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Uranium isotopes fractionation behaviour during magmatic differentiation and
magmatic-hydrothermal processes remains unclear. In this study, we investigate
two distinct magmatic systems: the Hekla rock suite (Iceland), which show basaltic
to rhyolitic differentiation, and the Qitianling granites (South China), which show
fluid modulated evolution. Our results show distinct U isotopic behaviours: although
the δ238U of the Hekla suite is variable (−0.35 ± 0.05‰ to −0.26 ± 0.06‰; 2 s.d.), it
exhibits no correlation with differentiation indices, suggesting limited U isotope
fractionation during magmatic differentiation. In contrast, the Qitianling granite
show systematic δ238U variations that we link to fluid related processes. Less evolved
Qitianling granites (−0.34 ± 0.09 ‰) record 238U enrichment in residual melts

through fluid exsolution, whereas more evolved granites (−0.40 ± 0.10 ‰) exhibit lower δ238U because of fluxing by
235U-enriched fluids. These findings demonstrate that variations in δ238U within magmatic systems are primarily governed
by fluid related processes rather than by magmatic differentiation. Consequently, U isotopes have the potential to distinguish
between these two processes, highlighting their value as tracers formagmatic-hydrothermal activity and fluidmediated transport
of critical metals.
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Introduction

Uranium (U), with an atomic number of 92, is the heaviest nat-
urally occurring element on Earth. Its distinctive geochemical
properties make it central to studies of magmatic and hydrother-
mal processes. Uranium is radioactive, with three primary natu-
rally occurring isotopes: 238U (99.2742 %), 235U (0.7204 %), and
234U (0.0054 %) (Meija et al., 2016). The decay of 238U and 235U
into 206Pb and 207Pb, respectively, underpins U-Pb geochronol-
ogy, a cornerstone of Earth sciences. The difference in half-lives
between 238U (t1/2 ≈ 4468 Myr) and 235U (t1/2 ≈ 703.7 Myr) has
led to an increase in the 238U/235U value from ∼3.3 to ∼137.88
over Earth’s 4.56 Gyr evolution (Andersen et al., 2017). This ratio
has traditionally been assumed to be constant, given the small
mass difference between 238U and 235U, which supports Pb-Pb
geochronology. However, small but measurable variations in
238U/235U, expressed as δ238U relative to the CRM-145 standard,
have been recently observed (Weyer et al., 2008; Voinot et al.,
2024). These variations are primarily attributed to the nuclear
field shift associated with U isotope exchange during redox
equilibration, representing stable U isotope fractionation

(Bigeleisen, 1996; Weyer et al., 2008; Tissot and Dauphas,
2015; Andersen et al., 2017; Li and Tissot, 2023).

Uranium isotopes are emerging as a powerful geochemi-
cal tool for investigating high temperature geological processes
(e.g., partial melting and crystallisation fractionation), particu-
larly in granitic magmatic systems (e.g., Weyer et al., 2008;
Andersen et al., 2017; Tissot and Dauphas, 2015). While there
is no U isotope fractionation in basalts from Lake Kilauea due
to the strong U incompatibility inmafic magmas (Gaschnig et al.,
2021), some studies have reported significant δ238U variations in
granitic systems. For example, I-, S-, and A-type granites from
the Lachlan Fold Belt (Australia) exhibit heterogeneous
δ238U (−0.50 ‰ to −0.21 ‰) (Telus et al., 2012), with more
differentiated granitoids showing even greater fractionation
(Tissot and Ibañez-Mejia, 2021). Additionally, U-rich accessory
minerals such as zircon, apatite, and titanite show considerable
δ238U variability in solution based MC-ICP-MS analyses — up
to 3.7 ‰, 0.38 ‰, and 3.0 ‰, respectively (Hiess et al., 2012;
Tissot and Dauphas, 2015; Livermore et al., 2018; Tissot et al.,
2019). LA-MC-ICP-MS analyses reveal even broader ranges,
reaching 10.0 ‰ for zircon and 16.0 ‰ for titanite
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(Yamamoto et al., 2021). These findings suggest that igneous
differentiation, particularly through the removal of U-rich
accessory minerals or the change in U coordination environ-
ments during mineral crystallisation (Tissot et al., 2017), may
fractionate U isotopes of residual granitic melts. Furthermore,
studies of pegmatites and global granite-related U deposits
have shown that U-rich magmatic-hydrothermal fluids
(MHF) tend to exhibit low δ238U, reaching as low as −0.97 ‰

(Chernyshev et al., 2014; Li and Tissot, 2023; Sheng et al., 2025).
These observations imply that magmatic-hydrothermal proc-
esses can further fractionate U isotopes of granitic magmas,
imparting a distinct δ238U signature. Collectively, these studies
highlight the potential of δ238U as a tracer for granitic evolution
and magmatic-hydrothermal mineralisation. However, the
systematic fractionation behaviour of U isotopes during granitic
magmatic differentiation and hydrothermal processes is not
well constrained.

To solve this issue, we report δ238U for theHekla rock suite
(HRS) (Iceland) and Qitianling granites (South China). The HRS
consists of basalts through rhyolites that have evolved through
fractional crystallisation from a single mafic parental magma
(Chekol et al., 2011). They differ from those of Kilauea Iki in that
they span a much broader compositional range, including
evolved high silica rhyolites. Importantly, isotopic evidence from
Li, Zn, Mo, Tl, K, Ba, and Rb indicates that these rocks show no
signs of hydrothermal alteration (Wang et al., 2023), making
them ideal candidates for investigating U isotope fractionation
solely during magmatic differentiation. The Qitianling intrusion

consists of three stages of coeval Jurassic granites with the sec-
ond and third stage granites (Q-STSG) representing fractionated
melts extracted from the underlying crystal mush, composition-
ally similar to the first stage granites (Q-FSG) (Huang et al., 2019;
Deng et al., 2022). Recent studies have suggested that the Q-
STSG have been fluxed byMHF likely at 600–650 °C, which have
exsolved from the Q-FSG under magmatic conditions at ∼650–
800 °C (Huang et al., 2019; Deng et al., 2022; Hu et al., 2024).
These characteristics make the Qitianling granites suitable for
examining the fractionation behaviour of U isotopes during
hydrothermal processes. The partitioning of U into MHF is
enhanced by elevated concentrations of F and Cl (Peiffert et al.,
1996). Therefore, in addition to δ238U, we also report F and Cl
concentrations for the Qitianling granites.

Geological Background and Samples

Hekla volcano is located at the margin of the propagating South
Iceland Volcanic Zone. It has been active since 1104A.D. and has
had 18 historic eruptions. Hekla erupted a broad range ofmagma
compositions with SiO2 varying from 45.84 % to 76.52 %, with
compositions ranging from basalt to basaltic andesite, andesite,
dacite, and rhyolite (Ranta et al., 2021). The lavas have similar Sr-
Nd isotope compositions, suggesting that they are cogenetic
(Chekol et al., 2011). Simple fractional crystallisation in a closed
system from basaltic to rhyolitic magmas is postulated as the
main differentiation mechanism (Geist et al., 2021) though other
petrogenetic models were also proposed (Ranta et al., 2021).

Figure 1 Co-variation of δ238U vs. major and trace compositions of the Hekla rock suite. The δ238U of the continental crust is from Tissot and
Dauphas (2015).
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The Qitianling batholith with a surface exposure of
∼520 km2 is located within the South China Block (Fig. S-1a).
Field observations suggest that the batholith has three main
magmatic stages defined by three distinct lithologies and contact
relationships (Chen et al., 2023). The Q-FSG are coarse grained
porphyritic amphibole-biotite-rich granites (∼45 %), while the
Q-STSG are medium grained biotite ± amphibole granites
(∼40 %) and fine grained alkali-feldspar granites (∼15 %),
respectively. Field observations and zircon U-Pb dating indicate
that these granite stages crystallised coevally at 150–160 Ma
(Chen et al., 2023). The whole rock εNd(t) (−5.5 to −8.9) of the
granites are indistinguishable, implying the same crustal sources
(Chen et al., 2023). Phase equilibrium experiments and trace
element modelling suggest that the Qitianling first, second,
and third stage granites have compositions that fall along a con-
tinuous liquid line of descent (Huang et al., 2019; Chen
et al., 2023).

Results

The δ238U values for samples from Hekla and Qitianling are
listed in Tables S-1 and S-2. The analytical methodology is
provided in the Supplementary Information. The δ238U of the
HRS ranges from −0.35 ± 0.05 ‰ to −0.26 ± 0.06 ‰, closely
comparable to those of Kilauea basalts (−0.38 ± 0.07 ‰ to
−0.20 ± 0.06 ‰) (Gaschnig et al., 2021). Although the δ238U is

variable, it exhibits no correlation with differentiation indices,
such as SiO2, U, Zr, or P2O5 concentrations (Fig. 1).

Fluorine and Cl concentrations of the Q-FSG range from
1240 to 2805 μg/g and 220 to 786 μg/g, respectively, which are
well correlated with U/Th and K/Rb values (Fig. 2). Notably,
the F (2233 to 7046 μg/g) andCl (65.6 to 281 μg/g) concentrations
of the Q-STSG are much higher or lower than those in the
Q-FSG, respectively.

The δ238U in the Q-FSG varies from −0.40 ± 0.00 ‰ to
−0.28 ± 0.06 ‰, with an average of −0.34 ± 0.09 ‰. These val-
ues increase with increasing SiO2 (and Fe3þ/ΣFe) and decreasing
MgO, ΣFe, F, Cl, U/Th, and Sn/Sm (Figs. 2, 3). Although the
δ238U range of the Q-STSG (−0.46 ± 0.03 ‰ to −0.28 ±
0.02 ‰ with an average of −0.40 ± 0.10 ‰) overlaps with that
of the Q-FSG, a t test reveals a statistically significant difference
between the groups (p= 0.002). Moreover, Q-STSG samples
tend to exhibit lower δ138/134Ba, K/Rb, and Zr/Hf ratios, along
with higher Na2O contents, relative to Q-FSG (Fig. 4).

Discussion

Uranium isotope fractionation during igneous differentiation.
Typically, U behaves incompatibly during fractional crystallisa-
tion with a partition coefficient ðDsolid=melt

U Þ of 0.0011
(Workman and Hart, 2005) and is thus concentrated in residual
melts. This incompatible behaviour is also evident in the

Figure 2 Positive or negative correlations between δ238U with geochemical compositions for the Qitianling granites. Continued exsolution
of Fe2þ-rich fluids oxidises Q-FSG melts and reduces FeO concentrations. Ultimately, this process can destabilise early crystallised magnetite
evidenced in samples 18QTL35 and 18QTL38-2.
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monotonic correlations between concentrations of U and major
or trace elements of theHRS (Fig. S-2a–f). However, in theHekla
magmas, zircon and apatite have fractionated, as indicated by
decreased Zr concentrations at ∼65 wt. % SiO2 and decreased
P2O5 concentrations at ∼54 wt. % SiO2 (Fig. S-2g,h). Zircon
and apatite are significant U-rich accessory minerals in felsic
magmas. Their removal, particularly given their enrichment in
238U relative to crustal rocks (Hiess et al., 2012; Livermore et al.,
2018; Tissot et al., 2019; Tissot and Ibañez-Mejia, 2021), may
enrich the residual melts in 235U. Nevertheless, although the
δ238U of the HRS is variable, it exhibits no correlation with differ-
entiation indices, such as SiO2, U, Zr, or P2O5 concentrations
(Fig. 1). These trends suggest that U isotope fractionation during
granitic differentiation is minimal, even when U-rich accessory
phases are removed. The observed δ238U variability in the
Hekla basalts may reflect heterogeneity of the mantle source
which could contain minor recycled crustal material
(Halldórsson et al., 2016) or reflect interactions between the
Icelandic plume and the Mid-Atlantic Ridge (Schilling, 1973).
As U isotopes are insignificantly fractionated during fractional
crystallisation, we further hypothesise that they are not fraction-
ated during the partial melting of crust and mantle either, which
involvesmineral melting followed bymelt separation. This inter-
pretation is supported by the identical δ238U estimated for bulk
crust and mantle compositions (Tissot and Dauphas, 2015).

Uranium isotope fractionation during fluid exsolution.
Magmatic-hydrothermal fluids play a critical role in migrating
U from granitic magmas (Zajacz et al., 2008). Phase equilibrium
experiments suggest that the Q-FSG has a solidus of 650 °C and

a liquidus above 900 °C (Huang et al., 2019). They also imply
that parental magmas of the Q-FSG were initially H2O-rich
(≥4 wt. %) and reached water saturation (∼6.5–8.0 wt. %) at
≤300 MPa and 800 °C. However, the loss on ignition (LOI) of
the Q-FSG is low (∼0.42 to 0.86 wt. %). Moreover, miarolitic
cavities, typically indicating the entrapment of fluid-rich melts
or hydrosaline fluids, are absent in the Q-FSG, and evidence
of hydrothermal alteration is minimal (Huang et al., 2019).
These observations suggest that the exsolution and subsequent
loss of MHF occurred during the magmatic evolution of the
Q-FSG magmas, likely within a temperature window of
∼650–800 °C

This hypothesis is further supported by other bulk rock
geochemical trends.

1. Uranium concentrations. In granitic melts, U concentra-
tions typically increase with magmatic differentiation,
even when U-rich accessory phases are fractionated
(Fig. S-2a–d). However, in the Q-FSG, U concentrations
remained constant during magmatic evolution (Fig. S-3).
Uranium can be a fluid mobile element, and its
concentration in magmas decreases during the exsolution
of F (Cl)-rich fluids (Peiffert et al., 1996). Therefore, the
consistent U concentrations can result from a compensa-
tory effect involving fractional crystallisation and fluid
exsolution.

2. Fluid mobile vs. fluid incompatible element ratios. K
and Rb, U, and Th, as well as Sn and Sm, exhibit similar
compatibility during magmatic differentiation. Thus,

Figure 3 Plots of δ238U vs. (a) SiO2, (b)MgO, (c)U/Th and (d) Sn/Sm compositions for theQitianling granites. Data for other granites are from
Telus et al. (2012) and Li and Tissot (2023).
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fractional crystallisation cannot substantially change K/Rb,
Rb/Sr, U/Th, and Sn/Sm ratios in magmas. However, dur-
ing the magmatic evolution of the Q-FSG, the K/Rb ratio
increases, while the Rb/Sr, U/Th, and Sn/Sm ratios
decrease (Fig. S-4a–d). This pattern can be attributed to
variable loss of these elements during fluid exsolution
due to their different fluid mobilities. For example, Rb,
U, and Sn are more fluid mobile than K, Th, and Sm
(Zajacz et al., 2008), respectively. Moreover, Rb is more
incompatible and more fluid mobile than Sr (Zajacz et al.,
2008). Fluid exsolution preferentially partitions Rb, U, and
Sn into the MHF, leaving behind a melt enriched in K, Th,
and Sm.

3. F-Cl concentrations. The Q-FSG have variable F and Cl
concentrations which show positive correlations with the
U/Th ratio and negative correlations with the K/Rb ratio
(Fig. S-5). These trends deviate from the typical patterns
expected during fractional crystallisation. Instead, they
are consistent with the exsolution of F- and Cl-rich
MHF in the Qitianling magmatic system, which is known
to be enriched in F, Cl, U, and Rb (Chen et al., 2023).

4. Fe3+/ΣFe ratio. The Fe3þ/ΣFe ratio of theQ-FSG increases
with magmatic evolution but shows no correlation with
SiO2 or Fe2O3

T concentrations (Fig. S-6). These observa-
tions suggest that the elevated Fe3þ/ΣFe ratio does not
result from igneous differentiation. Experimental studies
indicate that the exsolution of Cl-bearing fluids removes

Fe2þ over Fe3þ from melts, thereby increasing the Fe3þ/
ΣFe ratio in residual melts (Bell and Simon, 2011). In
the Q-FSG magmas, this interpretation is supported by
correlations between Fe3þ/ΣFe and K/Rb, Rb/Sr, U/Th,
Sn/Sm, F, or Cl compositions (Fig. S-4a–f).

The Q-FSG exhibit a variable δ238U, which is lower than
the averaged δ238U of the continental crust (CC) (Fig. 2). Since
U isotopes are not fractionated during continental weathering
(Tissot and Dauphas, 2015), this isotopic variation must be
attributed to magmatic and/or magmatic-hydrothermal proc-
esses. Fractional crystallisation of U-richminerals, such as zircon
and apatite (Fig. S-7a,b), plays a key role in driving composi-
tional variability in the Q-FSG (Deng et al., 2022). However,
as seen in the HRS (Fig. 1), U isotopes are also not fractionated
during igneous differentiation, even when U-rich phases are
fractionated. This suggests that the δ238U variation in the
Q-FSG is driven by processes beyond fractional crystallisation.
As discussed earlier, the Q-FSG magmas experienced the exso-
lution and loss of U-rich MHF with the magmatic evolution.
More importantly, the δ238U of the Q-FSG shows correlations
with SiO2 and MgO, U/Th, Sn/Sm, F, Cl, ΣFe, and Fe3þ/ΣFe
compositions (Figs. 2, 3). These correlations strongly indicate
that the exsolution of MHF, which is inferred to be enriched
in 235U, was a key process driving the δ238U fractionation in
the Q-FSG. To quantify the fluid exsolution-induced U isotope
fractionation, we performed a simulation using Rayleigh distilla-
tion models which successfully reproduces the observed δ238U
variation in the Q-FSG (Fig. S-8a).

Figure 4 The δ238U vs. (a) δ138Ba, (b)Na2O, (c) K/Rb and (d) Zr/Hf compositions of theQitianling granites. The vertical grey field indicates the
average δ138/134Ba of the UCC (Deng et al., 2022 and references therein).
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Uranium isotope fractionation during fluid fluxing. The
Q-STSG experienced greater magmatic differentiation andmore
extensive fluid exsolution compared to the Q-FSG (Huang et al.,
2019). Theoretically, this enhanced fluid exsolution should result
in higher δ238U in the residual melts. However, the δ238U of the
Q-STSG (−0.40±0.10 ‰) is lower than that of the Q-FSG
(−0.34 ± 0.09 ‰), showing no consistent fractionation trend
(Figs. 2, 3). This unexpected pattern indicates that fluid exsolu-
tion alone cannot account for the low δ238U observed in the
Q-STSG.

The Q-STSG exhibit extensive hydrothermal alterations
and partial replacement of magmatic minerals such as biotite
and titanite by chlorite and Fe-Ti oxides, respectively (Deng et al.,
2022; Hu et al., 2024). These were driven by the fluxing of low
δ138Ba and high δ87Rb MHF (Deng et al., 2022; Hu et al.,
2024), which also contributed to the formation of the giant Sn
deposit (SnO2> 700,000 tons) (Chen et al., 2023). As shown
in Figure 4a,b, the Q-STSG samples with low δ238U also tend
to have low δ138/134Ba and elevated Na2O concentrations, typical
of ore-forming fluids in the Qitianling intrusion (Chen et al.,
2023). Additionally, these low δ238U samples display low K/Rb
and Zr/Hf (Fig. 4c,d), suggesting fluid-melt interaction which
modified the melt composition in a way consistent with fluid-
derived elemental ratios (i.e. low K/Rb and Zr/Hf) (Deng et al.,
2022). Based on these geochemical signatures, it is suggested
that the fluxing of MHF fractionated the δ238U of the resident
magmas, resulting in the lower δ238U signature of the Q-
STSG. This interpretation is consistent with the enrichment of
235U in MHF exsolved from the Q-FSG magmas. Moreover, this
conclusion also aligns with the observation that granite-related
hydrothermal U deposits typically exhibit lower δ238U than the
average CC (Chernyshev et al., 2014), although some deposits
show δ238U indistinguishable from that of the CC (Voinot et al.,
2024). To quantify the fluid fluxing-induced U isotope fractiona-
tion, we performed open system modelling (Table S-4). The
results show that the δ238U of the Q-STSG can be reproduced
using apparent fractionation factors (αfluid-melt) ranging from
0.9982 to 0.9996 (Fig. S-8b) which may depend on temperature
and compositions of the melt and fluid.

Conclusions

This study investigated U isotope fractionation behaviour during
magmatic differentiation and hydrothermal processes by analy-
sing δ238U in the Hekla rock suite and the Qitianling granites.
Our results indicate that δ238U variations in magmatic systems
are primarily influenced by fluid related processes rather than
magmatic differentiation. The atypical U isotope characteristics
observed in granitoidsmay serve as a novel tracer for fluid related
processes, offering valuable insights into the migration and
enrichment of fluid mobile elements associated with mag-
matic-hydrothermal fluids.

Data availability

Data will be made available on request.
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