consequently, in terms of geodynamic setting, Iceland has been
considered a direct analogy for continental crust formation in the early
Earth (Reimink et al., 2014).

By contrast, rather than endogeneous processes, the secular pattern
of oxygen isotopes in some ancient cratons has been interpreted as a
signature of partial melting of shallow hydrothermally-altered crust
induced by meteorite impacts (Johnson et al., 2022; Kirkland et al.,
2022) on a cool early Earth (Piani et al., 2020; Valley et al., 2014).
Although impact-induced production of crustal nuclei has garnered little
support relative to internal mechanisms of crust production (Arndt and
Nisbet, 2012; Harrison and Lenardic, 2022; Van Kranendonk, 2010),
‘top down’ and ‘bottom up’ models need not operate in isolation
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(O’Neill et al., 2017). Finding a means to distinguish between these two
fundamental drivers in the early Earth remains a significant challen-
ge—volcanic caldera and meteorite craters share a great many similar-
ities throughout the rocky planets of our solar system (Slezak et al.,
2020; Ubide et al., 2017).
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4.3. Endogenic and exogenic drivers

Zircon oxygen isotope time series provide a deep time record of the
degree of incorporation into the magma source of material processed at
near-surface conditions, and thereby tracks the crustal flux to the deep
Earth. At its most simple level, greater heterogeneity in this time series
demonstrates a greater range in environmental conditions during
magma production. Specifically, lighter §'%0 values may be important
as they imply interaction with altered supercrustal material (hydro-
thermally altered by meteoric water at high water/rock ratios in the
shallow crust) (Troch et al., 2020) or products of mantle metasomatism
(Xu et al., 2021).

The secular pattern of oxygen isotopes in many ancient cratons
shows near contemporaneous bimodal signatures with mantle and light
values, interpreted by some as a signature of greater influence of impact-
derived hydrated crust (Johnson et al., 2022) on a cool early Earth
(sometimes) covered with water (Piani et al., 2020; Valley et al., 2014).
The global zircon '80 time series shows greater variance (a measure of
how far each measurement in the data set is from the mean) and kurtosis
(a measure of the tailedness of the distribution), with a distribution tail
towards isotopically lighter values (negative skewness), during pro-
posed times of Milky Way spiral arm transit (Kirkland et al., 2022);
Fig. 7). Furthermore, statistical comparison of the zircon 5'%0 time se-
ries kurtosis and a solar system mass density model, using cross corre-
lation analysis (Davis, 1986), reveals a statistically significant positive
correlation, which is strongest around the entry point into the spiral
arms (Supplementary Data S4; Fig. 7). Such greater tailedness in oxygen
isotope distribution, with enhanced isotopically light component, is
consistent with a greater proportion of melts produced from assimilation
of syn-magmatically altered rocks, around the timing of arm entry.

Specifically, it has been proposed that entry into the galactic spiral
arms may have led to gravitational disturbance of the Oort cloud,
enhancing the flux of comets towards the inner solar system (Kirkland
et al., 2022). This proposition is based on the following points: 1). The
prevailing model for our galaxy is a barred four-armed structure that
rotates about a central black hole (Vallée, 2013). 2). The density waves
that define the arms have an estimated rotation velocity of ~210 km s
(Camarillo et al., 2018). 3). The solar system is within the co-rotation
distance thus a faster estimated rotation of ~240 km s (Kar-
achentsev and Makarov, 1996). 4). The implication of this is that the
solar system transits the galactic spiral arms, on a best-estimated fre-
quency of approximately 190 Ma™! (Gillman and Erenler, 2019; Kirk-
land et al., 2022). 5). Interactions with the spiral arms will lead to
gravitational effects on the Oort cloud, the reservoir of long period
comets (Torres et al., 2019). 6. Comet impacts impart much higher en-
ergy than meteorite impacts from the asteroid belt, even though the
latter are a greater component of Earth’s impact flux (Carry, 2012).

This model for interaction between Earth and its interstellar envi-
ronment implies periods of enhanced high-energy impact flux, seeding
greater heterogeneity in terrestrial zircon oxygen isotope distributions
(Johnson et al., 2022; Kirkland et al., 2022). It is also consistent with a
higher frequency of lunar impacts through the entry into the Scu-
tum-Centaurus arm, during the putative late heavy bombardment
(Fernandes et al., 2013) (Fig. 7).

With only rare exceptions, zircon crystals from mantle-equilibrated
magmas exhibit broadly homogenous 50 values (5.3 + 0.6 %)
consistent with a lack of variability in the oxygen isotope compositions
of mantle peridotite (Mattey et al., 1994). Small inputs of a near surface
component that interacted with liquid water at low temperature into a
primitive source magma would measurably raise 50 from mantle-like
values (Garcia et al., 1998). The c. 4.0 Ga oxygen isotopic signature of
the Acasta gneiss, at the extreme heavy end of the §!0 range for mantle,
may reflect a mantle source component that incorporated material that
interacted with water in the surface hydrosphere. What is clearer is that,
early in its history, this precursor rock also reacted with a distinctly
different component derived from partial melting or assimilation of



C.L. Kirkland et al.

Earth and Planetary Science Letters 625 (2024) 118491

20 — - 0.4
J/ Spherule beds < 95% conﬁ'. + correlation N
— Variance b : . E S 03
g 15 — Kurtosis ' < \E
E —— Skewness :Q E 0.2
% 10 {| —— Lunar Arimpact ages N > S
/i, 1§ 0.18
= S5 &\ |§
3 8 = 0.0°
% o H :
] = E i
’ £ -0.1
H @ 3 < i
g s N\ ; ¢ L 02
s la s ) 3 A : -
g =\ i @ 8 Spiral arm
N -10 ‘ : : - - + - 0.3
N 3300 3400 3500 3600 3700 3800 3900 4000 4100 100 80 60 40 0 0 20 40 60 80 100
Age (Ma) Lag (Ma) Lead

Fig. 7. Population structure of global zircon oxygen isotopes over time. A) Zircon oxygen isotope data from Spencer et al. (2022), on a 50 Ma running temporal bin.
Solar system galactic arm transit model (relative mass density) from Kirkland et al. (2022). Spiral arm entry denoted with orange dashed lines. Solid black line
indicates cumulative probability curve for lunar OAr/3Ar impact glass ages (Fernandes et al., 2013). B) Cross correlation of zircon oxygen time series (kurtosis)
versus arm transit model. The correlation temporal scale is centred around the spiral arm mid-point, with entry denoted by a dashed orange line. Spiral arm transit
(duration 63 Ma) is denoted by grey fill. Positive correlation at >95 % confidence is indicated between the vertical yellow lines.(For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

hydrothermally-altered material in the shallow crust. Later meta-
morphic fluids variably overprinted these primary isotopic signatures.

The favoured model for formation of rocky planets, including Earth,
is by collisions (Kokubo and Ida, 2002). Giant impacts are also the
preferred explanation for the formation of moons, including Earth’s
(Cuk and Stewart, 2012), and recent research has highlighted that
erosion from impacting is likely key in explaining the composition of our
planet (Frossard et al., 2022). Furthermore, with a significantly higher
impact flux than today (Lagain et al., 2022), the early Earth may have
developed felsic crustal nuclei through impacting (Dietz, 1964; French,
2004; Glikson, 2007, 2013; Johnson et al., 2022). Primary oxygen
isotope signatures from ancient zircon cores in the Idiwhaa gneiss pre-
serve two components—one at the heavy end of mantle values and
another isotopically lighter than mantle. The isotopically-light compo-
nent demands interaction with fluids either directly, or via partial
melting, from low-8'80 rocks that themselves had previously undergone
high-temperature hydrothermal alteration by surface waters. Globally, a
similar secular pattern with oscillations towards negative skewness in
zircon oxygen isotopes supports an interpretation of periodic enhanced
high-temperature surficial melting. This periodicity in oxygen isotope
distribution corresponds to the predicted terrestrial flux of high-energy
impactors, based on a Milky Way spiral arm solar system transit model
(Kirkland et al., 2022).

5. Conclusions

In early Earth science, it is argued that we should adopt a null hy-
pothesis framed around testing a geodynamic process rooted in plate
tectonics (Harrison and Lenardic, 2022). However, planetary accretion
can also be advocated as a null hypothesis, with just as robust obser-
vational basis grounded in infrared and radio observations of proto-
planetary disks around young stars (Kluska et al., 2020) and meteoritics
(Maurel et al., 2020), as plate tectonics’ plethora of Earth based
geophysical and geological evidence. The question then turns to scale
and reference frame, Earth based or not, because active processes on our
more recent planet may not be a good analogue of the ancient Earth,
whereas other rocky bodies in the solar system and elsewhere, just might
be. Hence, we favour an important role for impact generation of felsic
crustal nuclei on the early Earth (Fig. 8).

Supplementary material

Supplementary Figures S1 to S3 provide additional supporting
graphics. Supplementary Data S1 to S2 provides reduced analytical
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datasets in .xlsx format for isotopic analyses. Supplementary Data S3
gives the mixing calculation for zircon—water. Supplementary Data S4
is the cross-correlation analysis.
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