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ABSTRACT

The oxygen isotopic composition of magmatic rocks provides critical constraints on the contributions of crust
versus mantle in their genesis. Peraluminous granites derived from partial melting of sedimentary rocks offer a
unique archive to examine how the oxygen isotope composition of sedimentary rocks recycled into magmas has
changed throughout Earth history. In this study, we explore this record through a two-pronged approach. First,
we compile a comprehensive dataset of oxygen isotope bulk-rock and mineral analyses from globally distributed
peraluminous granites and volcanic rocks ranging in age from 3.2 billion years to 6 million years. Second, we
model the isotopic fractionation between sedimentary source rocks and derivative melts, as well as minerals in
equilibrium with the melt during anatexis. Our compilation demonstrates a progressive increase in 580 values of
zircon and garnet from the Archean to Paleoproterozoic and again in the latest Neoproterozoic to Phanerozoic.
Specifically, the average 5*%0 of zircon from peraluminous granites increases from 6.7 = 1.0 %o to 9.5 + 0.8 %o
at ~ 2.35 Ga, followed by another increase to 10.4 + 0.7 %o after 600 Ma (errors are + 1 s.d.). These obser-
vations align with the sedimentary rock record which suggests enhanced weathering and clay deposition
resulting from tectonic and biological forcings. Furthermore, the increase in 50 of peraluminous granites
broadly mirrors similar secular increases in the §'80 values of siliciclastic sedimentary rocks. However, using our
modeled fractionations between melt and source rock, the reconstructed source-rock 5'80 values capture only
the lower end of the siliciclastic sedimentary rock range, suggesting that sedimentary rocks recycled into magmas
have, on average, lower §'80 values than coeval clay-rich shales. We propose that any global analyses of oxygen
isotopes in magmatic rocks or zircon should use the average values of calculated source rocks for peraluminous
granites in defining crustal contributions. Furthermore, our study highlights the broader implications of the
observed trends, including the progressive contamination of the mantle and elevation of its 5'%0 values.

1. Introduction

Oxygen isotope ratios (denoted as &'%0; where &'%0

assimilated (or are derived from) crustal rocks that have interacted with
meteoric or marine waters can deviate both positively and negatively
from these values.

([180/16O]Sample/ [180/16O]VSMOW — 1)*1000 %o)) are a longstanding
tool for quantifying the relative contributions of crust and mantle to
magmas (Taylor, 1968). Basaltic glasses from “normal” (unenriched)
mid-ocean ridges (N-MORB), representing products of partial melting of
the depleted upper mantle with only minimal recycled crust, have 580
values of ~ 5.6 & 0.2 %o (Eiler et al., 2000). Fractional crystallization of
a basalt to a granitic melt with ~70 wt% SiO; (at less than ~15 % melt
fraction remaining) results in an increase in melt §'%0 by 1-1.5 %o
(Bucholz et al., 2017 and references therein). Consequently, melts
derived from the unenriched mantle which subsequently differentiate
will have 880 < ~7 %.. In contrast, magmatic rocks that have

* Corresponding author.
E-mail address: cbucholz@caltech.edu (C.E. Bucholz).

https://doi.org/10.1016/j.lithos.2024.107864

Although bulk igneous rocks were initially analyzed for oxygen
isotopes, minerals have been the analyte of choice for the last two to
three decades because certain phases, such as olivine in mafic rocks and
zircon in felsic rocks, exhibit greater resistance to both subsolidus
diffusive resetting and alteration of magmatic 5'80 values. In particular,
the zircon 8'80 record has been extensively employed to investigate the
assimilation of sedimentary materials into felsic magmas and thus
crustal recycling over time (e.g., Valley et al., 2005; Wilde et al., 2001).
However, the detrital zircon record (Fig. 1) comes with certain limita-
tions. Foremost among these is the detachment of detrital zircon from
any information about their source rock. Although trace elements in
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zircon can serve as proxies for source rock composition (Grimes et al.,
2015), concerns have been raised about applying proxies based on
zircon from Phanerozoic granites to older samples (e.g., Bucholz et al.,
2022; Roberts et al., 2024). Another limitation is the potential bias in the
detrital record towards more easily eroded upper crustal lithologies
(Spencer et al., 2022). Similarly, compilations of zircon data from
magmatic rocks can be skewed due to overrepresent a particular locality
at any given time (Sundell et al., 2024).

When quantifying the amount of crustal versus mantle contribution
to magmas the selection of mantle and crustal end members becomes
crucial and difficult to do with large datasets covering disparate local-
ities. While the unenriched mantle is generally presumed to have
remained relatively constant throughout Earth’s history, the weathered
crustal end-member likely varied greatly due to changes in weathering
regimes, shifts in the 5'®0 of meteoric and marine waters, or changes in
surface temperature. One potential way to address this question is to
look at oxygen isotopes of siliciclastic sedimentary rocks (Bindeman
et al., 2016; Bindeman et al., 2018; Payne et al., 2015), which represent
an important component of crustal lithologies that are assimilated by
magmas. However, this record, albeit informative, displays significant
variability (~10 %o in 5180 at any given time; Fig. 1), and does not
conclusively contribute to our understanding of what is being incorpo-
rated into magmas during assimilation. In short, many researchers have
focused primarily either on the detrital zircon or the siliciclastic sedi-
mentary record but have not closed the loop by interrogating the felsic
igneous record linking the two.

The oxygen isotopic composition of granites that are the products of
melting of sedimentary rocks is a more direct approach to discern the
effect of crustal assimilation on oxygen isotope ratios of magmas.
Although commonly referred to as “S-type” granites, indicating their
formation from melting of (meta-)sedimentary rocks, the original defi-
nition of S-type granites had much more specific geochemical criteria
including, for example, NapO and K30 contents (Chappell and White,
1974). Here, we opt to refer to them as peraluminous granites as a more
general geochemical classification (with a bulk-rock aluminum satura-
tion index (ASI = molar oxide Al;03/(Ca0 + Nay0 + K30)] greater than
1, Bonin et al., 2020; Bucholz, 2025). It is important to note that not all
peraluminous granites originate from partial melting of metasedi-
mentary rocks; for example, some form through differentiation of met-
aluminous (ASI < 1) melts. However, when we refer to peraluminous
granites in this paper, we are specifically indicating those that have been
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suggested to have sedimentary sources, based on field, petrologic, and
geochemical evidence.

Peraluminous granites derived from sedimentary sources exhibit
5180 values elevated above those derived from differentiation of mantle-
derived basalts (e.g., as first pointed out by O’Neil et al., 1977; O’'Neil
and Chappell, 1977). However, whether their 580 has varied through
time has not been comprehensively explored. Notably, studies exam-
ining oxygen isotopes in peraluminous granites around the Archean-
Proterozoic transition have been conducted (Bucholz and Spencer,
2019; Liebmann et al., 2021a; Liebmann et al., 2021b; Lu et al., 2021;
Xie et al., 2022). These studies found an increase of ~3 %o in zircon 580
from peraluminous granites at c. 2.35 Ga, correlated with similar in-
creases observed in the detrital and igneous zircon record (e.g., Spencer
etal., 2019; Valley et al., 2005) and shale record (Bindeman et al., 2016;
Bindeman et al., 2018), possibly related to enhanced weathering coin-
cident with emergence of large continental landmasses in the Neo-
archean to Paleoproteroizc, as well as the Great Oxidation Event.
However, despite evidence from the sedimentary record indicating dy-
namic changes in surface weathering and sediment deposition during
the Neoproterozoic to Phanerozoic (e.g., Bayon et al., 2022; Campbell
and Squire, 2010; Husson and Peters, 2017; Kennedy et al., 2006;
McMahon and Davies, 2018), a comparable assessment of oxygen iso-
topes for younger peraluminous granites remains unexplored.

Here, we address this knowledge gap by building upon previous
studies of oxygen isotopes in peraluminous granites in the following
ways. First, we present a new compilation of oxygen isotope data (both
of bulk-rock and minerals) from Mesoarchean to Miocene strongly per-
aluminous granites and felsic volcanic rocks. Second, we present results
of thermodynamic modeling of partial melting of siliciclastic sedimen-
tary rocks coupled with oxygen isotopic fractionation to predict the
difference in oxygen isotopes between the source rock and derivative
granite melts. Finally, we integrate and reconcile our new data compi-
lation and modeling results with existing knowledge of the sedimentary
rock record, achieving a global understanding of how changes in the
Earth’s surface environment have directly impacted the magmatic ox-
ygen isotope record.

e siliciclastic sedimentary rocks
detrital zircon
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Fig. 1. Oxygen isotopes in siliciclastic sedimentary rocks and detrital zircon versus age. Siliciclastic sedimentary rock analyses are those compiled in Payne et al.
(2015) and Bindeman et al. (2016, 2018). The detrital zircon compilation is from Spencer et al. (2022) shown with a moving average of every 100 data points. The
envelope of “mantle” zircon value of 5.3 + 0.6 %o is from Page et al. (2007) and Cavosie et al. (2009).
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2. Methods
2.1. Data compilation

We compiled the oxygen isotope analyses of bulk-rock and minerals
(zircon, garnet, and quartz) from peraluminous granitoids and rhyo-
lites/dacites. These plutonic and volcanic rocks were previously iden-
tified by researchers as having siliciclastic metasedimentary source
rocks, such as metapelites and metapsammites. The basis for these
conclusions involved a variable combination of field observations,
petrography, major and trace element data, radiogenic and stable iso-
topic data, and examination of magmatic and inherited zircon pop-
ulations. A similar compilation approach was taken by Bucholz (2022)
and interested readers are referred to that publication for further details
on identification of granites derived through the partial melting of
sedimentary rocks. If the original studies of a peraluminous granite
indicated a mantle-component in a sample’s origin (i.e., it was not
derived from a purely sedimentary source), based on either field re-
lationships suggesting consanguinity with mafic rocks (e.g., the presence
of mafic enclaves or mingling textures between granitic and mafic rocks)
or radiogenic isotopes, we did not include these samples in our subse-
quent analysis. For completeness, however, we do include the data from
these samples in the compilation (see Tables S1, S2, Fig. S1).

Bulk-rock analyses were available for 68 % of samples with oxygen
isotope data. Among the samples with bulk-rock data, the majority are
strongly peraluminous (72 %, ASI > 1.1), while the remainder are mildly
peraluminous (ASI = 1-1.1). When bulk-rock analyses were not avail-
able, we relied on the presence of peraluminous indicator minerals (such
as muscovite, garnet, or tourmaline) and the descriptions of the original
study authors indicating derivation from sedimentary sources. Samples
were not filtered based on bulk-rock data beyond the classification of
being peraluminous because our analysis primarily relies of zircon and
garnet (and to a lesser extent quartz) oxygen isotope data, which are
deemed more reliable to bulk-rock values and less susceptible to post-
crystallization alteration.

In the compiled data, oxygen isotopes were analyzed by different
methods depending on the publication date of the original study and the
material analyzed. Studies predating the advent of isotopic analysis in
minerals via secondary ion mass spectrometry (SIMS) in the 1990s (Eiler
et al., 1997; Valley and Graham, 1991) exclusively used fluorination
methods either involving conventional fluorination methods using most
commonly BrFs, but also ClF3 and Fy (Clayton and Mayeda, 1963) or
laser fluorination (Sharp, 1990) for bulk-rock powders and mineral
separates. With the establishment of high-precision analysis of oxygen
isotope ratios in zircon (and garnet) using large geometry SIMS in-
struments (e.g., Kita et al., 2009; Mojzsis et al., 2001; Wilde et al., 2001),
subsequent studies on granites predominantly prioritized zircon analysis
via SIMS, which continues to the present day. This preference stems
from the general resistance of zircon to alteration in comparison to other
phases (with some exceptions, see below), its abundance in silicic
samples, and the convenience of obtaining comprehensive information
on a single phase (including U-Th-Pb ages, trace elements, and Hf iso-
topes). Nevertheless, fluorination methods continue to be utilized to
determine oxygen isotope ratios of major phases (and occasionally
zircon) and bulk-rock powders. Although zircon and garnet are the
preferred archive for interrogating oxygen isotope ratios in per-
aluminous granites due to their resistance to alteration and slow intra-
crystalline oxygen diffusivities, our compilation also includes bulk-rock
and quartz values for comparative purposes. This decision was based on
the relatively limited availability of oxygen isotope data specifically for
peraluminous granites and to generate a comprehensive dataset.

Although SIMS analysis of oxygen isotope ratios in silicates, partic-
ularly zircon, is now relatively routine, care must be taken during
analysis, particularly in attention to reference material selection, anal-
ysis protocols, as well as sample surface topography and geometry (Kita
etal., 2011, Kita et al., 2009; see review of Liebmann et al., 2023). In the
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context of peraluminous granites, it is crucial to distinguish between
magmatic rims and inherited cores to obtain magmatic oxygen isotope
compositions. In the compiled datasets SIMS analyses of multiple zircon
(or in some instances garnet) were undertaken per sample, careful
attention was paid to any metadata provided by the authors and used in
deciding which data to include or exclude. For example, any analyses
identified as inherited or xenocrystic (either texturally or by older U—Pb
ages analyzed on the same zircon spots) were excluded. Most of zircon
analyses were conducted via SIMS, however two studies utilized laser
fluorination to analyze bulk zircon aliquots (Gao et al., 2014; Wu et al.,
2006). In this case, we included the data for completeness although
inherited zircon cores were likely analyzed in these studies. Second,
although only an extremely small percent of zircon SIMS data included
in this compilation had *®*0H/°0 ratios analyzed simultaneously with
180,160 ratios (~6 % of all analyses), when this data was available it
was used as a screening tool for samples potentially affected by radiation
damage, water incorporation into the zircon crystal lattice, and alter-
ation of primary oxygen isotope ratios (e.g., Liebmann et al., 2021c
Pidgeon et al., 2017; Wang et al., 2014). In cases where this data was
available, we followed exclusion recommendations made by the original
authors of the studies.

All compiled data including oxygen isotope values, major element
analyses for bulk-rocks, geochronology, oxygen isotope analysis
method, inferred source rock depositional age, and designated group are
given in Supplementary Table S1. Both individual zircon and garnet
analyses (Table S2) and calculated sample averages (Table S1) are
provided.

2.2. Thermodynamic modeling of isotope fractionation during partial
melting

2.2.1. Phase equilibria modeling

Phase equilibrium modeling was used to estimate the proportions and
compositions of minerals and melt during partial melting. The calculations
were performed using the software Theriak-Domino in the system MnO-
Nay0-K20-Ca0-FeO-MgO-Al;03-Si02-Hy0-TiO2-02  (MnNKCFMASHTO),
which is appropriate for partial melting of metasedimentary rocks (White
et al, 2014b). The thermodynamic dataset includes the internally
consistent database of Holland and Powell (2011) and activity-
composition (a-x) relations for solid solution phases typically involved
in anatexis of metapelites — i.e., biotite (Bt), garnet (Grt), cordierite (Crd),
orthopyroxene (Opx), and staurolite (St) (White et al., 2014b), silicate
melt (Melt) and white mica (Ms) (White et al., 2014a), ilmenite-hematite
(Ilm-Hem) (White et al. (2000)), spinel-magnetite (Spl-Mag) (White et al.,
2002), plagioclase (P1) and K-feldspar (Kfs) (Holland and Powell, 2003),
and epidote (Ep) (Holland and Powell, 2011). Pure phases include quartz
(Qtz), rutile (Rt), titanite (Ttn), sillimanite (Sil), andalusite (And), kyanite
(Ky), and hydrous fluid (H20). The mineral abbreviations herein are from
Warr (2021).

All calculations were run at fixed pressures of 0.5 and 1.0 GPa and a
temperature range of 600-1000 °C, conditions expected to intersect
crustal geotherms across Earth history (Holder et al., 2019). Also, partial
melting was considered to occur under minimally saturated water con-
ditions (i.e., <0.5 mol% H50 at the solidus), which avoids unconstrained
overestimation of the melt fraction with fluid-present melting. At each
pressure, we performed calculations with oxygen fugacity buffered at
FMQ+2, FMQ, and FMQ-2, where FMQ corresponds to the fayalite-
magnetite-quartz buffer. Finally, the Fe3*/SFe proportion of the melt
phase was estimated independently using the equations from Kress and
Carmichael (1991) since the a-x model for silicate melt has no ferric iron
component.

2.2.2. Siliciclastic sedimentary starting compositions

To accurately represent the major element variability observed in
silciclastic sedimentary rocks, we selected five starting compositions
based on the dataset of pelitic compositions compiled by Forshaw and
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Pattison (2023) (Table S3; Fig. S2). This dataset includes 5729 major-
element bulk-rock analyses, from which we derived average composi-
tions for distinct SiO; ranges: 53-57 wt% (n = 474), 58-62 wt% (n =
1290), 63-67 wt% (n = 1505), 68-72 wt% (n = 766), and 73-77 wt% (n
= 295). These ranges are defined to capture a systematic decrease in
Aly03, and FeOt + MgO + TiO; with increasing SiO; due to variations in
the proportions of quartz, feldspar and micas in pelites (Fig. S2). Data
were normalized to 100 wt% to ensure consistency in comparison and
interpretation across the defined SiO5 ranges.

2.2.3. Modeling of oxygen isotope fractionation during partial melting

We used our results from phase equilibrium modeling to predict
fractionation of oxygen isotopes between stable phases during anatexis.
First, isotopic fractionation between quartz and any pure phase j was
estimated using Eq. 1:

Qz—j X 106 +BQtz—j X 103

1000 x Inag,-j = (A T T

+ CQtz—j) (@)

where 1000 x Inagyj ~ A0y = 8'80q — 6'80;, T is the tempera-
ture in Kelvin, and A, B, C are characteristic polynomial parameters
describing the partitioning between quartz and phase j taken from the
internally-consistent database of Vho et al. (2019).

Coefficients A, B, and C in this database were derived using data from
equilibrium experiments, theoretically derived fractionation factors,
and semi-empirical bond-strength models. The calibration strategy
involved the generation of a secondary dataset across a temperature
range of 0-900 °C, which was then used to find the best-fit polynomial
parameters through iterative fitting and global optimization using least
squares. This approach ensures internal consistency, meaning the
derived expressions agree with theoretical definitions and reference
values, account for all available data simultaneously, and can reproduce
estimates of oxygen isotope fractionation for any mineral pair within the
calibration dataset, respecting the stated uncertainties of the underlying
data (Vho et al., 2019).

For any solid solution s, the contribution of each endmember k to the
total isotopic fractionation between quartz and s is calculated from Eq. 2
as follows:

k AQ —k X 106 BQ —k X ].03 w Ny
5%0q — 6'%0; ~ Zl< & = + T +Couk | *Xx_s X Nss

@

where X;._, is the molar fraction of k in s, and Ny_s and N; are the frac-
tions of oxygen in endmember k and in the entire solid solution s,
respectively.

Because the a-x model of the silicate melt phase describes it as a
molecular mixture of fictive endmembers not included in the oxygen
isotope fractionation database, the melt is treated as a solid solution
consisting of its normative minerals (see Eiler, 2001 for discussion), with
molar fractions corresponding to the normative modal proportion in
mol.%. The biotite, cordierite, and staurolite solid solutions are treated
as pure phases for calculations of oxygen isotope fractionation since the
database does not include several of their thermodynamic endmembers
but includes them as single phases. For endmembers of other solid so-
lutions not included in the database, we adopt the A, B, C coefficients of
endmembers that are structurally and compositionally similar or
average them when the missing endmember could be obtained as a
mixture of other two endmember species in the database. A summary of
all pure phases and solution endmembers considered and their corre-
sponding A, B, C parameters is given in Table S4.

With 480 values for all stable phases relative to quartz, the §'0 of
each phase can be obtained by assuming mass balance in a closed sys-
tem, a starting 6'80 for the system, and ‘effective oxygen modal pro-
portion’ pys for each phase:
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i X X Dol

ple — = monar (3)
d ZIXZ X Pmolar

where X}, and p .. are the oxygen fraction and molar proportion of
phase i, and n is the number of stable phases in the system at each point.
The full model is provided as a supplemental code in the Supplemental
Material.

3. Results
3.1. Data compilation

The final compiled dataset (not including samples with an inferred
mantle contribution) consists of analyses from a total of 632 samples
from globally distributed localities (Table 1; Fig. 2, S3-S5), with varying
availability of oxygen isotope data for different phases. Zircon, garnet,
quartz, and bulk-rock, data were available for 167, 75, 189, and 342
samples, respectively, sometimes with data for more than one phase for
an individual sample. A total of 2795 individual zircon SIMS analyses
were included in the final compilation. In cases where multiple analyses
were conducted for zircon, quartz, and garnet within a single sample, we
computed an average value for each phase in a sample. This averaging
approach mitigates bias towards any specific sample. Sample garnet and
zircon 8'80 averages versus crystallization age are shown in Fig. 3.
Sample bulk-rock and quartz 580 versus crystallization age are shown
in Fig. S3a.

Both a moving average and LOWESS curve (Cleveland, 1979)
through the zircon dataset are shown in Fig. 3a and demonstrate a few
notable features. First, there is an increase in both the moving average
and LOWESS curve in the Paleoproterozoic from ~7 %o to ~9 %o and
eventually up to ~10 %o in the Mesoproterozoic (as previously docu-
mented for peraluminous granites, e.g., Liebmann et al., 2021b). Given
the limited size of the dataset, it is unclear whether this transition marks
a relatively sharp increase (as observed in the moving average) or rather
a progressive increase in maximum values from the Neoarchean to ~
1.7 Ga (as indicated by the LOWESS curve). Secondly, there is an in-
crease by ~ 1 %o in the latest Neoproterozoic into Paleozoic, followed by
another decrease by ~ 1 %o in samples with ages < 200 Ma.

To gain deeper insight into the variations observed, we categorized
the samples based on both their crystallization age and the depositional
age of their sedimentary source rocks, following the methodology of
Bucholz (2022). The defined groups are as follows: Group 1 (>2355 Ma
crystallization age and source rock age), Group 2 (600-2355 Ma crys-
tallization age and > 600 Ma source rock age), Group 3 (<600 Ma
crystallization age, <600 Ma source rock age), Group 4 (<600 Ma
crystallization age, >600 Ma source rock age), Group 5 (<600 Ma
crystallization age, unknown source rock age).

The choice of the Paleoproterozoic age boundary (2355 Ma) is based
on the moving average curve (Fig. 3a) and previous observations of
shifts in oxygen isotopes of zircon from peraluminous granites and the
broader detrital record (Liebmann et al., 2021b; Lu et al., 2021; Spencer
et al., 2019; Spencer et al., 2022; Xie et al., 2022). The 600 Ma age
boundary, while somewhat arbitrary, was selected primarily due to the
increase observed at ~500 Ma in the moving average curve. This
boundary allows for ~100 million years of sediment deposition, fol-
lowed by burial and metamorphism, prior to the crystallization age of
the peraluminous granites. It is important to note that any age between
600 and 800 Ma could have served as a suitable boundary, and the re-
sults would remain consistent given the lack of samples from this period.
Although these boundaries may be somewhat artificial as there is no
reason that they must be sharp in nature, they provide a useful frame-
work for discussing the influence of source rock depositional age on the
580 values of peraluminous granites.

A summary of statistics of zircon, garnet, quartz, and bulk-rock 5'20
values for each group are given in Table 1. The grand mean of sample
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Table 1
Summary of average* 5'20 for samples from Groups 1-5.
ZIRCON GARNET QUARTZ BULK-ROCK
Group Crystallization Age Source Rock Depositional Age n* 5180 (%o) s.d. n* 5180 (%o) s.d. n* 5180 (%0) s.d. n* 5180 (%o) s.d.
1 >2355 Ma >2355 Ma 13 6.71 0.98 17 6.48 1.10 7 9.37 0.71 66 9.80 1.44
2 600-2355 Ma 600-2355 Ma 58 9.49 0.75 37 10.17 0.94 82 13.23 0.89 76 11.38 1.54
3 <600 Ma 600-2355 Ma 66 10.44 0.71 12 10.86 0.62 52 13.01 0.97 137 12.82 1.86
4 <600 Ma <600 Ma 23 9.06 0.84 2 9.20 0.00 38 12.50 1.02 45 11.34 1.05
5 <600 Ma unknown 7 9.90 0.78 7 10.27 0.10 10 13.01 1.00 18 12.77 1.47

n* = number of samples included in average.

In calculation of these averages, we did not use a weighted average considering uncertainties because of both SIMS and fluorination data used in the compilation. A
sample average based on many SIMS analyses of individual grains will typically have a standard deviation on the order of > 0.5%o. In contrast, an analysis via
fluorination also involves sampling many grains (however, now as one aliquot), but the reported uncertainty, which represents analytical uncertainty, is much smaller
(typically ~ 0.1 to 0.2%o, 2 s.d.). In sum, errors associated with samples measured via SIMS are capturing sample variability, while the error associated with fluo-

rination represent analytical error, and thus are not directly comparable.

bulk-rock
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= Group 4:
= Group 5:
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Fig. 2. Global distribution of peraluminous granite localities with oxygen isotope data included in the compilation. Type of data from each locality including group
and type of material analyzed is indicated by colour and size/shape of symbol, respectively. For clarification on classification by Groups, see Section 3.1.

average zircon 580 from Groups 1, 2, 3, and 4 are 6.71 + 0.98 %o, 9.49
=+ 0.75 %o, 10.44 + 0.71 %o, and 9.06 + 0.84 %o (1) and medians are
6.45 %o, 9.44 %o, 10.36 %o, 9.04 %o (Figs. 3, 4a). When individual zircon
analyses (instead of sample averages) are considered, a similar differ-
ence among groups are observed (Fig. 4b). The average of individual
zircon 5'%0 from Groups 1, 2, 3, and 4 are 7.08 £ 1.10 %o, 9.56 + 1.14
%o, 10.53 % 0.93 %o, and 9.18 + 1.03 %o and medians are 7.00 %o, 9.49
%o, 10.60 %o, and 9.19 %, respectively (Fig. 4b). Notably, the decrease in
zircon §'%0 in samples < 200 Ma (Fig. 3a) are all ascribed to Group 4
samples with > 600 Ma source rock depositional ages (Fig. 3b).
Garnet data is more limited, but 5'%0 values of garnet increase the
same order of magnitude as zircon. Averages for Groups 1-3 are 6.48 +
1.10 %o, 10.17 + 0.94 %o, and 10.86 + 0.62 %o (1c.) (Only 2 samples
have garnet analyses from Group 4, precluding a meaningful average.)
Quartz 580 increases from Group 1 to Group 2 with averages of 9.37 +
0.71 and 13.23 + 0.89 %o (16). Group 3 and 4 average quartz 5180 are
indistinguishable from Group 2, 13.01 + 0.97, and 12.50 + 1.02 %o
(Fig. S3b). Average bulk-rock 520 values for Groups 1-4 are 9.80 +
1.44,11.38 + 1.54, 12.82 + 1.86, and 11.34 + 1.05 %o (1o; Fig. S3c).

3.2. Model results

Full model results including phase diagrams for all modeled bulk
compositions at different pressures and oxygen fugacities are shown in
Fig. S6 and S7. Representative model results for the intermediate-low
SiOs starting composition (Si0 = 58-63 wt%) at 0.5 GPa and 1.0 GPa
and FMQ-2 are shown in Fig. 5. The low oxygen fugacity is typical for
sedimentary-derived peraluminous granites across Earth history due to
the presence of reduced phases such as graphite in their sedimentary
sources (Bucholz et al., 2018; Whalen and Chappell, 1988).

Fractionation of oxygen isotopes between the original bulk-rock
source composition and that of an anatectic melt (Apelt.source) iS NOt
strongly affected by variations in oxygen fugacity or pressure (with
Amelt-source Varying typically by <0.1 %o at a fixed temperature and bulk-
composition; Fig. Sb,e, S8). However, there are subtle effects. For
example, increasing pressure at a fixed temperature and oxygen fugacity
results in greater stability of garnet, relative to plagioclase, resulting in
larger fractionations (by 0-0.2 %o) at 1.0 versus 0.5 GPa due to garnet
being relatively isotopically light (Fig. 5b,e, S8).

In contrast, the most pronounced control of fractionation between
the source and the anatectic melt is the source-rock silica contents. As
the modal proportion of quartz increases among the stable mineral
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assemblages, the fractionation between the melt and the residue de- 0.2 %o. This trend persists for models at different pressure, temperature,
creases (Fig. 5b). For example, at 800 °C, 0.5 GPa, and FMQ-2, partial and oxygen fugacity conditions (Fig. S8). It is also noteworthy that the
melting of a source rock with ~55 wt% (low silica and less quartz) re- extent of fractionation between the melt and the source at different
sults in Apelt-source Of ~ + 0.7 %o, whereas a source with higher SiO, ~ temperatures decreases with increasing SiO, of the source, resulting
70 wt% (high-intermediate silica, more quartz) yields Amelt-source Of ~ — from the source and the residue being largely dominated by quartz for



C.E. Bucholz and J.D. Hernandez-Montenegro

LITHOS 492-493 (2025) 107864

T T T T T T T T
—I—— Group 7: 6.71£0.98%0, n = 13
Group 2: 9.4920.75%0, n = 58— II———
Group 3:10.4420.71%0, n = 66|_--—|

:9.06+0.84%0, n = 23 ————

T T T T T T T T T
B Group 1: 7.08+1.10%0, n = 206
Group 2: 9.56x1.14%o.,

n =509 o

Group 3: 10.53+0.93%o, ' |

Group ; + A+ - HiHHH
:9.18+1.08%0, FH———— _—

n =352

A Isamp:Ie

- averages

— Group 1

Group 2
— Group 3
Group 4

B all zircon analyse

8 9 10
680 (%)

1 12 13

10

8
880 (%o)

9 1 12 13 14

Fig. 4. Summary of compiled zircon data by group. In (a) and (b) sample average zircon analyses and all individual zircon analyses are shown, respectively. Upper
panels show box and whisker plots (medians, quartiles, and outliers) for different groups as well as averages (in black text) and number of analyses included (n).

1.2 3.00 78
= 1F A 0.5 GPa, FMQ-2, low-intermediate silica | B @ 850°C C
9 — 0ES g @ 800°C | 275k
¥ § melt — — © 750°C
3 residue —met > 08 H
s s ° O70°c|| F2Or .
% gosr Foos) o
3 S o4l g %)
I -1+ s =
! 1 :/ g s ° 8 E200 @
3 I - = —_
g — H e €75 z
3 2} 5 zircon / Og ook g IS 175 2
3 B s =
—~ < .
$ T W? i | <-o2p ® 150 .
2 sl 28 2 Siis 04l L 125 b=l
< HRE S gis “T1] 0.5 GPa, FMQ-2 S
L2 I L Sl L 112 “06 I I I I i 1.00 , L L L L L 68
600 650 700 750 800 850 900 low low-int int high-int high 600 650 700 750 800 850 900
o silica Si0, silica silica silica o
Temperature (°C) Temperature (°C)
12 3.00
-~ 'TD 1.0 GPa, FMQ-2, low-intermediate silica E @ 850°C F
= 10 @ 800°C 275 |
¥ . It — L © 750°C
§ o |residue me| Y m—— z o8 O 700°C F2s0r
——
L s 06 @ = 3
£ 8 T 2.25 g
3 8 04 2 %]
I -1 I~ = =z
o1 3 6 E200f @
3 P — 7 o2 L) s el sy z
g P — 5 ® €475 S0, 472 2
52t pon Ay | & oot o 3 R
© =] < 2
s amet 2 E Q02 o ° < 150 ]
o o g H 5 o 2 70
e 3 3 2 “04l 8 125 F el
3 - z 2 H 41 1.0 GPa, FMQ-2 E
1 @ 1 1 1 9 1 Il 1 1 1 1 Il 1 i 1 1 1 1 1
-06 1.00 68
600 650 700 750 800 850 900 low low-int int high-int high 600 650 700 750 800 850 900
silica Si0; silica silica silica

Temperature (°C)

Temperature (°C)

Fig. 5. Summary of model results for the low-intermediate silica sedimentary composition at FMQ-2. (A,D) per mil fractionation between melt, zircon, garnet, and
residue versus original source rock as a function of temperature for melting of the low-intermediate silica metasedimentary composition. (B,E) per mil fractionation
between melt and source rock for different sedimentary source rock compositions and temperatures (C,F) per mil fractionation between melt and garnet or zircon
versus temperature. Modeled melt SiO, (normalized on an anhydrous basis) is also shown for reference as a dashed grey line. A, B, and C are models at 0.5 GPa, and

D, E, and F for models at 1 GPa.

higher SiO contents. Nonetheless, the absolute values of fractionations
between source rock and melt for all modeled conditions are relatively
small (<1 %o) due to the high temperatures of the melting and the
relative abundance of quartz and feldspar in both the source rock and
the normative composition of the melt. This implies that for a modeling

scenario considering partial melting with periodic melt extraction, only
minor differences with batch melting are expected as melt loss would
have a minimal impact on the isotopic composition of the system.
Thus, in an idealized scenario (i.e., ignoring entrainment of restitic
material or disequilibrium melting), if a low to intermediate silica pelitic
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rock with a bulk §'80 of 10 % partially melts at 0.5 GPa and FMQ-2
between 700 and 850 °C, the anatectic melt will have a value of
10-11 %o (depending on the bulk-rock composition). Zircon and garnet
in equilibrium with a granitic melt will be 2.3-1.8 %o and 2.8-2.4 %o
lower over a temperature range of 700-800 °C (Fig. 5c¢,f). Therefore,
zircon and garnet that subsequently crystallize from this melt over a
temperature range of 700-800 °C will have 5'80 values of 7.7-9.2 %o
and 7.2-8.6 %o. Thus, magmatic zircon and garnet from peraluminous
granites will be ~0.8-2.3 %o and 1.4-2.8 %o lower than the sedimentary
source rock 520, respectively.

4. Discussion

4.1. Preservation of magmatic oxygen isotope values in zircon and garnet
from peraluminous granites

Oxygen isotope values in zircon and garnet are commonly consid-
ered representative of their values at the time of initial mineral growth
due to the slow intracrystalline diffusion rates of oxygen in these min-
erals and their relative resistance to subsolidus alteration (Farver, 2010;
Valley, 2003; Valley et al., 1994). In this study we are interested in
zircon and garnet that preserve the 5'80 of peraluminous granitic melts.
However, not all garnet in peraluminous granites are “magmatic” in that
they crystallized from a cooling granitic magma. Instances where garnet
forming via peritectic dehydration reaction or as xenocrysts from adja-
cent metamorphic rocks have been observed in peraluminous granites
(Dorais and Campbell, 2022; Erdmann et al., 2009; Harris and Vogeli,
2010; Lackey et al., 2011; Stevens et al., 2007). Whereas xenocyrstic
zircon is readily identifiable through U—Pb ages older than the crys-
tallization age of a pluton, identifying xenocrystic (as well as peritectic)
garnet requires careful field mapping and textural analysis (Dorais and
Campbell, 2022; Lackey et al., 2011). For example, in the South
Mountain batholith (Newfoundland), the oxygen isotopes of magmatic,
peritectic, and xenocrystic garnet have been shown to exhibit variability
in 5'80. At that locality, magmatic and xenocrystic garnet define end-
members ~1.3 %o apart, with the metamorphic garnet displaying higher
8180 values. Peritectic garnet falls between the end members, approxi-
mately 0.5 %o higher than magmatic garnet, suggesting an origin
through reactive assimilation of sedimentary host rocks by the granitic
magma (Lackey et al., 2011). Furthermore, studies have highlighted that
magmatic zircon and garnet in a single granitic pluton can have distinct
(and variable) oxygen isotopic values, reflecting evolving magma
chemistry due to active assimilation during pluton crystallization (King
and Valley, 2001; Quintero et al., 2021).

Most studies included in our compilation lack the detailed in-
vestigations of garnet origins. Further, in many cases, either garnet or
zircon is analyzed for oxygen isotopes (but not both phases), limiting an
evaluation of whether they are in isotopic equilibrium. However, in
instances where both zircon and garnet were analyzed from the same
sample (n = 22 samples), we observe a close correspondence in, with the
majority (~7 70 %) exhibiting Agamet-zircon Of <1.0 %o, consistent with
small fractionations at magmatic temperatures (Fig. S4a; Valley, 2003;
Vho et al., 2019). Moreover, despite quartz having higher rates of oxy-
gen diffusion, in samples where both quartz and garnet were analyzed
(n = 48) the average fractionation between the phases is 3.3 + 0.8 %o
(10), consistent with equilibrium fractionation at temperatures typical
for granitic magmas (<850 °C, Fig. S4c). This observation supports the
assertion that both garnet and quartz broadly preserve magmatic values
for the compiled samples. This observation underscores the robustness
of oxygen isotope values in zircon, garnet, and to some extent quartz,
even in the absence of detailed studies.

Thus, we proceed under the assumption that the oxygen isotopes in
zircon and garnet in our compilation are in (or close to) equilibrium with
that of the peraluminous granitic melts from which they crystallized.
Notably, our analysis relies predominantly on zircon, given its more
extensively available data. Intuitively, and substantiated by our
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modeling, the observed variations in oxygen isotopes are most effec-
tively explained by an increase in the oxygen isotopes of sedimentary
source rocks with time. This conclusion is further supported by the
similarities between Group 2 and 4, which originated from the melting
of sedimentary rocks deposited prior to 600 Ma, despite their distinct
crystallization ages (Figs. 3,4). Our model results demonstrate that Apejt-
source is <%1 %o and that the 5'80 of zircon crystallizing from such melts
is ~0.8-2.3 %o lower than the source (Fig. 5). Applying a + 0.8-2.3 %o
correction to our compilation averages (+1 s.d.) indicates that sedi-
mentary source rocks of peraluminous granites on average increased
from 6.5 to 10 %o to 9.6-12.5 %o in the Paleoproterozoic and to
10.5-13.5 %o in the Neoproterozoic (Fig. 6). These values are consistent
with the lower range of bulk-rock 3'80 values measured for siliciclastic
sedimentary rocks (Fig. 6).

4.2. Controls on sedimentary and peraluminous granite oxygen isotopes
through time

The 520 in siliciclastic sedimentary rocks is controlled by four pri-
mary variables: (1) the initial oxygen isotope ratio of the source rock, (2)
the ratio of authigenic (secondary) to detrital (primary) minerals, (3) the
oxygen isotopic composition of the altering water, and (4) the temper-
ature of fluid-rock interaction (see Bindeman et al., 2016; Bindeman
et al., 2018; Bindeman, 2021, for discussion). Here we focus on the first
two variables. First, it is generally expected, and demonstrated by ana-
lyses of detrital and magmatic zircon (Fig. 1), that the average 520 of
the continental crust has increased through time due to continual
recycling of weathered material. Thus, some increase in 880 values of
sedimentary rocks is expected. However, the second variable, which
combines both the degree of weathering and concentration of weathered
minerals, will also have a strong effect. Below we review how these
factors may have varied across the temporal transitions observed in the
peraluminous granite and siliciclastic sedimentary rock records.

4.2.1. Increase in 5'80 of peraluminous granites from the Archean to
Paleoproterozoic

Peraluminous granites derived from melting of sedimentary rocks
first appear in the Mesoarchean, but become widespread in the late
Neoarchean (Bucholz and Spencer, 2019). The source rocks for these
granites are thought to be multi-kilometer-thick siliciclastic sedimentary
sequences, which were deposited on cratons starting in the late Archean
(see review of Reimink and Smye, 2024). The development of these
sedimentary basins has been linked to the emergence of continents and
the onset of subaerial weathering (e.g., Campbell and Davies, 2017)
and is supported by the diversification of detrital zircon ages in silici-
clastic rocks around 2.8 Ga (Reimink et al., 2021). These Neoarchean
sedimentary deposits represent the first large-scale, preserved reservoir
capable of serving as source material for peraluminous granitic melts.
The average 580 value of zircon from Group 1 peraluminous granites
(6.7 + 1.0, 1 s.d.) aligns with the highest %0 values recorded in
Archean detrital zircons, which likely reflect the upper limit for magmas
derived from weathered sedimentary sources during this period.

Transitioning from the Archean to the Paleoproterozoic, the
observed increase in 880 values of zircon, garnet, and quartz in per-
aluminous granites is consistent with studies demonstrating a shift in the
5180 values of magmatic zircon and garnet from peraluminous granites
of the North China Craton (Liebmann et al., 2021a; Lu et al., 2021; Xie
et al., 2022), as well as, previous studies of globally distributed per-
aluminous granites (Bucholz and Spencer, 2019; Liebmann et al.,
2021b). Much of the data in our compilation is from these aforemen-
tioned studies and as they have noted, the temporal trends in the oxygen
isotope record of peraluminous granites broadly align with increases in
shale §'%0 (Bindeman et al., 2016; Bindeman et al., 2018; Payne
etal., 2015), which represent potential source rocks. However, the shale
5180 record from the Neoarchean to Paleoproterozoic is limited and
exhibits significant scatter (Fig. 1). The simultaneous increase in 51%0
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Fig. 6. Oxygen isotopes in siliciclastic sedimentary rocks versus depositional age (data sources as in Fig. 1). Analyses are binned into groups by depositional age
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calculations are done using the average peraluminous granite zircon §'®0 values (+1 s.d.) and a range of calculated zircon-melt fractionations of 0.8-2.3 %o.

and decrease in A70 (or per mil fractionation from the
170,/160-180,/1°0 mass fractionation line, see Bindeman et al., 2018) of
shales has been attributed to widespread emergence of subaerial conti-
nents, marking significant shifts in the meteoric water cycle and con-
current reduction in surface temperatures (Bindeman et al., 2018).
However, this interpretation conflicts with the geologic record, which
suggests extensive continental erosion and formation of large sedimen-
tary basins beginning in the Neoarchean, as described above. Conti-
nental emergence and increased topographic relief, however, likely
continued into the Proterozoic as evidenced by the global stratigraphic
and volcanic record indicating an increase in subaerial deposition or
eruption at that time (Eriksson et al., 2005; Liebmann et al., 2022).

As discussed in section 4.2.1, the progressive reworking of crust must
also be considered when interpreting the Archean to Proterozoic %0
record. For example, the sedimentary source rocks for Paleoproterozoic
peraluminous granites were derived from the weathering of Neoarchean
continents, which had undergone significant transformation compared
to earlier times. By the Neoarchean, crustal composition had shifted
away from the dominance of tonalite-trondhjemite-granodiorite (TTG)
suites towards a late-stage ‘granite bloom’ characterized by more
potassic and peraluminous granites (Laurent et al., 2014). This period
marks a pivotal time in Earth’s history, as it represents the first sub-
stantial episode of crustal reworking involving weathered material
(Reimink and Smye, 2024). If these Neoarchean granites were subse-
quently eroded and contributed to Paleoproterozoic sedimentary de-
posits, the sediments derived from them would have inherited their
higher 5'80 values. These elevated 530 values would then be trans-
ferred to the Paleoproterozoic peraluminous granites formed from the
melting of Paleoproterozoic sediments, further compounding the in-
crease in 580 observed during this time.

Finally, the increase in 8'%0 of peraluminous granites in the Paleo-
proterozoic coincides with the timing of the Great Oxidation Event
(Fig. 7b). Notably, sulfur isotopes in peraluminous granites exhibit a
concurrent shift with the oxygen isotope record. Before 2.35 Ga per-
aluminous granites display lower 5'%0 values in garnet and zircon, as

well as mass-independent fractionation of sulfur isotopes. After 2.35 Ga
peraluminous granites are characterized by elevated 5'%0 (Fig. 3) and
mass dependent fractionation of sulfur isotopes (Liebmann et al.,
2021b). Although speculative it is possible that the rise of atmospheric
oxygen may have also influenced weathering dynamics, expanding the
diversity of secondary clay minerals to incorporate Fe>* on both octa-
hedral and tetrahedral sites (Hazen et al., 2013). This change in
weathering dynamics could have resulted in more clay production,
driving Paleoproterozoic siliciclastic sediments to be more clay-rich
with higher 5'80 values.

4.2.2. Increase in zircon and garnet 5180 the Neoproterozoic to
Phanerozoic

The peraluminous granite oxygen isotope compilation presented
here suggests that on average their sedimentary source rocks increased
by ~ 1 %o from the Neoproterozoic to the Paleozoic. Unlike the increase
in 5'%0 values in minerals from peraluminous granites across the
Archean-Proterozoic transition, the increase from the Neoproterozoic to
Phanerozoic has not been previously documented. This increase, how-
ever, is consistent with the multiple lines of evidence from the sedi-
mentary record that from the Neoproterozoic to the Paleozoic terrestrial
weathering and clay production and/or deposition was enhanced by
various climatic and biological forcings. For example, the sharp increase
in 87Sr/805r ratios of marine carbonates beginning at c. 700 Ma has been
attributed to increased feldspar dissolution and release of radiogenic Sr
to the oceans during continental weathering (Shields and Veizer, 2002;
Fig. 7c) potentially related to the orogenesis and enhanced erosion
resulting from the amalgamation of Gondwana (Campbell and Squire,
2010). Further, there is direct evidence from the sedimentary silici-
clastic record. For example, fine-grained clastic sedimentary rocks with
depositional ages between 1.7 and 0.2 Ga from the Colorado Plateau
display chemical indices of weathering that indicate an increase in the
proportion of clay minerals beginning in the Neoproterozoic (Cox et al.,
1995). An increase in clay mineral content in marine sediments from
passive margin sections from three different continents has also been
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Fig. 7. Summary of oxygen isotope data for peraluminous granites and shales in the context of weathering proxies, Earth oxygenation, and glaciations. (A) 5'%0 of
shales (as in Fig. 6) and peraluminous granite average zircon and garnet values. Dashed horizontal lines indicate average shale values for >2355 Ma, 600-2355 Ma,
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geologic ages are from McMahon and Davies (2018). Cambrian (C) and older medians are effectively 0. Beginning in the Ordovician (O) and becoming pronounced in
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orange) of clay-size fraction of shales from Bayon et al. (2022). (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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observed beginning in the Neoproterozoic (c. 600 Ma; Kennedy et al.,
2006). Additionally, the Rb/Al ratios of clay-size fraction of shales
which decrease as K-feldspar weathering progresses due the higher
mobility of Rb versus Al during chemical weathering, decrease at c. 0.6
Ga (Bayon et al., 2022; Fig. 7d).

Similarly, the percentage of mudrocks in alluvial (continental) for-
mations increases from being negligible for the first ~ 3.0 billion years
of Earth’s history to being common to dominant from the Late Ordovi-
cian onwards (Fig. 7b; McMahon and Davies, 2018). This latter
observation has been ascribed to the evolution of land plants (which
began at ~ 480 Ma with the first simple bryophytes), which could have
simultaneously increased the production of clays particularly when
vascular plants evolved in the Devonian (through deepening weathering
profiles through rooting, secretion of organic acids, and by developing
symbiotic relationships with cyanobacteria and fungi), as well as
increased retention of fine sediments in continental deposition through
stabilization of sediments in floodplains (Davies and Gibling, 2011;
McMahon and Davies, 2018). Alternatively, this record could be
explained by enhanced mud deposition (rather than production) due to
greater abundances of organic matter promoting the aggregation of
clays into flocs, thus favoring deposition (Zeichner et al., 2021).
Although the source rocks of peraluminous granites are deposited in
marine settings, enhanced organic matter export to these systems is
associated with greater clay deposition due to flocculation of clays with
organic matter (Deng et al., 2022).

In sum, multiple lines of evidence from the sedimentary record in-
dicates that weathering and/or clay depositions was enhanced begin-
ning in the Neoproterozoic due to increased weathering in the aftermath
of Neoproterozoic global glaciation or the Pan-African Orogeny, that
then further accelerated into the Paleozoic with the evolution of land
plants. Further, with the final increase in atmospheric oxygen levels to
near present-day levels in the Neoproterozoic to Paleozoic (Fig. 7b),
oxidative weathering reactions would have further diversified clay
mineralogy (Hazen et al., 2013). Our compilation does not have suffi-
cient time resolution to constrain the cause and effect of Earth’s
oxygenation and enhanced weathering due to the lack of data from
between ~550-800 Ma. However, our findings are consistent with a
critical role of continental chemical weathering in releasing important
macronutrients (e.g, phosphorus) to sustain primary productivity and
organic carbon burial in the lead up to the Neoproterozoic oxygenation
in Earth’s atmosphere (Canfield, 2005).

4.3. Implications for interpreting the zircon 180 record and magmatic
oxygen isotope values

The progressive increases in 580 of calculated source-rocks for
peraluminous granites mirror increases observed in the siliciclastic
sedimentary record, but only capture the lower 5'20 values of the sili-
ciclastic record (Fig. 6, 7a). This perhaps is not surprising. First, shales
define the highest 5'%0 endmember of siliciclastic sedimentary rocks
due their dominant constituent being clays, as compared to more
feldspathic-lithologies such as (grey-)wackes which will have lower
5180 values. As peraluminous granites are often sourced from marginal
marine sedimentary rocks such as turbidites comprised of a mixture of
both pelitic and psammitic lithologies (rather than deep sea sediments),
it is expected that their source rocks would have a combination of
detrital and secondary minerals and their 5!%0 values would be on the
lower end of the siliciclastic sedimentary rock range (Fig. 6).

Thus, our data compilation and modeling results suggest that sedi-
mentary rocks recycled and incorporated back into magmas (and ulti-
mately the continental crust) have, on average, values lower by ~ 1.5-3
%o than the coeval shale average. For analyses of global, time-
transgressive data sets of oxygen isotopes in magmatic rocks or
detrital zircon, we suggest that it is more appropriate to use the average
values of calculated source rocks for peraluminous granites (Fig. 6).
Notably, however, this exercise will require caution as older Proterozoic
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sedimentary rocks have been demonstrably assimilated into Phanero-
zoic magmas from collisional orogens and arcs (e.g., Hopkinson et al.,
2017; Lackey et al., 2008). Alternatively, researchers could look at
average 5'80 values for both Group 3 and 4 to quantify the average
oxygen isotopic composition of sedimentary rocks being assimilated in
the Phanerozoic.

Finally, as our study presents strong evidence for a progressive in-
crease in the §'%0 of siliciclastic sedimentary rocks from the Archean to
Proterozoic and finally Phanerozoic, the evolution of this reservoir must
be considered in regard to the progressive contamination of the mantle.
Mantle-derived basalts have been demonstrated to have §'%0 values
elevated above the canonical ~ 5.6 %o value due to contamination of the
mantle with crustal material during subduction (e.g., Couzinié et al.,
2016; see also compilation in Bucholz et al., 2017). The progressive
increase in 820 of siliciclastic lithologies subducted into the mantle will
result in more elevated §'%0 values through time. This in turn would
have a feedback mechanism resulting in more and more enriched pri-
mary source material which in turn would be weathered, producing
sediments with even higher 5'80 (Cornet et al., 2022).

5. Conclusions and future work

Our study provides valuable insights into the evolution of crustal
endmembers in magmatic processes, utilizing peraluminous granites as
proxies for sedimentary rock recycling throughout Earth’s history. Our
comprehensive dataset and quantitative modeling of oxygen isotopes
fractionation during melting of sedimentary rocks, demonstrate that
there is a progressive increase in 5'%0 values of zircon and garnet in
peraluminous granites from the Archean to the Phanerozoic which is
consistent with previously inferred changes in terrestrial weathering.
These findings not only align with records from siliciclastic sedimentary
rocks but also highlight the complex interplay between tectonic, cli-
matic, and biological factors driving enhanced weathering and clay
deposition. Further, our analysis suggests that calculated source-rock
580 values capture only the lower end of the siliciclastic sedimentary
rock range, indicating that sedimentary rocks recycled into magmas
have, on average, lower 5'80 values than coeval shales.

Future work should address temporal gaps in the existing record of
oxygen isotopes of peraluminous granites, particularly during the crit-
ical periods of 500-800 Ma, the Mesoproterozoic, and the Archean to
Proterozoic transition. For example, although increases in the §!%0
values of peraluminous granites are observed across the Archean-
Proterozoic transition as well as from the Neoproterozoic to Paleozoic,
the lack of temporal resolution in the existing dataset prevents us from
understanding whether the increases were sharp or gradational. In
addition, triple oxygen isotope analyses may prove fruitful in under-
standing the environmental and climatic conditions under which their
sedimentary source rocks formed, isolating competing effects of tem-
perature variation versus changes in water oxygen isotopic ratios.
Although the triple oxygen isotopic variations of magmatic rocks have
received less attention, primarily due to the limited fractionation
occurring at high temperatures involved in igneous processes, temporal
variations in source rock compositions (such as those observed in shales,
Bindeman, 2021; Bindeman et al., 2018) should be preserved in
magmatic minerals. The variability observed in the sedimentary record
and the lack of exploration in the crustal plutonic record raises the
distinct possibility that larger variations in triple O isotopes in the
igneous rock record exist. Peraluminous granites are a natural archive to
first explore this question due to their derivation from sedimentary rocks
that have interacted with meteoric waters at low temperatures. SPGs
should record the integrated changes in the compositions of the
weathered components (e.g., clays) of siliciclastic sedimentary rocks,
which in turn can record information about the isotopic composition
and temperature of the weathering fluid.
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