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A B S T R A C T

Here we use sulfur-in-apatite to constrain the oxidation states of Archean TTGs (tonalite-trondhjemite-grano
diorite) from the North China Craton, Kaapvaal Craton, and Pilbara Craton. We measured the sulfur contents of 
both zircon-hosted apatite and separated apatite in our TTG samples. We find that separated apatite tends to have 
lower sulfur contents in many samples. Besides, high sulfur contents are typically observed in the cores of apatite 
crystals. These observations together suggest that sulfur loss, likely due to metamorphism, fluid exsolution, or 
hydrothermal alteration, may have been pervasive during or after TTG formation. Therefore, zircon-hosted 
apatite is more likely to preserve primary magmatic sulfur signatures. Our results show that high apatite sul
fur contents (>1000 ppm, up to ~3000 ppm) are present in TTGs from all three Archean cratons and samples as 
old as the Paleoarchean. Since high sulfur contents in apatite require the presence of sulfate in the melt, our 
findings point to widespread occurrence of oxidized TTG magmas in the Archean, with some samples showing 
oxygen fugacities >FMQ + 1.4, similar to the oxidized Phanerozoic arc magmas. The oxidation of the Archean 
TTG magmas was likely endogenic, through either garnet fractionation or kinetic water dissociation processes.

1. Introduction

Constraining the redox states of magmatic systems is important for 
understanding magmatic differentiation, mineralization, volatile 
composition of volcanism, and chemical weathering of the Earth’s crust 
(Evans, 2012; Gaillard et al., 2011; Stüeken et al., 2012; Tomkins et al., 
2012). Tonalite-trondhjemite-granodiorite (TTG) rocks are recognized 
as the major felsic component of Archean cratons, providing important 
information on the composition and formation processes of the early 
continental crust (Moyen and Martin, 2012). The Archean TTG rocks are 
typically characterized by high SiO2, high Na2O/K2O, negative Ti-Nb-Ta 
anomalies, and many exhibit high La/Yb ratios. TTG magmas are pri
marily considered to be generated by partial melting of hydrous mafic 
rocks with the residual phase containing amphibole and/or garnet, or 
high-pressure fractional crystallization of hydrous mafic melts (Arth and 
Hanson, 1972; Beaudry et al., 2025; Jagoutz et al., 2013; Moyen and 
Martin, 2012; Moyen and Stevens, 2006). TTGs could be formed either 
at the base of thickened continental crust or within the subducted 
oceanic slabs (Ge et al., 2018; Hastie et al., 2016; Hernández-Uribe, 

2024; Johnson et al., 2017; Palin et al., 2016).
Many Archean TTGs have undergone varying degrees of meta

morphism (Moyen and Martin, 2012), which makes it more difficult to 
constrain the redox conditions of TTG magmas compared with Phaner
ozoic samples. But in recent years, the redox states of Archean TTG 
magmas have been increasingly studied as more redox proxies have 
become available. Prouteau and Scaillet (2012) conducted experiments 
investigating slab melting conditions and concluded that slab-derived 
TTG magmas in the Archean were relatively reduced and S-poor. This 
conclusion is inconsistent with several more recent studies that suggest 
oxidized compositions for many Archean TTGs (Ge et al., 2023; Meng 
et al., 2021; Meng et al., 2022; Tang et al., 2024a). Using the 
geochemical compositions of various minerals, Meng et al. (2021) found 
that the oxygen fugacity (fO2) of the Neoarchean TTG magmas in the 
southern Abitibi Subprovince (Canada) could reach FMQ to FMQ + 1.5. 
Later, Meng et al. (2022) studied TTGs from southeastern Superior 
Province (Canada) using an oxybarometer based on S-in-apatite. By 
measuring S contents and relative abundances of S6+, S4+, and S2- in 
zircon-hosted apatite inclusions from their TTG samples, they concluded 
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that there were oxidized S-rich magmas present in the Neoarchean. Ge 
et al. (2023) combined two Ce-based oxybarometers (Loucks et al., 
2020; Smythe and Brenan, 2016) to study zircon in Archean granitoids 
from several cratons. Their results showed that the fO2 of many Archean 
granitoids were above FMQ, which is higher than that of the Archean 
upper mantle (FMQ to FMQ− 1, as estimated by various methods 
including Fe3+/ΣFe ratio, olivine-melt V partitioning, and V/Sc ratio 
(Aulbach and Stagno, 2016; Aulbach et al., 2019; Gao et al., 2022; Li and 
Lee, 2004; Nicklas et al., 2019)). More recently, Tang et al. (2024a)
studied zircon in the Neoarchean TTGs from the North China Craton. 
They found that the medium- and high-pressure TTGs (based on the 
classification proposed by Moyen (2011)) have high zircon Eu/Eu*, 
which cannot be explained by merely suppressing plagioclase retention/ 
fractionation and requires oxidized parental melts with high Eu3+/Eu2+

for these Neoarchean TTGs (minimum fO2 of NNO to NNO + 1).
The work by Meng et al. (2022) demonstrated that S-in-apatite could 

serve as a potentially important oxybarometer to constrain the oxidation 
states of Archean TTGs. Similar methods have also been used on TTGs by 
Moreira et al. (2023). Sulfur is an important multivalent element in 
magmatic systems. In silicate melts, S primarily exists as S6+ and S2-, and 
the oxidation of S2- to S6+ occurs over a narrow fO2 interval of 1–2 log 
units (Jugo, 2009; Wilke et al., 2008). Apatite is a widespread accessory 
mineral in various magmatic systems (Hughes and Rakovan, 2015). 
Sulfur in different valence states can enter the lattice of apatite through 
different incorporation mechanisms, but the ability of S6+ to be incor
porated into apatite is significantly stronger than that of S2- (Konecke 
et al., 2019, 2017b). As the fO2 rises, the system becomes S6+-domi
nated, and the bulk partition coefficient of S between apatite and silicate 
melt increases dramatically, leading to higher S content in apatite 
(Konecke et al., 2019, 2017b; Parat et al., 2011). Therefore, the drasti
cally different partitioning behaviors of S6+ and S2- in apatite make 
apatite S content a sensitive indicator of S valence and fO2 of magmas 
(Konecke et al., 2019).

When applying the S-in-apatite oxybarometer to natural samples, 
one critical question is whether apatite can retain the primary magmatic 
S signatures, particularly for samples that experienced intense meta
morphism or prolonged cooling and re-equilibration (e.g., many 
Archean TTGs). Previous studies mostly focused on apatite inclusions in 
zircon (e.g., Meng et al., 2022; Moreira et al., 2023), which were thought 
to better preserve primary magmatic S due to the resilience of zircon to 
metamorphism and weathering and the slow diffusivities for most ele
ments in the zircon lattice (Cherniak and Watson, 2003). But many 
Archean TTG samples have very limited zircon-hosted apatite in
clusions, resulting in insufficient data for studying the redox states of 
primary magmas. To provide insights into this problem, we compare 
data of separated apatite, which has larger sample sizes, with data of 
zircon-hosted apatite inclusions, which may be more reliable. Here, we 
carried out comprehensive measurements of S contents in apatite grains 
in TTG samples from three widely studied Archean cratons: the North 
China Craton, Kaapvaal Craton, and Pilbara Craton. In particular, we 
compared the S contents in separated apatite grains with those hosted in 
zircon. We also measured S contents in apatite on thin sections from the 
Kaapvaal Craton, along with the corresponding separated apatite and 
zircon inclusion data. We then used these new S-in-apatite data to 
constrain the S valence and fO2 of Archean TTG melts.

2. Geological backgrounds and samples

The North China Craton is one of the oldest cratons in the world and 
preserves rock records as old as 3.8 Ga (Liu et al., 1992; Song et al., 
1996). It consists of Archean to Paleoproterozoic basement that can be 
divided into two distinct blocks: the Eastern Block and the Western 
Block, and the intervening Trans-North China Orogen (Fig. 1A) (Zhao 
et al., 2005; Zhao and Zhai, 2013). Archean TTG gneisses form a major 
component of the Archean basement, with widespread and continuous 
TTG magmatism occurring from ~3.0 to 2.5 Ga (Wan et al., 2023). 

Approximately 80 % of the Archean basement is composed of 2.6 to 2.5 
Ga TTG gneisses, along with associated ultramafic to mafic igneous 
rocks, charnockites, granites, and minor other lithologies (Zhao and 
Zhai, 2013).

The Kaapvaal Craton, centered in northeastern South Africa, is one of 
the oldest Archean cratons, formed through a complex interplay of 
tectonic processes and magmatism between ~3.6 and ~2.5 Ga (Poujol 
et al., 2003). The Barberton Granitoid-Greenstone Terrain (BGGT) lies 
on the eastern edge of the Kaapvaal Craton and is a well-preserved pre- 
3.0 Ga granitoid-greenstone terrane that contains both deformed TTG 
gneisses and relatively undeformed TTG units intruding into surround
ing greenstones of the Barberton Greenstone Belt (BGB) (Fig. 1B) 
(Anhaeusser and Robb, 1980; Moyen et al., 2019). The BGB is sur
rounded by TTG rocks of varying ages, many of which are older than 3.2 
Ga (Moyen et al., 2019).

The Pilbara Craton is one of only two pristine Archean 3.8–2.7 Ga 
cratons identified on Earth, and is located in the northwestern part of 
Western Australia (Hickman and Van Kranendonk, 2012). It consists of 
two major components: a Paleo- to Neoarchean basement composed of 
granites and greenstones, and overlying Neoarchean to Proterozoic 
volcano-sedimentary rocks forming the Fortescue and Hamersley basins 
(Fig. 1C) (Van Kranendonk et al., 2002). The North Pilbara terrain is 
mainly composed of three separated granite-greenstone terranes: the 
East Pilbara granite-greenstone terrane (3.7–2.8 Ga), the West Pilbara 
granite-greenstone terrane (3.3–2.9 Ga), and the Kuranna terrane 
(3.3–3.2 Ga). These terranes were separated by two major sedimentary 
basins: the Mallina basin (3.0–2.9 Ga), composed of volcanic and sedi
mentary rocks with associated granitoid rocks, and the Mosquito Creek 
basin, consisting of clastic rocks that were deformed into a fold and 
thrust belt at 2.9 Ga. (Van Kranendonk et al., 2002).

A total of 18 TTG samples were collected to determine the S contents 
in apatite, including five samples from the Eastern Block of the North 
China Craton, ten samples from the BGGT of the Kaapvaal Craton, and 
three samples from the Archean granite basement of the Pilbara Craton. 
The North China TTGs were collected from Qianxi (Hebei Province) and 
Tai’an (Shandong Province), both of which have outcrops of Archean 
TTG basement that formed in the Neoarchean (Fig. 1A). Samples MT21- 
3–6, MT21-4–10, and MT21-4–11 have been documented in Tang et al. 
(2024a), while MT21-3-9 and MT21-4-9 are newly reported in this 
study. These five samples include two tonalite (MT21-3-6, MT21-3-9) 
and three trondhjemite (MT21-4-9, MT21-4-10, MT21-4-11) (Fig. S1
in Supplementary Material). The Kaapvaal TTGs were collected from 
different plutons of the BGGT, including the Badplaas, Theespruit, Uit
gevonden, Rooihoogte Pass, Kaap Valley, and Nederland pluton 
(Fig. 1B). All Kaapvaal samples have been documented in Wang et al. 
(2022). Most of them are classified as trondhjemite, with only one 
(14SA-23) plotting in the tonalite regime (Fig. S1). The three Pilbara 
TTG samples were all newly obtained core samples from the Geological 
Survey of Western Australia. WRL-31 was taken from 1916.78–1916.98 
m of drill hole DD86WRL1, FVG-1 was from 1882.19–1882.39 m of 
DDH83FVG1, and SGS-4 was from 2777.37–2777.57 m of DD85SGS1. 
All three drill holes are located in the Hamersley basin (Fig. 1C), which is 
dominated by the volcano-sedimentary sequences of the Mt Bruce Su
pergroup deposited between ~2.8 and ~2.4 Ga (Arndt et al., 1991). 
These sequences overlie older Archean TTG basement rocks, which are 
the source of our samples. WRL-31 is classified as granodiorite, while 
FVG-1 and SGS-4 are trondhjemites (Fig. S1).

The thin section photomicrographs of our samples show typical TTG 
characteristics with evident metamorphic overprinting (Fig. S2). The 
mineral assemblage is primarily composed of plagioclase, quartz, alkali 
feldspar, hornblende, and biotite, with accessory minerals such as 
zircon, apatite, sphene, epidote, and chlorite. In many samples, perthitic 
and myrmekitic exsolution textures in feldspar can be observed. Nearly 
all samples display varying degrees of sericitization of plagioclase and 
chloritization of biotite. In some Kaapvaal samples, clear directional 
stretching of minerals like quartz and biotite can be observed, indicating 
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Fig. 1. Simplified geologic maps of (A) the North China Craton (modified from Zhao et al. (2005)); (B) the BGGT to the east and northeast of Badplaas (modified from 
Wang et al. (2022)); (C) the North Pilbara terrain (modified from Van Kranendonk et al. (2002)).
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intense stress conditions. The Pilbara samples show more intense 
metamorphism, with pervasive cracks filled by high-interference color 
hydrothermal minerals observed throughout the thin sections. Apatite in 
the thin sections usually exhibit euhedral to subhedral hexagonal pris
matic or needle-like crystals (10–100 μm). Under crossed polarizers, 
apatite displays first-order gray-white interference colors with parallel 
extinction. Many grains are partially or fully encapsulated by plagio
clase, hornblende, or biotite. No significant corrosion or alteration tex
tures are observed.

3. Analytical methods

For our newly collected TTG samples, we first crushed the rocks, 
picked out zircon and apatite grains, and then mounted them in epoxy 
respectively. Separated apatite grains are typically >100 μm in diam
eter, while zircon-hosted apatite inclusions are very small with di
ameters of 5–10 μm. The thin sections were obtained by cutting and 
polishing the rocks directly. The thin section apatite mentioned in this 
article refers to the apatite grains identified on thin sections. These 
apatite grains vary in size (10–100 μm), and some small grains are 
encapsulated by other minerals such as plagioclase and biotite.

For whole-rock powders, the major element analysis was conducted 
on an X-ray fluorescence spectrometer (XRF), and trace elements were 
analyzed on an inductively coupled plasma-mass spectrometer (ICP- 
MS). Zircon mounts were analyzed for U-Pb dating on a laser ablation- 
inductively coupled plasma-mass spectrometer (LA-ICP-MS). 

Cathodoluminescence (CL) images of separated apatite on apatite 
mounts were generated by a field emission-scanning electron micro
scope (FE-SEM). For separated apatite grains on apatite mounts, zircon- 
hosted apatite inclusions on zircon mounts, and apatite grains on thin 
sections, we measured elemental abundances using an electron probe 
micro analyzer (EPMA). For selected apatite grains with high S contents, 
we carried out EPMA mapping of S distributions. Detailed analytical 
methods are reported in Supplementary Material.

4. Results

4.1. Zircon U-Pb dating and whole-rock compositions

Our North China samples have SiO2 contents of 63–73 wt% (Table 1). 
Their zircon U-Pb dating results show that these TTGs range from 2645 
to 2546 Ma in age. The samples have typical geochemical features of 
TTGs, such as low K2O/Na2O ratios (0.1–0.5), high Sr/Y (98–268, 
average = 163), and high La/Yb (24–53, average = 40). The Kaapvaal 
samples have SiO2 contents of 61–71 wt%, and their zircon U-Pb dating 
yields ages of 3453 to 3107 Ma. These TTGs also have low K2O/Na2O 
ratios (0.1–0.3), high Sr/Y (30–239, average = 97), and high La/Yb 
(16–97, average = 45). Three Pilbara samples have SiO2 contents of 
70–71 wt%, and zircon U-Pb dating shows ages of 3119 to 3015 Ma. The 
K2O/Na2O ratios of Pilbara samples are relatively high (0.5–0.9), and 
Sr/Y ratios are relatively low (8–48, average = 23) compared with North 
China samples and Kaapvaal samples. Their La/Yb ratios are at the same 

Table 1 
Sample ages and element compositions.

Sample Craton Rock type Age, Ma 
(±2 se)

SiO2 TiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O P2O5 LOI K2O/ 
Na2O

Sr/ 
Y

La/ 
Yb

MT21- 
3-6*

North China 
Craton

Tonalite 2547 ±
8

68.80 0.38 15.16 3.48 0.04 1.69 3.76 4.68 1.07 0.11 0.80 0.2 98 36

MT21- 
3-9

North China 
Craton

Tonalite 2546 ±
7

63.20 0.59 16.98 4.97 0.07 2.38 5.33 5.04 0.52 0.17 0.63 0.1 132 24

MT21- 
4-9

North China 
Craton

Trondhjemite 2645 ±
5

72.50 0.17 15.34 1.15 0.02 0.41 1.81 5.15 2.64 0.06 0.56 0.5 176 53

MT21- 
4-10*

North China 
Craton

Trondhjemite 2599 ±
27

71.40 0.22 15.81 1.43 0.03 0.56 2.23 5.47 2.26 0.08 0.50 0.4 141 39

MT21- 
4-11*

North China 
Craton

Trondhjemite 2598 ±
25

72.19 0.18 15.43 1.16 0.02 0.42 1.98 5.11 2.64 0.06 0.57 0.5 268 48

14SA- 
16**

Kaapvaal 
Craton

Trondhjemite 3232 ±
4

71.07 0.32 16.25 2.02 0.02 0.92 3.00 5.07 1.41 0.09 0.39 0.3 143 38

14SA- 
18- 
1**

Kaapvaal 
Craton

Trondhjemite 3266 ±
6

70.85 0.09 18.32 0.01 0.00 0.17 4.01 6.05 0.35 0.03 0.40 0.1 239 97

14SA- 
22**

Kaapvaal 
Craton

Trondhjemite 3453 ±
3

68.76 0.29 15.90 2.19 0.04 1.12 2.52 5.32 1.79 0.07 1.20 0.3 53 17

14SA- 
23**

Kaapvaal 
Craton

Tonalite 3222 ±
4

61.04 0.52 16.49 4.97 0.07 2.78 4.24 4.94 1.35 0.22 3.01 0.3 44 24

14SA- 
25**

Kaapvaal 
Craton

Trondhjemite 3226 ±
7

66.01 0.40 15.81 3.80 0.04 1.58 2.43 5.24 1.03 0.14 2.75 0.2 82 16

16SA- 
1**

Kaapvaal 
Craton

Trondhjemite 3107 ±
5

71.07 0.32 16.25 2.02 0.02 0.92 3.00 5.07 1.41 0.09 0.39 0.3 30 44

16SA-9- 
2**

Kaapvaal 
Craton

Trondhjemite 3230 ±
11

64.42 0.63 16.88 3.64 0.05 1.34 3.42 5.39 1.87 0.24 1.09 0.3 92 82

16SA- 
28- 
1**

Kaapvaal 
Craton

Trondhjemite 3250 ±
6

71.19 0.32 15.97 2.04 0.03 0.81 2.96 5.03 1.09 0.10 0.40 0.2 127 37

16SA- 
29**

Kaapvaal 
Craton

Trondhjemite 3244 ±
5

68.40 0.41 16.98 2.35 0.04 1.07 3.61 5.11 1.13 0.13 0.39 0.2 94 44

16SA- 
34**

Kaapvaal 
Craton

Trondhjemite 3232 ±
12

70.19 0.17 16.29 1.38 0.04 0.90 2.02 6.11 1.83 0.06 0.58 0.3 68 55

WRL-31 Pilbara 
Craton

Granodiorite 3032 ±
30

70.57 0.21 14.81 1.73 0.07 0.65 2.13 3.15 2.88 0.07 3.32 0.9 8 21

FVG-1 Pilbara 
Craton

Trondhjemite 3015 ±
55

70.98 0.32 14.40 2.37 0.03 0.70 1.47 4.28 3.20 0.14 1.53 0.7 48 82

SGS-4 Pilbara 
Craton

Trondhjemite 3119 ±
13

69.82 0.43 14.71 3.05 0.05 1.16 2.49 4.48 2.12 0.17 1.44 0.5 11 10

Notes:
*Whole-rock data from Tang et al. (2024a).
**Whole-rock data from Wang et al. (2022).
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level as other samples (10–82, average = 38). The detailed whole-rock 
major and trace element and the zircon geochronology data are re
ported in Supplementary Material.

4.2. Apatite cathodoluminescence imaging

Our separated apatite CL imaging shows diverse patterns (Fig. S5). 
Most apatite grains display irregular, heterogeneous distributions of 
brightness and darkness. Some grains exhibit dark cores with bright 
rims, while many grains with cracks show bright bands along the cracks. 
A few grains appear completely dark. In some samples, the apatite dis
plays oscillatory zoning similar to zircon CL images.

4.3. Sulfur contents in apatite

For the 18 TTG samples from the three cratons, we measured both 
separated apatite and zircon-hosted apatite inclusions. For seven sam
ples (14SA-18–1, 14SA-22, 14SA-23, 14SA-25, 16SA-1, 16SA-9–2, 16SA- 
29) from the Kaapvaal Craton, we also measured apatite in situ on thin 
sections (data are reported in Supplementary Material). After removing 
invalid data below the detection limit of S (<45 ppm, see caption of 
Fig. 2 for the detailed proportions of these low-S apatite analyses), we 
obtained data for 98 separated apatite grains and 62 zircon-hosted 
apatite inclusions for the North China TTG samples, 191 separated 
apatite grains, 88 zircon-hosted apatite inclusions, and 91 thin section 
apatite grains for the Kaapvaal TTG samples, and 74 separated apatite 
grains and 43 zircon-hosted apatite inclusions for the Pilbara TTG 
samples.

Fig. 2 shows the S content distributions for both separated apatite 
and zircon-hosted apatite inclusions in the 18 TTG samples we 
measured. For nearly all samples, the S contents in zircon-hosted apatite 

are higher than or similar to those in separated apatite. The S contents in 
separated apatite from the North China TTGs mainly range from 200 to 
500 ppm with no data exceeding 1000 ppm, whereas zircon-hosted 
apatite exhibit overall higher S contents, including data above 1000 
ppm (Figs. 2A, D). The S contents in nearly all separated apatite from the 
Kaapvaal TTGs are below 500 ppm. Although most zircon-hosted apatite 
inclusions also record low S contents (<500 ppm), high S contents 
(>1000 ppm) are still observed in many samples (Figs. 2B, E). The 
apatite in the Pilbara TTGs have the highest S contents among the three 
cratons, with the average S contents in both separated apatite and 
zircon-hosted apatite generally exceeding 1000 ppm (Figs. 2C, F).

Fig. 3A shows the average S contents in separated apatite and zircon- 
hosted apatite for each sample, which again suggests that zircon-hosted 
apatite tends to have higher S contents than separated apatite. Fig. 3B is 
the cumulative distributions of S contents in separated apatite, zircon- 
hosted apatite, and thin section apatite for seven selected Kaapvaal 
samples (14SA-18-1, 14SA-22, 14SA-23, 14SA-25, 16SA-1, 16SA-9-2, 
16SA-29). The S content distribution of thin section apatite lies be
tween zircon-hosted apatite and separated apatite.

Fig. 4 illustrates the relationships between S contents in apatite and 
ages, whole-rock K2O/Na2O, and Ba/Th ratio. Archean TTGs with S-in- 
apatite above 1000 ppm are present in all three cratons studied here, and 
the oldest TTGs with high apatite S contents occur at ~3230 Ma 
(Fig. 4A). There is no clear temporal trend in apatite S content in our 
samples. Sample average S contents in zircon-hosted apatite also do not 
show correlations with whole-rock K2O/Na2O and Ba/Th, two key 
proxies that serve as indicators for magma affinity and slab-derived fluid 
input, respectively (Figs. 4B, C).

Fig. 2. Boxplots of S contents in apatite in each TTG sample (A, B, C) and apatite S content distribution (D, E, F). (A) The North China TTGs; (B) the Kaapvaal TTGs; 
(C) the Pilbara TTGs. The hollow squares represent the average values. The rectangular box extends from the lower quartile to the upper quartile, with an internal 
line marking the median. Upper/lower whiskers indicate non-outlier data range, while diamond symbols represent outliers beyond 1.5 times the interquartile range. 
(D) The five North China TTGs with a total of 99 separated apatite (including one data lower than the detection limit) and 62 zircon-hosted apatite inclusions. (E) The 
ten Kaapvaal TTGs with a total of 250 separated apatite (including 59 data lower than the detection limit) and 104 zircon-hosted apatite inclusions (including 16 data 
lower than the detection limit). (F) The three Pilbara TTGs with a total of 74 separated apatite and 43 zircon-hosted apatite inclusions.
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4.4. EPMA mapping

We mapped 52 apatite grains (including separated, zircon-hosted, 
and thin section apatite) with S contents ranging from a few hundred 
to several thousand ppm (Figs. 5, 6, and Figs. S6–S11). While most low-S 
grains (<1000 ppm) are homogeneous in S distributions, many grains 
show S enrichments in the cores. For separated apatite from the North 
China and Kaapvaal samples, most grains show homogeneous S distri
butions, only a few showing slight S enrichments in the cores. As for 
separated apatite from the Pilbara samples, all grains exhibit a distinc
tive distribution pattern: S is enriched in the cores and has low content at 
the rims, with sharp and distinct boundaries between (Fig. 5D and 
Fig. S8). For zircon-hosted apatite inclusions, some also show signs of S 
enrichments in the cores, but the distributions are hard to resolve by 
EPMA mapping due to the small sizes of most inclusions (<10 µm) and 
the edge effect (signal inaccuracies caused by geometric and physical 
variations at mineral boundaries during electron probe analysis) (Fig. 6
and Figs. S9, S10).

5. Discussion

5.1. Sulfur loss in separated apatite

Metasomatism, re-equilibrium, or recrystallization during interac
tion with S-rich oxidized (high S6+/ΣS) hydrothermal fluids can lead to 
an increase in S content in apatite (Harlov et al., 2025; Konecke et al., 

Fig. 3. Comparison of S contents in separated apatite, zircon-hosted apatite, 
and thin section apatite. (A) The average values of S contents in separated 
apatite and zircon-hosted apatite for each sample. Error bars represent ± 1 
standard deviation. (B) The cumulative distribution of S contents in three types 
of apatite from seven selected Kaapvaal TTGs.

Fig. 4. Relationships between S contents in apatite and ages, whole-rock K2O/ 
Na2O, and Ba/Th ratio. (A) Sample average S content in zircon-hosted apatite 
versus TTG zircon U-Pb age. (B) Sample average S content in zircon-hosted 
apatite versus whole-rock K2O/Na2O. (C) Sample average S content in zircon- 
hosted apatite versus whole-rock Ba/Th.
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2017a; Sadove et al., 2019). These processes are more likely to alter S-in- 
apatite in separated apatite grains than in zircon-hosted apatite in
clusions because separated apatite grains predominantly consist of un
protected grains lacking mineral encapsulation. However, none of our 
samples show significantly higher S contents in separated apatite than 
those of zircon-hosted apatite, even for those samples with extremely 
low apatite S contents (<100 ppm, e.g., 14SA-22, 14SA-18-1, and 16SA- 
28-1). Rather, the higher S contents recorded by zircon-hosted apatite 
inclusions point to predominant S loss during late-stage differentiation 
or post-crystallization processes, such as S outward diffusion, or re- 
equilibrium with late-stage low S6+/ΣS fluids/melts, or apatite crystal
lization after S degassing.

Our thin section apatite data further support S loss in separated 
apatite (Fig. 3B). The thin section apatite grains are intermediate in size 
between the zircon-hosted apatite inclusions and separated apatite 
grains. Notably, some of the measured apatite grains on thin sections, 
particularly those small ones with ~10 μm in diameter, are partially or 
fully encapsulated by minerals such as biotite and plagioclase (Fig. S11). 
Although these host minerals are less resistant to alteration than zircon 
and have higher diffusivities for most elements than zircon (Cherniak 
and Watson, 2003 and references therein), they still provide partial 
protection against hydrothermal and/or metamorphic resetting. This 
may explain why the S content distribution of thin section apatite plots 
between zircon-hosted apatite inclusions and separated apatite grains, 

most of which existed in the matrix and were thus least protected.
The combination of apatite EPMA mapping results and CL images 

provides additional insights into the late-stage re-equilibrium and/or 
alterations that separated apatite may have undergone. The CL images of 
separated apatite exhibit complex patterns (Fig. S5, the brightness and 
darkness of apatite CL images are generally considered to be related to 
REE (rare earth element) content, with brighter areas corresponding to 
higher REE concentrations (Xing and Wang, 2017)). These complex 
patterns, along with the petrographic observations (e.g., extensive ser
icitization of plagioclase, distinct hydrothermal cracks and associated 
hydrothermal mineral growth within) of the samples, indicate that these 
samples experienced hydrothermal alteration (Xing and Wang, 2017). 
However, for most separated apatite grains, their CL patterns do not 
correlate with EPMA mapping results. Even in cases where bright cracks 
(indicating REE-rich hydrothermal alteration along cracks) are visible in 
CL images, S distributions do not follow these alteration cracks. There
fore, S leaching through hydrothermal alteration along mineral cracks 
may be limited and is unlikely to be the primary cause of S loss in 
separated apatite.

It is also interesting to note that some separated apatite grains show S 
zoning, and in these grains, the cores almost always show higher S 
contents than the rims (Fig. 5 and Figs. S6, S7). This rimward depletion 
of S content provides further evidence for S loss, likely due to long-term 
outward diffusion. For separated apatite grains in Pilbara TTGs, their 

Fig. 5. Backscattered electron imaging (left), cathodoluminescence imaging (middle), and sulfur mapping (right) of selected separated apatite grains. For mapping 
results, brighter colors indicate higher S contents (e.g., orange to red), while darker colors indicate lower S contents (e.g., blue to black). (A) MT21-4-10_2 from the 
North China Craton; (B) 16SA-1_4 from the Kaapvaal Craton; (C) 16SA-1_5 from the Kaapvaal Craton; (D) FVG-1_3 from the Pilbara Craton.
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EPMA mapping results show a pattern where S is enriched in the cores 
and depleted at the rims, with sharp and distinct boundaries between 
(Fig. 5D, Fig. S8). Their CL images exhibit a similar pattern, whereas the 
S-rich cores appear darker, and the S-poor rims appear brighter. 
Compared with the S-rich cores, which may have crystallized from felsic 
melts with regular REE contents, the S-poor rims likely formed through 
recrystallization in REE-rich hydrothermal fluids/melts. Our mapping 
results also show that the S contents of zircon are extremely low, and 
even cracks near apatite do not show any correlation with S (Fig. 6, 
Figs. S9, S10), further supporting the reliability of the inclusion data. 
Overall, we suggest that S loss may have been ubiquitous in separated 
apatite grains in TTGs, and zircon-hosted apatite inclusion data provide 
a more reliable record for studying S contents and oxidation states in 
TTGs.

5.2. The redox states of Archean felsic magmas

Here we use the data of S contents in zircon-hosted apatite to 
constrain the redox states of Archean TTG magmas. We adopt the 
approach of Tang et al. (2020a) and calculate the minimum S6+/ΣS and 
fO2 of the TTG melts. Sulfur content at sulfide saturation (SCSS) provides 
an estimate of the maximum S2- content in silicate melts. Under condi
tions where fO2 lies below the S2- to S6+ transition, SCSS typically cor
relates positively with melt FeOT content, temperature, H2O content, 
and negatively with SiO2 content (Baker and Moretti, 2011; Fortin et al., 
2015; Jego and Dasgupta, 2014; Liu et al., 2007; Smythe et al., 2017). 
For both H2O saturated and undersaturated rhyolitic melts at 800 ◦C and 
500 MPa, SCSS is very low, rarely exceeding 100 ppm (Baker and 

Moretti, 2011). Because S2- is incompatible with apatite (Konecke et al., 
2019, 2017b), we assume that S2- has a maximum partition coefficient of 
1 between apatite and melt. This assumption leads to a maximum S2- 

content in apatite of ~100 ppm. This would mean that a total S content 
above ~100 ppm in apatite is due to the presence of S6+. For S6+ par
titioning in apatite, Parat et al. (2011) established an empirical rela
tionship between S contents in apatite and melt based on crystallization 
experiments and natural sample data under oxidized conditions. Their 
experiments covered various P-T conditions in intermediate, felsic, and 
carbonatitic rocks. With these results, we first calculate the minimum 
S6+ in apatite by subtracting the maximum S2- in apatite (approximated 
by SCSS) from the total S content in apatite measured by EPMA. Then, 
we use the empirical relationship for S6+ partitioning between apatite 
and melt from Parat et al. (2011) to calculate the S6+ content and S6+/ΣS 
in the TTG melt.

Our analyzed zircon-hosted apatite inclusions record S contents up to 
~3500 ppm. Over 30 % of all the analyzed apatite inclusions show S 
contents >1000 ppm, and apatite inclusions with >2000 ppm S are seen 
in TTG samples from all three cratons (Fig. 2). These high apatite S 
contents indicate that there are TTGs from each craton having melt S6+/ 
ΣS of 0.61 and fO2 of >FMQ + 1.4. In particular, the TTGs from the 
Pilbara Craton may have had melt S6+/ΣS and fO2 of up to 0.94 and 
>FMQ + 1.9, respectively (Fig. 7).

5.3. Widespread sulfate-containing felsic magmatism in the Archean?

Our observations of high-S apatite in TTGs from the North China 
Craton, Kaapvaal Craton, and Pilbara Craton, together with the similar 

Fig. 6. Backscattered electron imaging (left), cathodoluminescence imaging (middle), and sulfur mapping (right) of selected zircon-hosted apatite inclusions. For 
mapping results, brighter colors indicate higher S contents (e.g., orange to red), while darker colors indicate lower S contents (e.g., blue to black). (A) MT21-4-10_in_5 
from the North China Craton; (B) 14SA-25_in_8 from the Kaapvaal Craton; (C) 16SA-9-2_in_5 from the Kaapvaal Craton; (D) SGS-4_in_25 from the Pilbara Craton.
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observations from the Slave Craton (Meng et al., 2022), suggest that 
sulfate-containing felsic magmatism was ubiquitous in the Archean. 
These globally occurring oxidized magmas in the Archean are 
intriguing. Modern arc magmas generally have higher fO2 than mid- 
ocean ridge magmas and back-arc basin magmas (Brounce et al., 
2014; Kelley and Cottrell, 2009) and many arc rocks exhibit high apatite 
S contents (Fig. 8). The oxidized compositions of arc magmas may result 
from either the incorporation of oxidized crustal materials in the arc 
mantle sources (Brounce et al., 2014; Kelley and Cottrell, 2009; Par
kinson and Arculus, 1999; Stolper et al., 2019) or intracrustal differen
tiation and/or assimilation processes (Lee et al., 2005; Lee et al., 2010; 
Tang et al., 2018; Tollan and Hermann, 2019). In the Archean, the free 
oxygen content in the atmosphere was less than 0.001 % of that of today 
(Lyons et al., 2014). The sulfate content of Archean seawater was very 
low (<2.5 μmol/L), and surface materials were extremely reduced 
(Canfield et al., 2000; Crowe et al., 2014; Holland, 2006). There are 
some biotic and abiotic geological records indicating the existence of 
local and transient oxygen accumulation events in the atmosphere 
during the Archean, prior to the GOE (~2.7 Ga and ~2.5 Ga, respec
tively) (Anbar et al., 2007; Brocks et al., 1999). Materials from these 
local oxidized “hotspots” might contribute to heterogeneous mantle fO2 
through plate subduction or sagduction (e.g., the high fO2 Neoarchean 
subduction-metasomatized peridotites in eastern Hebei, the North China 
Craton reported by Wu et al. (2024)). However, the extent of mantle and 
crust oxidation caused by these local and transient surface oxygen 
accumulation processes was likely limited, thus may not explain the 
widely occurring sulfate-containing Archean TTG melts. Alternatively, 
magnetite in serpentinite may serve as an important oxidizing agent. 
Sulfur in fluids in equilibrium with this magnetite may become oxidized 
and be transferred to the mantle wedge (Beaudry and Sverjensky, 2024; 

Debret and Sverjensky, 2017). This oxidation mechanism remains viable 
even under the highly anoxic surface conditions of the Archean.

Tang et al. (2018) proposed that the fractional crystallization of 
garnet may cause Fe3+/ΣFe to rise in the residual melt because the 
garnet crystallization and retention tend to deplete Fe2+ but not Fe3+ in 
the melt. Garnet is a typical high-pressure phase mineral, and crustal 
thickening caused by processes like orogenesis may have stabilized 
garnet during the formation of some Archean TTG magmas (Condie, 
2014; Moyen and Martin, 2012; Moyen and Stevens, 2006; Palin et al., 
2016). Therefore, garnet retention/fractionation may have been prev
alent in the formation of TTGs. Considering that the crystallization of 
garnet can increase fO2 by up to >2 orders of magnitude (Tang et al., 
2024b), the endogenic oxidation effect associated with garnet retention/ 
fractionation can potentially convert a significant portion of S2- to S6+ in 
these TTG magmas. The impact of garnet-driven oxidation on S has been 
observed in the Gangdese magmatic orogen and was thought to play an 
important role in porphyry Cu deposit formation (Lee and Tang, 2020; 
Tang et al., 2020a).

Another possibility of oxidation is driven by the kinetic loss of 
hydrogen from hydrous melts to mantle peridotite (Tollan and Her
mann, 2019). Tollan and Hermann (2019) proposed that, during the 
reactions between ascending hydrous magmas and the surrounding 
mantle, hydrogen is incorporated into mantle orthopyroxene, which 
promotes the dissociation of water and ultimately leads to a rise of fO2 in 
the residual melt. Although such interactions in TTG formation are 
debated (Hawkesworth et al., 2004; Moyen and Martin, 2012; Rabino
wicz et al., 2001), this oxidation is also endogenic and provides another 
potential oxidation mechanism that does not require external oxidized 
sources. According to the calculations of Tollan and Hermann (2019), 
dissociation of 0.2 wt% H2O is sufficient to raise melt Fe3+/ΣFe from 

Fig. 7. The minimum S6+/ΣS and the corresponding fO2 in felsic melt calculated from S contents in apatite, as well as the distribution of S content in zircon-hosted 
apatite. The relationship between S-in-apatite S6+/ΣS is calculated by the empirical formula proposed by Parat et al. (2011). The relationship between S6+/ΣS and 
ΔFMQ is calculated based on the work of Sun and Yao (2024).
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mid-ocean ridge basalt (MORB) levels to arc basalt levels.
Our observations do not allow us to distinguish among the oxidation 

mechanisms mentioned above. It is possible that multiple mechanisms 
contributed to the oxidation of the Archean TTGs or their source rocks. 
The endogenic oxidation driven by garnet fractionation may have taken 
place at both mantle and crust levels, depending on whether the parental 
TTG magmas were formed by slab melting or at the base of thickened 
crust (Tang et al., 2018; Tang et al., 2019). By contrast, the exogenic 
oxidation driven by slab-derived sulfate-rich fluids and the endogenic 
oxidation driven by water dissociation and H loss may have primarily 
occurred at mantle levels (Beaudry and Sverjensky, 2024; Debret and 
Sverjensky, 2017; Tollan and Hermann, 2019). However, if the oxida
tion occurred in the mantle, one may also expect to see oxidized mafic 

rocks in the Archean, which appear to be rare (Aulbach and Stagno, 
2016; Gao et al., 2022; Li and Lee, 2004). In addition, the lack of cor
relation between S content of zircon-hosted apatite inclusions and the 
whole-rock Ba/Th ratio (Fig. 4C) is not consistent with fluid addition 
during subduction or sagduction as a major source of oxidized S in TTG 
formation. The search for oxidized mafic rocks in the future may provide 
critical evidence of the oxidation mechanisms of the Archean TTGs.

One final important implication pertains to the S cycle in the 
Archean. In the Archean, the weathering flux of S was much lower than 
it is today due to reduced surface conditions, and the total S flux to 
continental shelves was dominated by volcanic S degassing (Stüeken 
et al., 2012). The flux of volcanic S degassing depends on magmatic 
activity and how much S is retained in the magma at the point of 

Fig. 8. Distributions of S content in apatite in felsic rocks of different tectonic settings. Intraplate and convergent margin data come from the data compiled by Li 
et al. (2024). Rift data come from Li et al. (2024) and Connors et al. (2020). Archean TTG data come from Meng et al. (2022) and this study.
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degassing or fluid exsolution. Sulfur solubility in reduced felsic magmas 
is low, typically in the range of 50–300 ppm (Baker and Moretti, 2011; 
Jego and Dasgupta, 2014; Liu et al., 2007). Oxidation of S2- to S6+ would 
prevent S sequestration by sulfide during magmatic differentiation and 
increase sulfur solubility to >1000 ppm in felsic magmas (Jugo, 2009; 
Keays, 1995; Moretti and Baker, 2008). As a consequence, the emer
gence of oxidized magmas across major Archean cratons may have not 
only changed the speciation of degassed S but also substantially 
increased the fluxes of magmatic S degassing into the Archean atmo
sphere. At present, reconstructing magmatic history in the Archean is 
challenging due to poorly preserved geologic records. Here we use the 
growth rates of the Archean continental crust estimated in previous 
studies for our calculation, which likely represent the lower limit of the 
actual magma flux because much of the continental crust has been 
destructed and recycled. Various Archean continental crust growth 
models indicate that the Archean continental crust increased by 10 % to 
45 % of the present volume of the continental crust during the 3.5 Ga to 
2.5 Ga period (Cawood et al., 2022), corresponding to the growth rate of 
0.7 to 3.2 km3/yr. For comparison, the modern volume of magmas 
degassed per year is approximately 2–98 km3 based on the data from 
modern erupting volcanoes (Carn et al., 2017; Stoiber et al., 1987). 
Therefore, our estimate of the Archean felsic magma flux (0.7 to 3.2 
km3/yr) is indeed conservative and probably lower than the actual 
value. For those apatite grains in which S content exceeds 2000 ppm, the 
calculated S6+ content of the melt is about 100–1000 ppm. If all 
magmatic S were degassed, magmatic S degassing flux may reach an 
order of 1011 mol/yr or even higher in the Archean (Fig. 9). Sulfur 
degassing flux of this magnitude would be on the same order of 
magnitude as the total S flux to the continental shelves in the Archean 
(Stüeken et al., 2012) and play an important role in the Archean S cycle. 
As such, the rise of S flux to the continental shelves recorded in the 
Neoarchean sedimentary records may also be explained by evolving 

tectonism and/or magmatism. This tectonism/magmatism control is 
consistent with increasing melting depth of TTG source in the late 
Archean (Martin and Moyen, 2002), which may have resulted from 
either deeper subduction or more vigorous orogenesis (Tang et al., 
2020b). The increased magmatic S flux may have expanded Earth’s 
surface S reservoirs. This expansion of surface S reservoirs would 
enhance the role of S in modulating Earth’s surface redox cycling 
(Canfield, 2004), which together with the rise of oxidized magmatism 
may have contributed to the advent of the great oxidation event at the 
Archean-Proterozoic boundary (Gaillard et al., 2011; Holland, 2002; 
Lyons et al., 2014).

6. Conclusions

We measured the S contents in separated apatite grains and zircon- 
hosted apatite inclusions in Archean TTG samples from the North 
China Craton, Kaapvaal Craton, and Pilbara Craton. The new S-in- 
apatite data, together with TTG whole-rock composition data, CL im
aging, and EPMA mapping results, lead to several key findings: 

1. Sulfur contents of separated apatite grains in Archean TTGs may 
have been altered by the late-stage differentiation or post- 
crystallization processes. These processes may include magmatic 
fluid exsolution, re-equilibrium with late-stage low S6+/ΣS fluids/ 
melts, and metamorphic devolatilization, which tend to cause S loss 
in apatite.

2. Apatite grains encapsulated by other minerals, particularly zircon, 
are less affected by S loss and are more likely to retain primary 
magmatic S content signatures

3. Sulfate-containing and relatively oxidized (>FMQ + 1.4) magmatic 
systems already existed in the North China Craton, Kaapvaal Craton, 
and Pilbara Craton during the Archean. The oldest TTGs with these 

Fig. 9. The calculated Archean volcanic S flux. The deep blue bar represents the volume of magma degassed per year calculated by the growth rate of Archean 
continental crust. The green lines represent the total weathering S flux to continental margins during Mesoarchean and Neoarchean (Stüeken et al., 2012). The yellow 
bar represents the possible volcanic S flux revealed by our high S-in-apatite data.
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oxidized signatures date back to 3230 Ma. These oxidized magma 
systems may have had a significant impact on S cycling and redox 
conditions of the overall anoxic surface environment in the Archean.
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sults, and others. The spreadsheet file contains three tables, which 
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