
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

ScienceDirect

Geochimica et Cosmochimica Acta 279 (2020) 29–44
Iron isotope fractionation in hydrous basaltic magmas in
deep crustal hot zones

Qi-Wei Li a,b, Jun-Hong Zhao b,⇑, Qiang Wang a,c,d,⇑, Zhao-Feng Zhang a,
Ya-Jun An a, Yu-Ting He a

aState Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
bState Key Laboratory of Geological Processes and Mineral Resources, School of Earth Sciences, China University of Geosciences,

Wuhan 430074, China
cCAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100101, China

dCollege of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

Received 12 September 2019; accepted in revised form 21 March 2020; Available online 6 April 2020
Abstract

Mafic magmatism within deep crustal hot zones plays an important role in the crustal formation and evolution. High-
pressure garnet crystallization drives magma differentiation and Fe isotope fractionation at the base of the lower crust.
The �840 Ma intrusion and the associated �830 Ma dikes from the Tongde region in South China consist mainly of gabbro
and diorite, which record complicated magmatic processes of the deep crustal zones and provide new insights into the Fe iso-
tope fractionation. Rocks from the Tongde intrusion have high Sr/Y ratios (61–163) and variable d57Fe values (+0.07 to
+0.21‰ relative to IRMM-014) that initially increase then decrease with progressive magmatic differentiation. All samples
do not display obvious imprint of deuteric fluid exsolution, and residual garnet in the mantle source did not fractionate
the Fe isotope compositions of the primary magmas significantly. The variable Fe isotope signatures in this study can be
reproduced by sequential fractional crystallization of olivine/pyroxene and garnet in the deep crust followed by amphibole
saturation in the upper section. The host rocks of the intrusion underwent diffusive exchange with the dikes. Removal of both
isotopically light- and heavy-Fe minerals well explains the small Fe isotope fractionation in mafic and intermediate rocks. The
high-Sr/Y suites of the intrusion and dikes have an average d57Fe of +0.11 ± 0.02‰ (2SD), similar to the value of arc crust at
convergent continental margins. Therefore, garnet fractionation is an important process in arc roots, which drives the melts
evolving to calc-alkaline series. Fractional crystallization of hydrous basaltic magmas under high pressures in deep crustal hot
zones makes a significant contribution to the formation and evolution of continental crust.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Deep crustal hot zones are major sites of crustal forma-
tion and evolution at active continental margins, with mafic
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magmas providing essential materials for crustal growth
and heat for melting surrounding crustal rocks (Annen
et al., 2006; Solano et al., 2012; Klaver et al., 2018). Garnet
is a key mineral during magma emplacement at the base of
the lower crust, and its fractionation drives the melts evolv-
ing to high Sr/Y rocks (Green, 1972; Müntener and Ulmer,
2006; Alonso-Perez et al., 2009). Intermediate to silicic ada-
kites have been extensively studied (Defant and
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Drummond, 1990), and are considered to have been pro-
duced by partial melting of source rocks in equilibrium with
garnet and amphibole (Moyen, 2009) or high-pressure frac-
tionation of hydrous magmas (Macpherson et al., 2006;
Kolb et al., 2012). These processes are hard to be distin-
guished through whole-rock elements and radiogenic iso-
topes that can be easily changed by mineral accumulation
and variable melt interaction with mantle and crust
(Castillo, 2012; Ribeiro et al., 2016), but may imprint on
Fe isotopes (He et al., 2017). Therefore, Fe isotopes of
arc-affinity igneous rocks, especially for high-Sr/Y mafic
rocks, are crucial for clarifying the role of garnet in basaltic
magma evolution and formation of lower arc crust (e.g.,
Alonso-Perez et al., 2009; Chiaradia et al., 2009), but rarely
have been reported.

Fe is a major polyvalent element in silicate melts, and
the relative proportions of ferrous and ferric iron controlled
by magmatic oxygen fugacity (fO2), ensue iron isotope frac-
tionation with physical addition or removal of Fe (Nebel
et al., 2015; Sossi et al., 2016). Fe3+, which has high charge,
low coordination number and short bond length, displays
larger bond strength and higher force constant than Fe2+

(Sossi et al., 2016). Synchrotron method of Nuclear Reso-
nant Inelastic X-ray Scattering (NRIXS) measurement
reveals that the equilibrium isotope fractionation factor is
proportional to the force constant at a given temperature,
leading to heavy iron isotopes being preferentially parti-
tioned into Fe3+-bearing phases (Dauphas et al., 2014).
Therefore, melts are generally heavier in Fe isotopes than
their protolith and minerals due to the incompatibility of
Fe3+ during partial melting and fractional crystallization
(Canil et al., 1994; Weyer, 2008; Dauphas et al., 2014).
However, magnetite crystallization under oxidized condi-
tions would lower Fe isotopes of the melts (Polyakov
et al., 2007). Kinetic fractionation of thermal (Soret) and
chemical diffusion can generate extreme Fe isotope compo-
sitions (Huang et al., 2009; Richter et al., 2009; Teng et al.,
2011; Wu et al., 2018).

Heavy d57Fe values are widely recognized in high-Si
granitic rocks and are interpreted as results of deuteric fluid
exsolution (Poitrasson and Freydier, 2005; Heimann et al.,
2008), delayed magnetite saturation (Foden et al., 2015), or
removal of Fe2+-bearing minerals (Schuessler et al., 2009;
Sossi et al., 2012; Dauphas et al., 2014; Du et al., 2017).
However, basaltic and andesitic rocks exhibit homogeneous
Fe isotope compositions with d57Fe variations less than
three tenths of permil (Poitrasson and Freydier, 2005;
Heimann et al., 2008; Schuessler et al., 2009; Sossi et al.,
2012; Telus et al., 2012; Zambardi et al., 2014; Foden
et al., 2015; Gajos et al., 2016; Du et al., 2017; He et al.,
2017; Wu et al., 2017; Xia et al., 2017). Many models have
been proposed to explain the small Fe isotope fractiona-
tion, such as Fe fractions in mafic melts being too high to
be affected, undersaturation of magnetite preventing its
early crystallization, high magmatic temperatures resulting
in low fractionation factors, and co-precipitation of Fe2+-
and Fe3+-bearing phases under different fO2 conditions
(Heimann et al., 2008; Schuessler et al., 2009; Li et al.,
2019). The island arc lavas have been extensively studied
and are suggested to have light Fe isotope compositions
due to early melt extraction and metasomatism in the man-
tle wedge (Dauphas et al., 2009; Nebel et al., 2015; Foden
et al., 2018). Although their Fe isotope fractionation
induced by olivine and pyroxene fractionation and mag-
netite saturation has been well addressed (e.g., Nebel
et al., 2015; Williams et al., 2018), the effects of garnet
and amphibole fractionation on Fe isotopes in deep crustal
hot zones, as well as their contributions for the calc-alkaline
magma evolution at convergent margins are largely
unknown.

The Neoproterozoic Tongde intrusion, located at west-
ern margin of the Yangtze Block in South China, was cut
by numerous post-magmatic mafic dikes; both the intrusion
and dikes were formed in a continental arc setting (Li and
Zhao, 2018). In this paper, we systematically studied
whole-rock Fe isotopes of the gabbroic and dioritic samples
from the intrusion to constrain magmatism in the lower
crust, and the equilibrium and kinetic process effects on
Fe isotope fractionation. Our results indicate that Dy/Yb
ratios and d57Fe values increase then decrease with progres-
sive magmatic differentiation that are inconsistent with deu-
teric fluid exsolution or residual garnet in the source.
Instead, sequential fractional crystallization of olivine/py-
roxene and garnet in the deep crust followed by amphibole
saturation in the upper section well explains the elemental
and Fe isotopic variations. The host rocks of the intrusion
underwent diffusive exchange with the dikes indicated by
some light d57Fe samples (down to �0.08‰) in the latter.
Removal of both isotopically light- and heavy-Fe minerals
may result in the homogeneous Fe isotope compositions in
basaltic and andesitic rocks. The high-Sr/Y rocks of the
intrusion and dikes have an average d57Fe value similar
to that of arc crust at convergent continental margins, sug-
gesting that garnet fractionation in deep crustal hot zones is
an important process for the evolution of calc-alkaline
magmas and formation of continental crust.

2. BACKGROUND AND SAMPLE DESCRIPTION

Samples were collected from the ca. 840 Ma intrusion
that was cut by numerous ca. 830 Ma dikes in the Tongde
region at the western margin of the Yangtze Block in South
China (Figs. 1 and 2a; Sun, 2009; Li and Zhao, 2018). The
intrusion is an ellipsoidal body which covers an area of
�300 km2 and consists of gabbro and diorite. The gabbros
are fine-grained and locally occur as irregular and ductile
stretched enclaves in the main medium-grained diorites
(Fig. 2b). The gabbros are composed of subhedral plagio-
clase (�50 vol.%), subhedral-anhedral clinopyroxene (10–
20 vol.%) and orthopyroxene (15–20 vol.%) associated with
minor anhedral amphibole (5–15 vol.%) (Fig. 2c). The dior-
ites mainly consist of subhedral plagioclase (45–55 vol.%)
and subhedral-anhedral amphibole (20–40 vol.%), as well
as less amounts of subhedral-anhedral clinopyroxene (<7
vol.%) and orthopyroxene (<13 vol.%) (Fig. 2d). Fine-
grained accessory minerals, such as magnetite, ilmenite,
pyrite, titanite, apatite and zircon, are sporadically
observed in the samples (Table S1; Sun, 2009). Both the
gabbro and diorite show low to medium SiO2 (46.10–
56.90 wt.%), MgO (2.74–7.00 wt.%) and FeOt contents
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(5.65–10.59 wt.%), high Sr/Y (61–163) and Dy/Yb ratios
(2.2–3.0), as well as constant initial 87Sr/86Sr ratios
(0.7051–0.7053) and eNd(t) values (+0.9 to +1.5)
(Table S2). They underwent minor or negligible crustal con-
tamination and show arc-like elemental signatures that
characterized by enrichment of large-ion lithophile elements
and depletion of high-field-strength elements, and were con-
sidered to have been generated by partial melting of a gar-
net lherzolite mantle source (Sun, 2009).

The dikes are 0.5–4.0 m wide and �1 km long, and
consist of fine- to medium-grained diorite that is com-
posed of subhedral-anhedral amphibole (30–75 vol.%)
and plagioclase (25–60 vol.%), with minor magnetite and
apatite (Fig. 2e-f). They display variable SiO2 (49.81–
59.90 wt.%), MgO (1.99–11.67 wt.%) and FeOt contents
(5.38–11.22 wt.%), Sr/Y (12–115) and Dy/Yb ratios (1.7–
2.7). Their initial 87Sr/86Sr ratios (0.7049–0.7063) and
eNd(t) values (+0.6 to +2.0) are similar to those of the
host intrusion (Table S2). These rocks were formed by
high-pressure fractional crystallization of hydrous basaltic
magmas with minor amphibole accumulation (Li and
Zhao, 2018).
3. ANALYTICAL METHODS

Approximately 20 mg of sample powder was digested in
a concentrated HF-HNO3 (3:1) mixture on a hotplate at
120 �C. �200 lg Fe was loaded on the AG1-X8 (200–400
mesh) anion exchange column after evaporation and chem-
ical equilibrium by adding 0.5 ml of 6 N HCl. Total proce-
dural blank for Fe was 25 ng and negligible compared to
the large amount of Fe loaded on the column. The recovery
of the procedure was >99%. Iron isotope measurements
were carried out on a Nu Plasma 1700 multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-
MS) in the State Key Laboratory of Isotope Geochemistry
at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. Isotopic ratios were determined by
the sample-standard bracketing method at a pseudo-high
resolution mode with resolving power of 15000. Concentra-
tions of samples were adjusted to the standard with 2 ppm
Fe to correct instrumental drift and mass bias, resulting in
�12 V intensity on 56Fe. Each sample was measured for at
least three times and the weighted average was taken as the
iron isotope ratio. Fe isotope data are reported relative to



Fig. 2. (a) The dikes emplaced into the intrusion (Li and Zhao, 2018); (b) The gabbro and diorite of the Tongde intrusion (Sun, 2009);
Representative photomicrographs showing typical textures of gabbro and diorite from the Tongde intrusion (c-d) and diorite from the dikes
(e-f).

32 Q.-W. Li et al. /Geochimica et Cosmochimica Acta 279 (2020) 29–44
the IRMM-014 standard in the delta notation:

d57 56ð ÞFe¼57 56ð ÞFesample=
54Fesample=

57 56ð ÞFe=54FeIRMM�014 � 1Þ �
1000. Long-term external reproducibility is ± 0.05‰ for
d56Fe based on replicate analyses of reference materials.
The measured Fe isotope compositions of the international
standard BHVO-2 have an average of d56Fe (+0.12
± 0.04‰, 2SD) and d57Fe (+0.21 ± 0.07‰, 2SD) (n = 6),
in agreement with the recommended values within analyti-
cal uncertainties (Craddock and Dauphas, 2011; He et al.,
2015). Duplicate analyses indicated good reproducibility
(Table 1). Detailed Fe purification and analytical proce-
dures are described by Zhang et al. (2019).

4. RESULTS

Fe isotope compositions for samples from the Tongde
intrusion are presented in Table 1. Their d57Fe values range
from +0.07 ± 0.05‰ to +0.21 ± 0.04‰ with a weighted



Table 1
Iron isotope compositions of the Tongde intrusion, South China.

Sample d56Fe ±2SD d57Fe ±2SD d57Fe prim MgO* (wt.%) Fe2O3* (wt.%) na

TD1 +0.09 0.05 +0.16 0.09 +0.13 4.64 8.64 5
TD5 +0.11 0.02 +0.17 0.07 +0.13 4.45 8.44 3
TD8 +0.09 0.04 +0.12 0.05 +0.09 4.13 8.20 3
TD9 +0.13 0.03 +0.19 0.04 +0.16 4.48 8.22 3
TD10 +0.12 0.06 +0.15 0.14 +0.12 4.37 8.05 3
TD11 +0.09 0.03 +0.12 0.05 +0.09 4.20 8.18 4
TD13 +0.13 0.03 +0.19 0.08 +0.16 4.32 8.20 3
TD16 +0.09 0.02 +0.14 0.09 +0.11 4.12 8.48 3
TD18 +0.12 0.04 +0.21 0.04 +0.17 5.01 9.82 3
TD24 +0.04 0.05 +0.07 0.07 +0.06 6.57 7.02 3
TD25 +0.09 0.02 +0.13 0.02 +0.08 2.74 9.15 3
TD25Rb +0.10 0.02 +0.16 0.05 +0.11 2.74 9.15 3
TD28 +0.09 0.04 +0.14 0.07 +0.11 5.43 9.11 4
TD36 +0.07 0.01 +0.11 0.05 +0.09 7.00 11.77 3
TD40 +0.06 0.05 +0.07 0.05 +0.04 4.89 9.02 3
TD42 +0.09 0.02 +0.16 0.07 +0.13 5.44 9.72 3
TD45 +0.06 0.04 +0.12 0.11 +0.08 2.99 6.28 4
TD50 +0.10 0.05 +0.17 0.11 +0.15 4.83 8.40 4
BHVO-2 +0.12 0.04 +0.21 0.07 6

a n denotes the total number of analyses per newly purified sample solution by MC-ICPMS.
b R denotes the repeat sample dissolution, column chemistry and instrumental analysis.
* Data taken from Sun (2009).
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mean of +0.14 ± 0.02‰ (2SD, n = 17), similar to those of
mafic and intermediate rocks worldwide (+0.05 to
+0.25‰; Poitrasson and Freydier, 2005; Heimann et al.,
2008; Teng et al., 2008; Dauphas et al., 2009; Schuessler
et al., 2009; Sossi et al., 2012; Telus et al., 2012; He et al.,
2017). Rocks from the intrusion display similar whole-
rock elemental and Sr-Nd-Fe isotopic data to those of the
dikes (Fig. 3; Li and Zhao, 2018). No apparent correlations
have been observed for d57Fe against Sr and Nd isotopes
(Fig. 3).

5. DISCUSSION

The mafic and intermediate rocks are generally formed
by fractional crystallization of basaltic magmas or mafic
mineral accumulation in the more evolved melts (Jagoutz
et al., 2007; Xu et al., 2019). Cumulate textures are charac-
terized by medium- to coarse-grained, euhedral pyroxene
and amphibole associated with interstitial plagioclase.
Cumulate rocks generally show largely variable major and
trace elements and Fe isotopes, but constant Sr-Nd isotopes
similar to their primary melts (e.g., Schoenberg et al., 2009;
Xu et al., 2019). In contrast, non-cumulate gabbro-diorites
are fine- to medium-grained and show gabbroic or
equigranular textures, in which pyroxene, amphibole and
plagioclase are mostly subhedral, and thus represent frozen
liquids with minor or negligible crystal accumulation (Zhao
and Asimow, 2018; Xu et al., 2019). Rocks from the
Tongde intrusion consist of subhedral pyroxene, amphibole
and plagioclase (Fig. 2c and d; Table S1). They show vari-
able SiO2 (46.10–56.90 wt.%) that is negatively correlated
with MgO, Al2O3, FeOt and CaO (Fig. S1). All samples dis-
play right-inclined chondrite-normalized rare earth element
(REE) patterns and lack middle REE enrichment (Fig. 4),
ruling out significant amphibole accumulation (Tiepolo
et al., 2007). Calculations reveal that Mg# values of the
melts in equilibrium with the most primitive clinopyroxene
(Mg# = 71–75; Table S3) are 47–52 using an Fe-Mg
exchange coefficient of 0.36 between clinopyroxene and
equilibrated melts (e.g., Gaetani et al., 2003; Putirka,
2008; Dalou et al., 2012), similar to their whole-rock
Mg# values (51–52; Table S2). These lines of evidence sug-
gest that rocks from the Tongde intrusion were formed by
fractional crystallization following the liquid line of des-
cent, and thus can be used to trace the magma evolution.

5.1. Effects of fluid exsolution on Fe isotope fractionation

Primary basaltic magmas in arc settings are estimated to
have H2O contents of 2–6 wt.% based on the observations
of nature samples, melt inclusions, experimental phase
equilibrium and thermodynamic calculations (Anderson,
1979; Sisson and Grove, 1993; Carmichael, 2002, 2004;
Cervantes and Wallace, 2003; Grove et al., 2003; Barclay
and Carmichael, 2004). Differentiated melts are expected
to be rich in H2O due to decompression induced by magma
ascent and decreasing solubility of volatiles (Baker and
Alletti, 2012). Fluid bubbles break up at high crustal levels,
result in separation between fluids and melts in the later
stage of magma evolution (Candela, 1986). The Tongde
intrusion was formed at the active western margin of the
Yangtze Block during the Neoproterozoic (Zhao et al.,
2011, 2018). Aqueous fluid exsolution should be firstly
addressed in discussing the Fe isotope budget of the melts.

Iron is readily partitioned into aqueous phases and
forms ferrous iron- and halogen-rich complexes (Chou
and Eugster, 1977; Simon et al., 2004), their removal makes
the residual melts to be rich in heavy Fe isotopes
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(Poitrasson and Freydier, 2005; Heimann et al., 2008).
Zr/Hf could be reduced (lower than 26) and Th/U ratios
increased (higher than 10) during fluid-magma interactions
due to higher mobilities of Zr and U over Hf and Th in flu-
ids (Bau, 1996; Hawkesworth et al., 1997), although both
ratios remain near-chondritic values in magmatic processes
(e.g., partial melting and fractional crystallization). Rocks
from the Tongde intrusion have high Zr/Hf (29–52) and
low Th/U ratios (1.2–6.5) that are not correlated with
d57Fe values (Fig. 5), suggesting that fluid exsolution did
not fractionate Fe isotopes.

5.2. Minor role of residual garnet in Fe isotope fractionation

High Sr/Y mafic and intermediate rocks are generally
produced by partial melting of a garnet-bearing mantle
source, or by high-pressure fractional crystallization of
hydrous basaltic magmas (Hoffer et al., 2008; Chiaradia
et al., 2009; Li and Zhao, 2018). It is therefore necessary
to distinguish these two processes and clarify their contribu-
tions to Fe isotope variations. Samples from the Tongde
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Table 2
Force constants and fractionation factors used in the modeling.

Phase Force constant (N/m) D57Fe (‰)

Partial melting (T = 1400 �C)
Ol/Px 196
Gt (I = 0.47) 111
Gt (I = 0.36) 147
Melt 230
Gt-Ol/Px (I = 0.47) �85 �0.13
Gt-Ol/Px (I = 0.36) �49 �0.07
Melt-Ol/Px 34 +0.05
Fractional crystallization (T = 1150 �C)
Ol/Px 196
Gt (I = 0.47) 111
Gt (I = 0.36) 147
Am 250
Melt 230
Ol/Px-Melt �34 �0.07
Gt-Melt (I = 0.47) �119 �0.25
Gt-Melt (I = 0.36) �83 �0.18
Am-Melt 20 +0.04

Abbreviations: Ol, olivine; Px, pyroxene; Gt, garnet; Am, amphi-
bole; I, ionicity.
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intrusion show high Sr/Y (61–163) and (La/Yb)N ratios (8–
17) (Table S2; Fig. 4), which are positively correlated with
SiO2, deviating from the partial melting trends with residual
garnet in the source (Fig. 6a). The batch melting model was
used to determine melt compositions and petrogenesis from
a depleted garnet lherzolite mantle source (Shaw, 1970).
Considering the key role of garnet in controlling Fe iso-
topes of the melts, two garnet Fe-O force constants (111
and 147 N/m calculated with ionicity of 0.47 and 0.36,
respectively) were used to estimate possible Fe isotope vari-
ations during partial melting (Sossi and O’Neill, 2017). Oli-
vine and pyroxene have average force constant of 196 N/m
(Jackson et al., 2009; Dauphas et al., 2014). Force constant
of basaltic melts is supposed to be 230 N/m based on its
positive correlation with Fe3+/

P
Fe ratios (Dauphas

et al., 2014) using an oxygen fugacity of FMQ + 1 (Evans
et al., 2012). The fractionation factor between mineral
and melt is calculated by:

D57Femineral�melt ¼ 4284� F mineral � F melt½ �
T 2

ð1Þ
where F is the force constant and T is temperature in Kelvin
(Sossi and O’Neill, 2017). The melt has d57Fe values of:

d57Femelt ¼ D57Femelt�residue þ d57Feresidue ð2Þ
Fe isotope fractionation between residue and protolith is

negligible at low degrees of partial melting (<0.02‰ with
20% melting; Dauphas et al., 2009). Thus, Eq. (2) can be
written as:

d57Femelt ¼ D57Femelt�residue þ d57Feprotolith ð3Þ
where D57Femelt-residue is calculated using Eq. (4) (He et al.,
2017):

D57Femelt�residue ¼ D57Femelt�ol=px � DFe � V gt

V ol=px þ DFe � V gt

� D57Fegt�ol=px ð4Þ
Melt Fe-isotope compositions are acquired through a

combination of Eqs. (3) and (4):

d57Femelt ¼ D57Femelt�ol=px � DFe � V gt

V ol=px þ DFe � V gt

� D57Fegt�ol=px þ d57Feprotolith ð5Þ
where DFe is partition coefficient of Fe between garnet and
olivine/pyroxene. Vgt and Vol/px are proportions of garnet
(gt) and olivine/pyroxene (ol/px) in the residue, respec-
tively. Assume that mantle melting occurred at 1400 �C,
Fe isotope fractionation factors are D57Fegt-ol/px = -0.13‰
or �0.07‰ and D57Femelt-ol/px = +0.05‰ (Table 2), which
are in the reported range (e.g., Beard and Johnson, 2004;
Williams et al., 2009; Sossi et al., 2012; An et al., 2017).
d57Fe value of the depleted sub-arc mantle is supposed to
be �0.03‰ (Table 3; Weyer and Ionov, 2007; Sossi et al.,
2016). Our calculations indicate that both (Dy/Yb)N
(1.05–2.01) and d57Fe (+0.04 to +0.08‰ and +0.03 to



Table 3
Modeling parameters for garnet lherzolite partial melting.

FeO (wt.%) d57Fe (‰) Dy (ppm) Yb (ppm)

Source
composition

8.18 �0.03 0.51 0.37

Partition
coefficient

Gt DGt/Ol

(Px) = 2.17
4.4 14

Ol/Px 1.2 0.9
Predicted melts for < 10% melting of garnet lherzolite at 1400 �C
Source mineralogy

Gt Ol/Px (Dy/Yb)N d57Femelt (‰)
(FGt = 111 N/m)

d57Femelt (‰)
(FGt = 147 N/m)

0.05 0.95 1.05 0.035 0.030
0.10 0.90 1.32 0.047 0.037
0.15 0.85 1.54 0.058 0.043
0.20 0.80 1.72 0.068 0.048
0.25 0.75 1.88 0.077 0.054
0.30 0.70 2.01 0.085 0.058

Partition coefficients for Gt and Ol/Px are from He et al. (2017). The source compositions of garnet lherzolite are from Workman and Hart
(2005) and Weyer and Ionov (2007).
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+0.06‰ using garnet force constants of 111 and 147 N/m,
respectively) increase in the melts with 5–30% residual gar-
net in the source region (Fig. 6b).

If rocks from the Tongde intrusion were derived from a
garnet-bearing mantle source and experienced fractional
crystallization of olivine and pyroxene, it is necessary to
correct Fe isotope compositions for the effects of mineral
fractionation using the method of Sossi et al. (2016). The
primary basaltic melts are supposed to have Mg# value
of 74 that is chemically in equilibrium with peridotite with
Mg# of 90 (Sossi et al., 2016; Nebel et al., 2018). The
mineral-melt fractionation factor of D57Femineral-

melt � 106/T2 = �0.15 is derived by Fe-O force constants
(Table 2), and the starting Fe3+/

P
Fe is 0.2 (Evans et al.,

2012). Dy/Yb ratios are not significantly varied due to their
low partition coefficients in olivine and pyroxene. Results
show that the Fe isotope compositions of the primary melts
(d57Feprim) range from +0.04‰ to +0.17‰ (Table 1), which
are much heavier than those of the modeled melts at the
same proportions of residual garnet (Fig. 6b), suggesting
limited effects of residual garnet on Fe isotope fractionation
during partial melting of the mantle source.

5.3. Fractional crystallization in deep crustal hot zones

Calc-alkaline magmas generally have high water con-
tents and fO2 which are inherited from mantle wedges mod-
ified by slab-derived materials (Kelley and Cottrell, 2009;
Zimmer et al., 2010; Chin et al., 2018). Repeated magma
underplating/intruding, high-pressure fractional crystalliza-
tion, and melt-rock interaction in deep crustal hot zones
significantly modify structures and chemical compositions
of the lower arc crust (Annen et al., 2006). Garnet is stable
in hydrous basaltic and andesitic melts under high pressures
(0.8–1.2 GPa) and temperatures (800–1000 �C), corre-
sponding to conditions of arc roots at convergent continen-
tal margins (Alonso-Perez et al., 2009). Amphibole is also
an important mineral, which is controlled by magmatic
H2O contents in hydrous calc-alkaline melts and crystallizes
under the conditions of 8 wt.% H2O at 1000 �C to 4 wt.%
H2O at 850 �C (Davidson et al., 2007; Alonso-Perez
et al., 2009; Dessimoz et al., 2012).

Rocks from the Tongde intrusion record magma evolu-
tion in a deep crustal hot zone (Sun, 2009; Li and Zhao,
2018). Their high Sr/Y (61–163) and (La/Yb)N ratios (8–
17) indicate that the melts were in equilibrium with garnet
and/or amphibole. Amphibole has higher partition coeffi-
cients for middle REE (relative to heavy REE) than garnet,
implying that Dy/Yb ratio is effective to distinguish frac-
tionated phases. Furthermore, garnet has lower Fe-O force
constant and mineral-melt Fe isotope fractionation factor
than amphibole (Sossi and O’Neill, 2017; Ye et al., 2020),
and thus garnet fractionation will elevate, whereas amphi-
bole removal may lower d57Fe values of the melts.

Rhyolite-MELTS calculations reveal that pyroxene, gar-
net and amphibole crystallized at 1120 �C, 1010 �C and
940 �C, respectively, in the basaltic liquids of the Tongde
intrusion (Fig. S2; Gualda et al., 2012). These samples show
two stages of variations in Dy/Yb ratios and d57Fe values in
plots against indices of magmatic differentiation, with an ini-
tially sharp increase and then decrease with increasing SiO2

and decreasingMgO contents (Fig. 7a–d). Themafic samples
(SiO2 < 48 wt.%) exhibit constant Dy/Yb ratios and slightly
increasing d57Fe values (Fig. 7a–d), consistent with fraction-
ation of olivine/pyroxene. The sharp rise inDy/Yb ratios and
d57Fe values at �48 wt.% SiO2 may result from garnet frac-
tionation, which concentrates significant Yb and much light
Fe isotopes due to its large proportion of ferrous iron and
high coordination number (Jenner et al., 1993; Sossi and
O’Neill, 2017). Increase of H2O contents promotes amphi-
bole saturation during magma evolution and emplacement.
The Dy/Yb ratios and d57Fe values dramatically fall at
�51 wt.% SiO2, reflecting large amounts of amphibole
removal (Fig. 7a–d). Similar correlations are also clearly
observed in plots of SiO2 and MgO against d56Fe (Fig. 7e
and f). TheFe isotope variations can bewellmodeled by frac-
tional crystallization using D57Femineral-melt = �0.25 to
+0.20‰ and D56Femineral-melt = �0.17 to +0.14‰ (Fig. 7c-f),
the similar fractionation factors have been used in the
Kilauea Iki Lava Lake (Teng et al., 2008), Hekla volcano
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Fig. 7. Plots of Dy/Yb, d57Fe and d56Fe against SiO2 and MgO for rocks from the Tongde intrusion and dikes. Vertical dashed lines indicate
garnet-in (Gt-in) at �48 wt.% SiO2 and �5.6 wt.% MgO, and amphibole-in (Am-in) at �51 wt.% SiO2 and �4.6 wt.% MgO. Arrows in panels
(a) and (b) show the Dy/Yb variation trends with the magma differentiation. The curves in panels (c) to (f) show Fe isotope compositions of
residual melts with fractionation factors (D57Femineral-melt) of �0.25 to +0.20‰. Major element variations were conducted by Rhyolite-
MELTS modeling that started from sample TD36. D56Femineral-melt is derived from D57Femineral-melt using the theoretical mass dependent
fractionation of 0.678 (Sossi and O’Neill, 2017).
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(Schuessler et al., 2009) and Red Hill intrusion (Sossi et al.,
2012). Apparent sources of uncertainty in the calculations
are the Fe isotope fractionation factors, which vary signifi-
cantly with variable Fe-O force constants (e.g., 133 vs
197 N/m in olivine, 108 vs 195–165 N/m in pyroxene, 147
vs 111 N/m in garnet; Polyakov and Mineev, 2000; Jackson
et al., 2009; Dauphas et al., 2014; Sossi and O’Neill, 2017).
d57Fe lacks correlations with FeOt and Eu/Eu*, ruling
out significant effects of magnetite fractionation and
plagioclase accumulation on the Fe isotope variations
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(Fig. 8; Wu et al., 2017). Therefore, rocks from the Tongde
intrusion underwent fractional crystallization of olivine/py-
roxene and garnet in the deep crust, and amphibole separa-
tion in the upper section.

To further address the fractionation process, Rayleigh
modeling was conducted based on the above magma
differentiation:

d57Femelt ¼ d57Feinitial þ 1000
� �� f a�1ð Þ � 1000 ð6Þ

where a is Fe isotope fractionation factor between mineral
and melt derived from:

1000 ln amineral�melt � D57Femineral�melt

¼ 4284� F mineral � F melt½ �
T 2

ð7Þ

The mass fraction of iron in the residual melt (f) is:

f ¼ F
0
melt �

Cmelt

Cinitial
ð8Þ

where F0
melt is the mass fraction of residual melt, Cmelt is the

melt iron content and Cinitial is the initial iron abundance.
Compared with NRIXS, conventional Mössbauer spec-
troscopy is more susceptible to systematic errors and the
data are probably systematically underestimated
(Dauphas et al., 2014; Roskosz et al., 2015). In this study,
Fe-O force constants measured by NRIXS were applied
to olivine and pyroxene (average of 196 N/m; Jackson
et al., 2009; Dauphas et al., 2014), and those of garnet were
calculated with ionicity of 0.47 and 0.36 (111 and 147 N/m;
Sossi and O’Neill, 2017). Amphibole force constant is rarely
measured or calculated due to its complicated crystal struc-
tures and chemical compositions (Leake et al., 1997), but
can be estimated by the correlation with coordination num-
ber at a given ferric iron fraction (Sossi and O’Neill, 2017).
Fe3+ and Fe2+ are in 6-fold and 6 to 8-fold coordination in
amphibole, respectively (Shimizu et al., 2017). Rocks from
the Tongde intrusion have amphiboles that consist of mag-
nesiohornblende and tschermakite with Fe3+/

P
Fe ratios of

0.22–0.89 (Table S4; Sun, 2009), which yield high force con-
stants (up to 300 N/m) that meet requirement of positive
fractionation factors in the later stage of magma evolution
(Fig. 7c-f). However, amphibole has a force constant of
�250 N/m if an average Fe3+/

P
Fe ratio of 0.53 and coor-

dination number of 6–7 were used in the calculations. The
fractional crystallization is estimated to be started at
�1150 �C according to clinopyroxene thermometer in the
Tongde intrusion (Table S3; Putirka, 2008), approximately
matching the Rhyolite-MELTS modeling results (Fig. S2).
All samples have high whole-rock Fe3+/

P
Fe ratios (0.25–

0.39) and fO2 of FMQ + 1.3 to FMQ + 2.3 using the
amphibole oxybarometry (Tables S2 and S4; Ridolfi
et al., 2010), and fall in the moderately oxidized fields
(Fig. S3; Blevin, 2004). The estimated oxygen fugacity for
their primary magma is �FMQ + 1 based on the correla-
tions of DFMQ against SiO2 and MgO of the rocks
(Fig. S4), similar to fO2 of arc magmas (e.g., Evans et al.,
2012). Sample TD36 has the lowest SiO2 (46.10 wt.%)
and highest MgO (7.00 wt.%) and thus is chosen as the
starting composition, which yields a force constant of
230 N/m (Dauphas et al., 2014). The calculated mineral-
melt fractionation factors are D57Fegt-melt = �0.25‰ or
�0.18‰, D57Feol/px-melt = �0.07‰ and D57Feam-melt =
+0.04‰ (Table 2), similar to the reported values in the pre-
vious studies (Beard and Johnson, 2004; Schoenberg et al.,
2009; Williams et al., 2009; Sossi et al., 2012). Besides, Ye
et al. (2020) derived the temperature-dependent equilibrium
Fe isotope fractionation factors between amphibole and

garnet by 1000 ln aam�gt ¼ 0:33ð�0:15Þ � 106=T 2, yielding
similar D57Feam-gt of +0.09 to +0.24‰. A series of mineral
assemblages, including olivine/pyroxene, garnet + pyrox-
ene/olivine, and amphibole + garnet + pyroxene/olivine,
were modeled to constrain their effects on Fe isotope frac-
tionation. Results show that the Fe isotope variations for
rocks from the Tongde intrusion can be reproduced by
sequential fractional crystallization of olivine/pyroxene
and garnet in the deep crust followed by amphibole satura-
tion in the upper section (Fig. 9).

5.4. Diffusion between molten dikes and solid intrusion

Diffusion generally occurs between co-existing minerals
and melts (e.g., Dauphas et al., 2010; Teng et al., 2011;
Sio et al., 2013; Oeser et al., 2015), and at the boundaries
between melts and country rocks (e.g., Richter et al.,
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2008, 2009; Wu et al., 2018), and will result in enrichment of
light Fe isotopes and increasing Fe contents in the low-Fe
side (Richter et al., 2003; Weyer and Ionov, 2007). The
Tongde intrusion was formed �10 Ma earlier than the
dikes. Most samples from them have similar Fe isotopes,
except that three ones from the dikes display much light
d57Fe values and high FeOt contents (Fig. 8a), that may
have resulted from diffusive exchange (e.g., Wu et al., 2018).

The light d57Fe values can be fitted by self-diffusion of
Fe between a molten dike and a solid intrusion. The one-
dimensional diffusion model was used to model diffusion
in two phases with different diffusivities. The interface
between the intrusion and dike was set as x = 0; the initial
effective element content (activity) at x < 0 (intrusion) is CI,
and at x > 0 (dike) is CD. Fe has the self-diffusion coefficient
DI in the intrusion and DD in the dike. The diffusion equa-
tion is written as (Zhang, 2008):

@C
@t

¼ D
@2C
@x2

ð9Þ
The initial condition is:

Ct¼0 ¼
CI jx < 0

CDjx > 0

�
ð10Þ

The boundary condition is:

CD

CI x¼0

¼ K ð11Þ

DI
@CI

@x x¼�0
¼ DD

@CD

@x x¼þ0
ð12Þ

The solution of the diffusion equation can be obtained
by:

C ¼ CI þ CD � KCI

K þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DI=DD

p erfc
xj j

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiR t
0
DIdt

q ; when x < 0

ð13Þ

C ¼ CD þ KCI � CD

1þ K
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DD=DI

p erfc
x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR t
0
DDdt

q ; when x > 0

ð14Þ
where t is the diffusion duration, erfc is Gaussian error
function, and diffusivity in the dike (DD) was assumed to
be �2 times that of the intrusion (DI). CD and CI are repre-
sented by relatively primitive samples TDM12
(SiO2 = 56.55 wt.%, FeOt = 5.94 wt.%, d57Fe = +0.08‰)
and TD36 (SiO2 = 46.10 wt.%, FeOt = 10.59 wt.%, d57Fe
= +0.11‰) (Tables 1 and S2; Li et al., 2020), respectively.
The partition coefficient (K) of Fe between the melt and
solid is estimated by the Fe content ratio of basaltic-
andesitic melt to coexisting pyroxene that is �1.5 in exper-
imental melt at 55 wt.% SiO2 (Nicholls and Harris, 1980;
Dunn and Sen, 1994). 54Fe and 57Fe were treated as individ-
ual elements, and their diffusivity ratio was given by D54/
D57 = (m57/m54)

b (Richter et al., 1999), in which m57 and
m54 are atomic masses of 57Fe (56.935392) and 54Fe
(53.939608), respectively. b = 0.08 in this study is slightly
higher than the experimental result (0.03 ± 0.01; Richter
10 cm to fit the light Fe isotope compositions of the dikes.
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et al., 2009), probably because of different whole-rock
chemical compositions from the experiment materials
(e.g., Wu et al., 2018). Calculations reveal that the light
Fe isotopes in the dikes could be generated through diffu-
sion within 30 cm away from the interface (Fig. 10).

5.5. Implications for Fe isotope fractionation in basaltic and

andesitic rocks and arc crustal evolution

The Tongde intrusion and dikes were emplaced in an arc
setting at the western margin of the Yangtze Block (Zhao
et al., 2011, 2018). These rocks were derived from a peri-
dotite mantle source and evolved in deep crustal hot zones.
Most samples have high Sr (411–1137 ppm) and low Y con-
centrations (7–21 ppm) and high Sr/Y ratios (33–163)
(Table S2). Partial melting of a garnet-bearing lherzolite
mantle cannot reproduce the primary Fe isotope composi-
tions of the intrusion (Fig. 6b), whereas Rayleigh fraction-
ation of olivine/pyroxene, garnet and amphibole allows Fe
isotopes to evolve along a continuous liquid line of descent
(Figs. 7 and 9). In combination with the Mesozoic-
Cenozoic adakites (He et al., 2017), high Sr/Y samples with
SiO2 less than 65 wt.% show homogeneous Fe isotope com-
positions, similar to those of igneous rocks worldwide
which are not significantly fractionated until SiO2 contents
above 65–70 wt.% (Fig. 11; Sossi et al., 2016; Du et al.,
2017). We suggest that the small Fe isotope fractionation
in low-Si igneous rocks can be well explained by fractiona-
tion of both isotopically light (e.g., olivine, pyroxene and
garnet) and heavy minerals (e.g., amphibole), such a pro-
cess may neutralize the possible Fe isotope variations in
basaltic and andesitic rocks. It is thus possible to establish
an average Fe isotope composition for high-Sr/Y rocks to
evaluate contribution of garnet in deep crustal hot zones;
rocks from the Tongde intrusion and dikes (excluding
diffusion-affected samples) display d57Fe values ranging
45 50 55 60 65 70 75
-0.15

-0.05

0.05

0.15

0.25

0.35

0.45

SiO  (wt.%)2

δ57
Fe

 (‰
)

Tongde intrusion
Tongde dikes
Mesozoic-Cenozoic adakites

Continental arc crust
(+0.13 ± 0.02‰)

Fig. 11. Plot of d57Fe vs. SiO2 for rocks from the Tongde intrusion
and dikes. Mesozoic-Cenozoic adakites (He et al., 2017) and
continental arc crust fields (Li et al., 2019) are shown for
comparison.
from +0.05‰ to +0.21‰ with an average of +0.11
± 0.02‰ (2SD, n = 27). This value is similar to the average
of arc crust at convergent continental margins (d57Fe =
+0.13 ± 0.02‰, 2SD; Li et al., 2019), which is generally
calc-alkaline in composition (Farner and Lee, 2017). There-
fore, there is a possible link between garnet fractionation
and crustal formation in arc roots, driving the melts to
evolve to calc-alkaline series (e.g., Alonso-Perez et al.,
2009). Fractional crystallization of hydrous basaltic mag-
mas under high pressures in deep crustal hot zones makes
a significant contribution to formation and evolution of
the continental crust (Chin et al., 2018). Fe isotopes have
the potential to trace the role of garnet in the above pro-
cesses (Green, 1972; Alonso-Perez et al., 2009; Tang
et al., 2018).

6. CONCLUSIONS

The Fe isotope compositions of rocks from the Tongde
intrusion lie within the previously reported range of global
mafic and intermediate rocks, and show no imprint of fluid
exsolution. Although all samples have high Sr/Y and (La/
Yb)N ratios, partial melting of a garnet-bearing mantle
source cannot reproduce the Fe isotope signatures of the
primary melts. Instead, sequential fractional crystallization
of olivine/pyroxene and garnet in the deep crust followed
by amphibole saturation in the upper section is responsible
for the observed Fe isotope variations. The host intrusion
underwent diffusive exchange with the dikes. The small Fe
isotope fractionation in low-Si igneous rocks can be well
explained by fractional crystallization of various minerals.
Removal of both isotopically light- and heavy-Fe phases
may neutralize the possible Fe isotope variations in basaltic
and andesitic rocks. The average d57Fe value of +0.11
± 0.02‰ (2SD) for high-Sr/Y rocks in deep crustal hot
zones is consistent with that reported for arc crust at con-
vergent continental margins, suggesting a significant contri-
bution of garnet fractionation in formation of calc-alkaline
series rocks. Fe isotopes can be used as indicators in tracing
the role of garnet in formation and evolution of continental
crust.
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