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abstraCt

Both prograde and retrograde skarns from the Tengtie iron deposit, South China, contain rounded, 
euhedral, and anhedral zircon grains. Rounded grains were originally derived from detritus in carbon-
ate rocks and were incorporated into the skarns. Euhedral and anhedral crystals are intergrown with 
various skarn minerals and are clearly hydrothermal in origin. These hydrothermal grains have low 
(Sm/La)N ratios and high La contents relative to typical magmatic ones and display flat LREE and 
subdued flattening of HREE chondrite-normalized patterns, similar to those of zircon crystallized 
from Zr-saturated fluids. Prograde skarns also contain baddeleyite rimed by zircon, which record a 
period of low Si activity during prograde skarnization relative to original magmatic-hydrothermal 
fluids. Hydrothermal zircon grains from Tengtie have variable Eu anomalies and slightly positive 
Ce anomalies, indicating that they may have crystallized from highly heterogeneous, but generally 
reducing fluids. They have low δ18O values (–5.1 to –2.7 ‰), suggesting the involvement of meteoric 
fluids. Fluorine-rich fluids played an important role in remobilizing and transporting some high field 
strength elements (HFSE), including Zr, from the host granites into the skarn system. Reaction between 
HFSE-bearing fluids and carbonate rocks at the prograde stage decomposed F complexes to deposit 
HFSE-rich skarn minerals and baddeleyite. At the retrograde stage, alteration of the HFSE-rich skarn 
minerals released HFSE, including Zr and Sn, consequently producing a mineral assemblage of zircon, 
cassiterite, and retrograde skarn minerals. Dating results of zircons from the Tengtie skarn system by 
SIMS indicates roughly less than several million years duration for skarnization. Our study indicates 
that Zr was not only mobile locally under favorable conditions, but was also readily transported and 
deposited in different stages of skarnization.
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introduCtion

Being one of the high field strength elements (HFSE), 
zirconium (Zr) has long been considered to be immobile dur-
ing metamorphism or alteration (e.g., Ague 1994, 2003, 2011; 
Bebout et al. 1999; Breeding et al. 2004; Penniston-Dorland and 
Ferry 2008), and it is widely used for petrogenetic studies (e.g., 
Pearce and Cann 1973; Floyd and Winchester 1975; Drummond 
et al. 1996; Pearce 1996, 2008; Solar and Brown 2001; Ernst 
and Buchan 2003). However, an increasing body of evidence 
has shown that Zr can be mobilized by hydrothermal fluids and 
re-deposited as hydrothermal Zr-bearing minerals (e.g., Kerrich 
and King 1993; Nesbitt et al. 1999; Hoskin 2005; Pettke et al. 
2005; Geisler et al. 2007; Lawrie et al. 2007; Pelleter et al. 2007; 
Kusiak et al. 2009; Toscano et al. 2014; Deng et al. 2015).

Skarns typically exhibit a temporal evolution with early-
formed high-temperature phases precipitated from magmatic 
fluids overprinting isochemical thermal metamorphic marble 
and hornfels, in turn variably replaced by late low-temperature 
assemblages involved in meteoric and/or basinal fluids (Einaudi 
et al. 1981; Meinert et al. 2005; Rubenach 2013). Some studies 
have reported hydrothermal Zr-bearing minerals in contact zones 

between igneous rocks and carbonate sedimentary rocks (e.g., 
Gieré 1986; Rubin et al. 1989, 1993; Gieré and Williams 1992; 
Moine et al. 1998; Deng et al. 2015). Specifically, hydrothermal 
zircons in these skarns show various morphologies, and some-
times contain skarn mineral inclusions (e.g., Rubin et al. 1989; 
Deng et al. 2015). Furthermore, Rubin et al. (1993) proposed 
that leaching of igneous source rocks by F-rich hydrothermal 
fluids could be the major control on the precipitation of zircon 
in associated skarn assemblages. Recently, Deng et al. (2015) 
analyzed hydrothermal zircon by LA-ICP-MS showing a genetic 
relationship between iron skarn mineralization and the coeval 
magmatism. However, it remains unclear whether Zr-bearing 
minerals can form during different stages of skarnization, and 
what controls the growth of these minerals corresponding to 
the skarnization. Moreover, understanding the formation of Zr-
bearing minerals in skarns can place significant constraints on 
the mechanism of mobilization, transportation, and deposition 
of Zr, and the fluid evolution of skarn systems, not only because 
of their presence, but also because they would be precisely dated 
using the U-Pb isotopic system to place tight temporal constraints 
on the timing of the ore-forming hydrothermal system if enough 
high precision of techniques were achieved.

Here, we report findings of hydrothermal baddeleyite and 
zircon in mineralized skarns from the Tengtie iron deposit, *E-mail: mfzhou@hku.hk
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South China. Their textural relationships with other skarn min-
erals, and elemental and oxygen isotopic compositions indicate 
their formation in both the prograde and retrograde stages of 
skarnization. The results lead us to conclude that Zr was mo-
bilized from granitic rocks by F-bearing hydrothermal fluids 
and that the formation of hydrothermal baddeleyite and zircon 
under different physical and chemical conditions protracted 
mineralization in the deposit. In addition, dating the magmatic 
zircon and skarn zircon provides important constraints on the 
duration of skarnization.

GeoloGiCal settinG and saMplinG

The present tectonic framework of South China was produced 
by multiple collisions of lithospheric blocks, and formed the 
South China Block, which is further divided by the northeast-
southwest-trending Jiangshan-Shaoxing Suture (J-S Suture) into 
the Yangtze Block in the northwest and the Cathaysia Block in 
the southeast (Fig. 1a) (Zhao et al. 2011). The Yangtze Block is 
composed of Archean to Paleoproterozoic crystalline basement 
overlain by Neoproterozoic to Cenozoic sedimentary strata (Zhou 
et al. 2002; Yan et al. 2003). The Cathaysia Block is made up of 
Precambrian basement covered by the Neoproterozoic to Meoso-
zoic sedimentary and volcanic sequences (Chen and Jahn 1998; 
Yu et al. 2005). The whole Cathaysia Block and the eastern part 
of the Yangtze Block witnessed an extensive Mesozoic igneous 
event, divided into the early (180–142 Ma) and late (140–66 Ma) 
phases, which were related to the subduction of paleo-Pacific 
plate (Zhou et al. 2006). Numerous deposits in the Nanling Range 
of the central part of South China are genetically related to this 
event (Hu and Zhou 2012; Mao et al. 2013).

The Tengtie iron skarn deposit in the southern Nanling 
Range occurs along the contact zone between the Devonian to 
Carboniferous strata and the Mesozoic granitic pluton (Fig. 1b). 
Devonian to Carboniferous strata are made up of dolomite and 
dolomitic limestone with sandstone and siltstone, and the carbon-
ate layers are the main magnetite ore host. Early barren Sinian 
to Cambrian strata are composed of low-grade metamorphosed 

clastic rocks locally interbedded with carbonates (Zhao and Zhou 
2015). The Mesozoic pluton is composed of early porphyritic 
(144.3 ± 0.8 Ma) and late fine-grained (106.4 ± 0.7 Ma) biotite 
granite as products of partial melting of the Mesoproterozoic 
continental crust under an extension tectonic setting (Gao et al. 
2005). To the northwest, the Silurian pluton is granodiorite with 
an age of 419.1 ± 6.4 Ma, which was formed by partial melt-
ing of lower crust metasedimentary rocks with participation of 
mantle materials (Cheng et al. 2009). Ore bodies in this deposit 
are distributed in several mining districts, and aeromagnetic 
anomalies have been detected as areas for additional prospecting 
(Fig. 1b). The estimated ore reserves of the deposit include 72 
Mt iron and 0.6 Mt non-ferrous metals (e.g., W, Mo, and Au), 
which together constitute one of the important Fe skarn deposits 
in South China (Zhao and Zhou 2015).

Massive and disseminated skarn ores are dominated by mag-
netite with variable amounts of chalcopyrite, pyrite, sphalerite, 
galena, and cassiterite. The paragenetic sequence shows early 
prograde and retrograde stages of silicate and oxide minerals, and 
a late sulfide stage of pyrite, shpalerite, galena, and chalcopyrite 
(Zhao and Zhou 2015). The prograde stage is characterized by 
diopsidic pyroxene, andraditic garnet, and humite, with accessary 
zircon, baddeleyite, fluorite, and apatite. The retrograde stage 
contains phlogopite, chlorite, epidote, quartz, and calcite, with 
minor amounts of zircon and cassiterite. The late retrograde stage 
is also accompanied by magnetite formation.

More than 100 samples of skarns and granites were collected 
from underground workings in the Tengtie (24°07′ N, 112°13′ E) 
and Dongyuan (24°08′ N, 112°20′ E) mining districts, as well 
as the fresh surface outcrop. Twenty samples were selected for 
zircon observation and separation. Early porphyritic biotite gran-
ite samples are TT14-13 from the underground working of the 
Tengtie mining district (~100 m away from the skarn contact), 
and LY14-35 (24°16′ N, 112°08′ E), LY14-45 (24°16′ N, 112°08′ E), 
LY14-54 (24°14′ N, 112°08′ E), and GD1228 (24°12′ N, 112°09′ E) 
from the fresh surface outcrop. They are composed of quartz 
(25–40 vol%), alkaline-feldspar (30–45 vol%), plagioclase 

FiGure 1. (a) Regional map of South China. (b) Location of the Tengtie skarn deposit and distribution of mining sites in the deposit (Zhao 
and Zhou 2015).
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(15–25 vol%), and biotite (~5 vol%), with accessory zircon, 
magnetite, titanite, and apatite. Late fine-grained biotite granite 
samples are TT14-1617 and TT14-34 from the underground 
working of the Tengtie mining district (~90 m away from the 
skarn contact), and LY14-1617 (24°16′ N, 112°08′ E), LY14-34 
(24°16′ N, 112°08′ E), and GD1227 (24°18′ N, 112°08′ E) from 
the fresh surface outcrop. They consist of quartz (30–35 vol%), 
alkaline-feldspar (35–45 vol%), plagioclase (20–30 vol%), and 
biotite (~5 vol%), with accessory minerals of zircon, apatite, 
titanite, and magnetite. Skarn samples are all exoskarn from the 
Tengtie (TT14-02, TT14-0203, TT14-04, TT14-05, TT14-117, 
F01, F02, F03, and F04) and Dongyuan (DY02) mining districts. 
They are composed of diopside (50–90 vol%), andratitic garnet 
(0–20 vol%), magnetite (0–30 vol%), epidote (0–20 vol%), 
chlorite (0–20 vol%), tremolite (0–10 vol%), and calcite (0–10 
vol%), and quartz (0–5 vol%), with minor amounts of zircon, 
fluorite, and apatite.

analytiCal teChniques
Hand specimens were sawed into rock chips for preparation of mineral sepa-

rates and thin sections, respectively. Zircons were separated from 10 granite samples 
(TT14-1617, TT14-34, TT14-13, LY14-1617, LY14-34, LY14-35, LY14-45, 
LY14-54, GD1227, and GD1228) and three skarn samples (TT14-05, TT14-117, 
and TT14-0203), using standard density and magnetic separation techniques. 
Zircon grains, together with zircon U-Pb and oxygen isotope standards (Qinghu, 
Penglai, and Plésovice), were cast in epoxy grain mounts, which was then polished 
to section the crystals in half for analysis. Uncoated thin sections and mounts were 
documented using transmitted and reflected light micrographs, and then scanning 
electron microscopy (SEM) at the Electron Microscope Unit, The University of 
Hong Kong (HKU). Selected sections and mounts were further vacuum-coated with 
high-purity gold and carbon, respectively, for Cathodoluminescence (CL) imaging 
at the Department of Earth Sciences, HKU, and electron microprobe (EMP) analy-
ses at the State Key Laboratory of Continental Tectonics and Dynamics, Chinese 
Academy of Geological Sciences, Beijing. Gold-coated zircon mount samples 
(TT14-05, TT14-117, LY14-1617, LY14-34, LY14-35, LY14-45, and LY14-54) 
were then used for U-Th-Pb and oxygen isotopic analyses (Li et al. 2009, 2010; 
Tang et al. 2015) at the Institute of Geology and Geophysics, Chinese Academy 
of Sciences, Beijing. Re-polished sections (DY02, F02, TT14-04, and TT14-02) 
and mount samples (GD1227 and GD1228) were used for in situ trace element 
analyses by laser ablation ion coupled plasma mass spectrometry (LA-ICP-MS) 
for zircon (Liu et al. 2010) at the State Key Laboratory of Geological Processes 
and Mineral Resources, China University of Geosciences, Wuhan, and for clino-
pyroxene and garnet (He et al. 2015) at the Chinese Academy of Sciences Key 
Laboratory of Crust-Mantle Materials and Environments, University of Sciences 
and Technology of China, Hefei. Four fluid inclusion sections (F01, F02, F03, and 
F04) were made for microthermometry studies of calcite from the retrograde skarn 
stages at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, 
Guangzhou. Details regarding the analytical techniques above are provided in the 
Supplementary Appendix1.

petroGraphy oF ZirCon

Four types of zircon (Type 1, Type 2, Type 3, and Type 4) 
were recognized based on their occurrences and morphologies 
(Figs. 2–3; Supplementary1 Figures). Type 1 and Type 2 zircons, 
sampled from skarns in the Tengtie and Dongyuan districts, are 
all transparent. Type 1 zircon is further subdivided into Type 1a 
and Type 1b for prograde and retrograde skarn assemblages, 
respectively. Type 1a zircon from the prograde skarns is always 
as anhedral rims around anhedral baddeleyite with sharp contacts, 

and usually less than 15 μm in size (Figs. 2a–2b; Supplementary1 
Fig. S1). The baddeleyite and zircon, accompanied by apatite 
and fluorite, always occur in the pores of the prograde skarn 
minerals (e.g., diopside). Type 1b zircon from the retrograde 
skarns ranges in size from nanometers to more than 100 μm, but 
most are less than 30 μm across (Figs. 2c–2d; Supplementary1 
Fig. S2–S3). Large grains of Type 1b are euhedral or subhedral 
associated with cassiterite, calcite, epidote, and chlorite with 
curved or straight contacts. Some of these grains contain epidote 
or calcite inclusions. Tiny-size Type 1b is usually needle-like 
along the cleavages of the chlorite (Fig. 2e). Both the large and 
small Type 1b grains are associated with magnetite mineralization 
in the retrograde skarns (Fig. 2f). Under CL, a zonation pattern 
is seen in which individual zones appear to be wide and faint 
(Fig. 2g). Two-phase fluid inclusions, about 5 μm in diameter, 
occur in large, euhedral Type 1b zircon grains (Fig. 2h). Type 2 
zircon from skarns is usually rounded, which is obviously dif-
ferent from Type 1 (Figs. 3a–3d; Supplementary1 Fig. S4). They 
are about 30 μm in width, and often have a dark, faint zoning 
inner core with white homogeneous rims under CL. Typically, 
most grains of this type are free of inclusions.

Type 3 zircon from the late fine-grained biotite granite 
and Type 4 zircon from the early porphyritic biotite granite 
are transparent and translucent (Fig. 3; Supplementary1 Fig. 
S4), respectively. Transparent Type 3 zircon grains are mostly 
euhedral with a size of around 200 μm and typical magmatic 
oscillatory zoning (Fig. 3f), and contain apatite inclusions 
(Fig. 3e). In contrast, translucent Type 4 zircon is usually larger 
than 200 μm, and shows complex textures under BSE and CL 
imaging, which generally consists of dark and bright domains 
with a sharp interface (Figs. 3i–3j). The BSE-dark domains typi-
cally contain pores and inclusions of HFSE-rich minerals (e.g., 
thorite), whereas the BSE-bright parts are mostly free of inclu-
sions. Under CL images, the BSE-dark parts are black with no 
visible textures, whereas the BSE-bright parts have weak zoning 
with narrow bands. Fractured and porous textures are common 
in the translucent zircon grains (Fig. 3i).

analytiCal results

Type 1 zircons from skarns and transparent Type 3 zircons 
from the late fine-grained granite have similar major element 
compositions, different from those of the translucent Type 4 
zircons in the early porphyritic granite, which typically have 
distinctly lower ZrO2 (48.8 to 56.8 wt%), slightly lower SiO2 
(29.2 to 32.5 wt%), and higher U (4.07 to 8.04 wt%) and Hf 
(1.42 to 3.03 wt%) (Table 1). The relatively low oxides totals 
(95.02 to 97.71 wt%) of the translucent zircons may be due to the 
incorporation of a hydrous component in the radiation-damaged 
structure (Nasdala et al. 2001) or the porous surface as mentioned 
earlier. Specifically, the BSE-bright domains of the translucent 
Type 4 zircons have relatively high Zr and low U concentrations 
compared to the BSE-dark domains of these grains, but the Si 
and Hf concentrations do not show apparent variations in a single 
grain under X-ray elemental mappings (Figs. 3m–3p).

In the skarns, the Type 1b zircons have δ18O values (–5.1 to 
–2.7‰) much lower than the rounded Type 2 zircon grains (5.0 
to 12.0‰). Transparent Type 3 zircon grains from the late fine-
grained biotite granite have δ18O values (5.8 to 7.7‰) similar to 

1Depos i t  i t em AM-16-125706 ,  Supp lemen ta l  F igu res ,  Tab les , 
and Appendix.  Deposi t  i tems are free to al l  readers  and found 
on the MSA web site, via the specific issue’s Table of Contents (go to  
http://www.minsocam.org/msa/ammin/toc/2016/Dec2016_data/Dec2016_data.html).
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FiGure 2. Microscopic images of hydrothermal Type 1 zircon in thin sections from the Tengtie skarn. (a–f) BSE images. (g) CL image. (h) 
Transmitted-light image. Mineral name abbreviations (Whitney and Evans 2010): baddeleyite = Bdy, calcite = Cal, cassiterite = Cst, chlorite = Chl, 
diopside = Di, epidote = Ep, fluorite = Fl, magnetite = Mag, zircon = Zrn.

those of typical magmatic zircon (e.g., Valley 2003). The δ18O 
values of inclusion- and crack-free domains in the translucent 
Type 4 zircons from the early porphyritic biotite granite are 
roughly similar, ranging from 5.2 to 7.9 ‰ with a peak slightly 
lower than that of the transparent Type 3 zircon (Fig. 4 and 
Supplementary1 Table S1). However, due to metamictization 
or possible later hydrothermal alteration, the δ18O values of the 

translucent, high-U Type 4 zircons could not represent the pri-
mary signature. However, the narrow δ18O ranges indicate that the 
different matrix effects would have less impact on the analyses, 
but the later potential homogeneous hydrothermal fluids might 
play a more important role (e.g., Wang et al. 2014).

The low-U content of zircon is more suitable for SIMS 
U-Pb dating than high-U zircons, because extremely high U 
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FiGure 3. Microscopic images of the rounded Type 2 zircon separates (a–d). Transparent Type 3 zircon separates from the late granitic phase 
(e–h), and translucent Type 4 zircon separates from the early granitic phase (i–p) separates from Tengtie deposit. (a, e, i) BSE image. (b, f, j) CL 
image. (c, g, k) Reflected-light image. (d, h, l) Transmitted-light image (m, n, o). (p) EDS elemental mapping image.
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may cause intense metamictization leading to matrix effects on 
SIMS analyses (White and Ireland 2012; Pidgeon et al. 2013; 
Wang et al. 2014). Analyses of Type 3 and Type 1b zircons yield 
concordia ages of 99.3 ± 0.5 Ma (N = 9; MSWD = 0.0004) and 
97.5 ± 0.7 Ma (N = 5; MSWD = 5.2), respectively (Figs. 5a and 
5c). However, the rounded zircons from the skarn have a wide 
range of ages with the youngest 206Pb/238U age at 416.2 ± 7.1 
Ma, and some points plotting off concordia (Fig. 5b). Dating of 
high-U radiation damaged zircon provide dispersed unreal ages 
(206Pb/238U ages from 88.7 ± 1.3 to 137.3 ± 2.1 Ma; Supplemen-
tary1 Table S2) younger or older than the unknown real age (e.g., 
Wang et al. 2014).

The translucent Type 4 zircons have total concentrations of 
REE (7039–14259 ppm) much higher than the transparent Type 
3 zircons (550–1758 ppm) and Type 1b zircons (58–143 ppm) 
(Supplementary1 Table S3). The transparent zircons have more 
pronounced positive Ce anomalies (Ce/Ce* = 11–156) than the 
translucent (1–6) and irregular (3–15) grains (Fig. 6). The Type 
1b zircons have variable Eu anomalies (Eu/Eu* = 0.16–1.48), 
whereas all the zircons from the granites have significantly 
negative Eu anomalies (Fig. 6).

Based on the core-rim texture in different mineral assem-
blages and major element variations (e.g., Einaudi et al. 1981; 
Meinert et al. 2005), diopside and andratitic garnet from early 
prograde and late prograde assemblages were distinguished and 
show distinct trace elemental compositions (Supplementary1 
Table S4). In the prograde skarn stages, the water/rock ratios 
were high, and thus the partitioning of trace elements in the 
prograde skarn minerals would be mainly buffered by the fluid 
compositions (Gaspar et al. 2008). The early prograde skarn 
minerals are enriched in HFSE with respect to the late prograde 

Table 1. EMPA data (wt%) for zircon and baddeleyite
 SiO2 CaO P2O5 Y2O3 ZrO2 La2O3 Ce2O3 Eu2O3 Sm2O3 Lu2O3 HfO2 TiO2 UO2 Total

Type 1 zircon
TT14-05-1 32.5 – – – 65.1 0.10 0.13 0.18 0.09 – 1.06 0.02 0.56 99.68
TT14-05-2 32.6 0.03 – 0.01 63.9 – 0.27 – – – 0.72 0.06 0.35 98.00
TT14-05-3 32.4 0.04 – – 64.8 0.23 0.24 – 0.02 0.23 0.58 0.02 0.58 99.17
TT14-05-4 32.3 – – – 64.8 – 0.37 – 0.15 – 1.05 0.01 0.12 98.84
TT14-05-5 32.1 0.06 – – 62.8 0.25 0.49 0.01 0.10 – 1.15 0.03 0.27 97.30

Type 3 zircon
TT14-1617-1 32.4 0.17 0.30 0.26 63.6 0.13 0.02 – – 0.12 1.24 0.03 0.09 98.36
TT14-1617-2 32.7 0.02 – – 64.6 0.10 0.03 – – – 1.14 0.06 – 98.71
TT14-34-1 32.4 0.03 0.07 0.26 64.6 – 0.08 – – – 0.77 0.03 0.04 98.23
TT14-34-2 33.1 – 0.05 0.05 64.1 – 0.02 0.12 0.21 – 1.50 – 0.03 99.11

Type 4 zircon
TT14-13-1 32.4 0.36 0.67 3.49 48.8 0.06 – – – 0.39 1.42 0.02 8.04 95.73
TT14-13-3 30.5 0.01 0.23 1.90 56.6 – 0.33 0.04 0.05 0.48 1.96 0.03 5.66 97.71
TT14-13-2 32.1 0.18 0.47 2.47 54.7 – 0.03 0.02 – 0.25 1.54 0.07 4.93 96.71
TT14-13-6 30.8 – 0.35 1.95 56.5 0.12 0.13 0.03 – 0.27 2.77 0.01 4.57 97.50
TT14-13-5 29.2 1.22 0.75 2.75 52.2 – 0.06 0.03 – 0.44 3.03 0.08 5.30 95.02
TT14-13-4 32.5 3.21 0.63 2.71 49.5 – 0.05 – 0.10 0.32 2.85 – 4.75 96.59
TT14-13-7 30.0 – 1.11 3.56 52.8 – – 0.08 – 0.30 2.87 0.03 5.58 96.25
TT14-13-8 31.6 0.24 0.94 2.91 52.2 – 0.27 – – 0.43 2.66 – 5.26 96.58
TT14-13-9 31.0 0.01 0.33 1.84 56.8 – 0.02 – – 0.35 2.59 – 4.07 96.97
TT14-13-10 32.1 0.09 0.26 1.66 55.1 – – 0.18 – 0.06 2.62 0.01 4.53 96.57

Baddeleyite
TT14-04-BD2 – – – – 97.2 0.15 – – 0.04 0.15 0.48 0.05 – 98.07
TT14-04-BD3 – – – – 98.7 0.11 – – – 0.12 1.44 0.01 – 100.42
TT14-04-BD4 – – – – 98.6 – – – 0.12 – 1.39 – – 100.10
Note: Dash (–) means below detection limit of 0.01 wt%.

FiGure 4. Oxygen isotope ranges of zircon from the Tengtie deposit.
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skarn minerals (e.g., Ti, Zr, Nb, Sn, and REE) (Fig. 7). Also, it is 
remarkable that skarn minerals from both early and late prograde 
stages are typically enriched in light rare earth elements (LREE) 
relative to heavy rare earth elements (HREE).

Calcite grains in the retrograde skarns coexisting with the Type 
1b zircon grains contain two-phase fluid inclusions, ranging from 5 
to 15 μm, which are similar to those in hydrothermal zircon grains 
(Fig. 3h). Homogenization temperatures of these fluid inclusions 
in associated calcite range from ~330 to ~230 °C (Fig. 8). Salin-

ity of these aqueous fluid inclusion, estimated using the data of 
Bodnar (1994) for the NaCl-H2O system, ranges from 6.6 to 17.5 
wt% NaCl equiv. (Supplementary1 Table S5). 

disCussion

Baddeleyite and zircon in skarn systems
Zircon grains from the Tengtie skarns have various 

morphologies and chemical compositions indicating different 
origins. The Type 2 zircon grains, with their well-rounded edges, 
are unlikely to have grown in situ in the skarn. Indeed, they have 
wide variations of oxygen isotope values (5.0 to 12.0‰) (Fig. 4b), 
consistent with their diverse origins. Considering that the host 
Devonian strata in the region are interpreted to have formed in 
a platform-basin system (Chen et al. 2001), which may have 
various terrestrial sources, the Type 2 grains are interpreted as 
detrital in origin. Such an interpretation is also supported by 
the wide range of their ages, which are concentrated between 

FiGure 5. SIMS U–Pb concordia age plots for zircons from the 
Tengtie skarn deposit. (a) Hydrothermal Type 1b zircons from the 
retrograde stage of the Tengtie skarns. (b) Detrital Type 2 zircons from 
the Tengtie skarns. (c) Magmatic Type 3 zircons from the late granitic 
phase of the Mesozoic pluton.

FiGure 6. (a and b) Chondrite-normalized zircon REE patterns. 
(c) (Sm/La)N vs. La diagram. The shadowed field is defined by Hoskin 
(2005), and the dashed straight line by Kirkland et al. (2009). Chondrite 
normalizing values are from McDonough and Sun (1995).
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~1.7 to ~1.9 Ga with the youngest age of ~416 Ma (Fig. 5b). 
These age distributions indicate that the major contributor to the 
sedimentary detritus could be Paleoproterzoic sources in South 
China with minor contributions from Caledonian sources, such 
as the Silurian pluton in this region.

In contrast, the Type 1 zircon grains, including euhedral 
and anhedral ones, are unlikely to be detrital in origin, because 
their ages of ~98 Ma are much younger than those of the strata 
(Fig. 5a). The close association of the hydrothermal baddeley-
ite and zircon with different skarn minerals indicates that the 
zircon has grown during different stages of skarnization, and 
thus is hydrothermal in origin (e.g., Deng et al. 2015). Such an 
interpretation is further supported by the presence of two-phase 
fluid inclusions in the Type 1 zircon grains, a feature that is 
similar to hydrothermal zircons formed in some high-sulfidation 
Au–Ag–(Cu) deposits (Lawrie et al. 2007) and skarn Fe deposits 
in North China (Deng et al. 2015). In addition, Type 1 zircons 
have high-La contents and low-(Sm/La)N values relative to 
magmatic ones and display flat LREE and gently positively 
sloping HREE patterns (Fig. 6), typical of zircon precipitated 
from hydrothermal fluids (e.g., Hoskin 2005; Pelleter et al. 2007; 
Kirkland et al. 2009).

In the prograde skarns, anhedral baddeleyite, rimmed by 
Type 1a zircon, is present in interstitial pores of the prograde 
skarn minerals (e.g., diopside) (Fig. 2a). It is noted that such 
zircon-bearing pores do not contain any retrograde minerals, 
different from the pores that suffered from retrograde alteration. 
This feature thus indicates that the formation of both the bad-
deleyite and Type 1a zircon might slightly postdate the prograde 
skarn minerals, and should be products of prograde skarnization. 
The baddeleyite-zircon association is not common in skarns. 
The most plausible explanation is that during the skarnization, 
baddeleyite might crystallize first from relatively low Si-bearing 
fluids. Subsequent incursion of the SiO2-rich hydrothermal fluids 

partially altered it to form zircon rims during successive periods 
of skarn alteration, in response to the increase of silica activity 
(e.g., Davidson and Van Breemen 1988). Such a phenomenon is 
also common in metamorphosed mafic dykes during the initial 
stages of metamorphism, where baddeleyite can decompose to 
a polycrystalline zircon via the reaction: ZrO2 + SiO2 = ZrSiO4 
(Davidson and Van Breemen 1988; Söderlund et al. 2008).

Similarly, in the retrograde skarns, hydrothermal Type 1b 
zircons are closely associated with the retrograde skarn miner-
als. Some of them contain inclusions of minerals identical to 
those from the retrograde skarns (Figs. 2c–2d), and some occur 
as intergrowth in the cleavages of chlorite (Fig. 2e). These fea-
tures indicate that both the zircon and retrograde skarn minerals 
precipitated at the same time. Therefore, hydrothermal zircon 
must have formed during the retrograde stages of skarnization.

In general, Zr in hydrothermal fluids, which results in the 
formation of hydrothermal baddeleyite and zircon in skarns, 
can potentially be sourced by local remobilization of Zr or 
transported from external sources by fluids. A potential local 
source of Zr might be the detrital Type 2 zircons. However, no 
evidence of dissolution on the rounded Type 2 zircon surfaces 
was seen. Localized minor cracks in this type of zircon could 
have been created during mineral separating processes (Figs. 
3a–3d; Supplementary1 Fig. S4). In addition, the low U contents 
in Type 2 zircons would not allow for much radiation damage of 
the crystallographic lattice, which, if it occurred, would enhance 
dissolution and recrystallization (e.g., Geisler et al. 2001; Demp-
ster et al. 2004). This would argue against the possibility of local 
remobilization of detrital zircon grains during much later hydro-
thermal events. Thus, the Zr in the fluids was likely derived from 
external sources. It is suggested that during skarnization, both 
early magmatic-hydrothermal and late meteoric-hydrothermal 
fluids can leach and transport components from external sources 
(Meinert et al. 2005). The occurrence of hydrothermal baddeley-
ite and zircon in the prograde skarns at Tengtie suggests that Zr 
was probably transported into the skarn system at the beginning 
of skarnization. Indeed, the high water/rock ratios, present during 
early prograde skarnization, imposed pronounced HFSE concen-
trations on diopside and garnet, especially Zr and Sn (Fig. 7), 
implying that the magmatic-hydrothermal fluids, which evolved 
from the granitic magmas, were already enriched in HFSE (e.g., 
Smith et al. 2004; Gaspar et al. 2008; Ismail et al. 2014).

Alternatively, modification of zircon is well recorded in the 
radiation-damaged domains of the translucent zircons from the 
early phase of the Mesozoic pluton (Figs. 3i–3l). Such a feature 
is similar to the experimental results of Geisler et al. (2007). 
Hence, it seems that Zr could be sourced from such mobilization 
processes. However, this possibility is excluded by the general 
acceptance that alteration of high-U zircon usually occurs after 
the crystal structure is damaged by radiation, which takes at least 
several millions of years under low temperature (e.g., Mezger 
and Krogstad 1997; Geisler et al. 2003). Also, it has been dem-
onstrated in several studies (e.g., Mursic et al. 1992; McLaren 
et al. 1994; Mezger and Krogstad 1997; Rizvanova et al. 2000) 
that metamict zircon can recover their crystallinity rapidly under 
the laboratory condition above about 600 °C. During the latter 
stages of granitic crystallization, magmatic-hydrothermal fluids 
evolved from residual melts would generally be around 650 °C 

FiGure 7. Spider diagrams of chondrite-normalized trace elements 
from skarn minerals from both early and late prograde stages. (a) Garnet. (b) 
Diopside. Chondrite normalizing values from McDonough and Sun (1995).
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(Einaudi et al. 1981; Meinert et al. 2005). As such, it is possible 
that the initially radiation damaged high U, Type 4 zircon in the 
Mesozoic pluton had already recrystallized when the late granitic 
phase was intruding. This is further supported by the fact that the 
early high U, Type 4 cores are present in the late Type 3 zircons 
from the late granitic phase (Supplementary1 Fig. S4). The Type 3 
zircons have a SIMS age of 99.3 ± 0.5 Ma, comparable to that 
of the hydrothermal Type 1b zircon (97.5 ± 0.7 Ma). Therefore, 
the annealing and leaching processes experienced by the high-U, 
Type 4 zircon might not correspond to the main, high-temperature 
skarnization event. Overall, the Zr source for the hydrothermal 
baddeleyite and zircon, during different stages of skarnization, 
most likely was from the late intrusive phase of the Mesozoic 
granitic pluton.

Nature of hydrothermal fluids
The association of the hydrothermal zircon with fluorite in the 

skarns implies that F-rich fluids were most likely responsible for 
the mobilization and transportation of Zr as ZrFn(OH)m

0 (cf. Salvi 
and Williams-Jones 1996; Salvi et al. 2000; Migdisov et al. 2011). 
It is generally accepted that REEs can form stable highly mobile, 
complexes with both fluoride and chloride anions (e.g., Haas et al. 
1995; Migdisov and Williams-Jones 2007; Migdisov et al. 2009; 
Tropper et al. 2011; Tropper et al. 2013). However, while REE 
chlorides are relatively soluble at moderate temperatures (~300 
to ~500 °C), REE fluorides are relatively insoluble at these tem-
peratures, which limits the amount of REEs transported as REE 
fluoride complexes (Williams-Jones et al. 2012; Williams-Jones 
and Migdisov 2014). As such, the hydrothermal Type 1b zircons 
deposited from such F-rich fluids have the lowest REE contents 
compared to the other zircon grain types (Fig. 6). Notably, the 
different degrees of enrichment of LREE in the prograde diopside 
and andraditic garnet (Fig. 7) is in agreement with the relatively 
high mobility of LREE in F-rich fluids compared to HREE (ex-
cluding Y, which here is strongly partitioned into garnet) (e.g., 
Migdisov et al. 2009; Williams-Jones et al. 2012; Linnen et al. 
2014; Williams-Jones and Migdisov 2014). Hence, we propose that 
the F-rich, magmatic-hydrothermal fluids were evolved from the 

late granitic magmas, with the REE (LREE > HREE) and HFSE, 
interacting with the carbonates to form skarns.

Cerium anomalies of in zircon are likely related to the oxida-
tion state of the fluids (Trail et al. 2011), whereas Eu anomalies 
are more likely related to the REE chemistry of the fluids 
rather than the redox conditions (Pelleter et al. 2007). Variable 
Eu anomalies in Type 1b zircons from the Tengtie retrograde 
skarns indicate that the fluids were spatially compositionally 
heterogeneous, whereas the generally low-Ce anomalies suggest 
low-temperature, reducing fluids relative to those precipitating 
the Type 3 zircons (e.g., Trail et al. 2011). Such a relatively reduc-
ing environment is also indicated by the formation of magnetite 
rather than hematite during the retrograde skarnization (Fig. 2f). 
The relatively low temperature and reducing affinities of the 
retrograde heterogeneous fluids might have resulted from the 
different degrees of mixture between the magmatic and meteoric 
fluids in different places during retrograde skarnization. Such an 
interpretation is supported by the oxygen isotopic composition 
of the Type 1b zircon. The fluid inclusions in calcite, coexist-
ing with the zircon, have homogenization temperatures around 
of 300 °C (Fig. 8), similar to that reported in slate (Dempster 
et al. 2004) and high sulfidation deposits (Lawrie et al. 2007). 
This fluid has a moderate salinity (6.6–17.5 wt% NaCl equiv.). 
Using this temperature of 300 °C, the oxygen isotopic ratios of 
the zircon, and corresponding information from Zheng (1993), 
we calculate δ18O values of –3.28 to –0.89‰ for the retrograde 
hydrothermal fluids, which is consistent with the mixing sources 
involving magmatic and meteoric fluids.

Formation of baddeleyite and zircon during skarnization
Formation of skarns is a dynamic process, involving different 

hydrothermal stages and a continuous fluid evolution process 
(Meinert et al. 2005). Our findings in this study clearly provide 
clues on the mobilization of Zr during skarnization and subse-
quent formation of baddeleyite and zircon in skarns.

The Mesozoic pluton associated with the Tengtie skarn de-
posit was derived from the partial melting of Mesoproterozoic 
continental crust in South China under the tectonic setting of 
subduction of the paleo-Pacific plate (Gao et al. 2005). The late, 
fine-grained biotite granite intruded into the Neoproterozoic and 
Paleozoic strata at 99.3 ± 0.5 Ma (Fig. 5c). In granitic melts, Zr 
is controlled primarily by zircon, and zircon solubility increases 
strongly with increasing F (Keppler 1993; Linnen et al. 2014). 
Incompatible elements, such as Zr and REE, could prefer to con-
centrate in the fluid-rich residual melt from which the subsolvus 
granite formed (e.g., Yang et al. 2014). Therefore, in Tengtie, 
F-rich magmatic-hydrothermal fluids (>650 °C) could have been 
directly derived from evolved magmas of this granitic phase by 
magma boiling (Fig. 9a). Such relatively high-temperatures and 
oxidizing fluids would have contained elevated Zr as ZrFn(OH)0

m, 
along with Si, Sn, and some other HSFE. Once the internal 
hydrostatic pressure became larger than the lithostatic pressure, 
hydrofracturing was triggered, resulting in the penetration of 
magmatic-hydrothermal fluids along extensive fractures in the 
country rocks (e.g., Einaudi et al. 1981; Ciobanu and Cook 2004; 
Meinert et al. 2005).

At the beginning of skarnization, the Zr-bearing fluids in-
teracted with the surrounding carbonates to produce prograde 

FiGure 8. Histogram of homogenization temperatures of fluid 
inclusions in hydrothermal calcite coexisting with hydrothermal Type 1b 
zircon from the Tengtie skarn.
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skarn minerals (e.g., early diopside), consuming Si with some 
Zr, Sn, and other HFSE (Fig. 9b), during which porosity in the 
country rocks was enhanced. Shortly after the deposition of 
early diopside, Ca activities in the skarn systems were prob-
ably still high such that ZrFn(OH)m

0 broke down to baddeleyite 
accompanied by fluorite (Fig. 2b) (e.g., Salvi et al. 2000). 
Notably, the occurrence of baddeleyite in the prograde skarns 
suggests that during the formation of the early prograde skarn 
minerals, the fluids were relatively depleted in Si relative to 
original magmatic-hydrothermal fluids but oversaturated in Zr. 
Subsequent increase of Si activity, due to continuous input of 
relatively Si-rich magmatic-hydrothermal fluids, resulted in the 
decomposition of baddeleyite into the Type 1a zircon rims as 
observed (Fig. 9c).

Retrograde skarnization was related to the evolved fluids 
that were depleted in HFSE relative to the prograde fluids. 
The retrograde skarnization was characterized by alteration of 
prograde minerals to retrograde minerals (Meinert et al. 2005), 
during which Zr and Sn with Si in the early prograde skarn min-
erals (e.g., diopside and garnet), were released into the fluids. 
The released Zr and Sn were responsible for the formation of 
cassiterite and Type 1b zircon (97.5 ± 0.7 Ma; Fig. 5a) together 
with retrograde skarn minerals, such as chlorite, epidote, and 
calcite (Figs. 2c–2f). Meteoric-hydrothermal fluids must have 
been involved in the retrograde process, as suggested by the low 

δ18O of the hydrothermal Type 1b zircon (–5.1 to –2.7 ‰) (e.g., 
Cavosie et al. 2005; Kirkland et al. 2009). Finally, hydrothermal 
Type 1b zircon grains in Tengtie skarns were deposited in a low-
temperature (<400 °C), reducing fluid system (Fig. 9d). SIMS 
dating suggests that the duration of this entire process, from 
the intrusion of late granitic phase to deposition of retrograde 
hydrothermal zircon, was less than several million years, which 
is consistent with the close genetic relationship between the 
granite and the mineralized skarn, and the short duration of the 
ore depositional processes normally seen for porphyry systems 
(e.g., Sillitoe and Mortensen 2010).

iMpliCations

The discovery of abundant hydrothermal zircon and bad-
deleyite in iron skarns from the Tengtie deposit has important 
implications for skarnization. Zr was both mobilized and read-
ily deposited as baddeleyite or zircon during different stages of 
skarnization. Although the fluids for skarnization are commonly 
assumed to be Si saturated (Meinert et al. 2005), our results show 
that there was a period of low Si activity relative to original 
magmatic-hydrothermal fluids due to the formation of pyroxene 
and garnet during prograde skarnization, which was responsible 
for the growth of baddeleyite. During the retrograde stage, the 
growth of zircon was accompanied by mineralization events 
until a relatively low temperature was reached. This process 

FiGure 9. Mobilization of Zr and formation process for the baddeleyite and zircon in the Tengtie deposit. The paragenetic sequence of 
alteration and mineralization in the Tengtie deposit is deduced from the results in this study and data from Zhao and Zhou (2015). (a) Fluorine-rich 
hydrothermal fluids evolved from the late granite. (b) Magmatic-hydrothermal fluids interacted with carbonates to form HSFE-bearing prograde 
skarn minerals, such as diopside. (c) Relatively Si-depleted fluids deposited baddeleyite-zircon intergrowth with fluorite in the pores of the 
prograde skarn minerals. (d) Retrograde alteration caused release of Zr and Sn from HSFE-bearing skarn minerals to form zircon and cassiterite 
with retrograde skarn minerals and magnetite. (e) Annealing and leaching of high-U zircon under low temperature. Mineral name abbreviations 
(Whitney and Evans 2010): baddeleyite = Bdy, calcite = Cal, cassiterite = Cst, chlorite = Chl, diopside = Di, epidote = Ep, fluorite = Fl, garnet = 
Gt, magnetite = Mag, zircon = Zrn.
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may be common in skarns characterized by high-F activities 
and associated Zr sources.

Determining the absolute duration of magmatic-hydrothermal 
mineralization events is one of the key questions in geological 
studies (Meinert et al. 2005; Chiaradia et al. 2013). Ore depo-
sitional processes typically span time ranges from tens to a few 
hundred thousand years constrained by different isotopic dating 
systems (e.g., Sillitoe and Mortensen 2010; Chelle-Michou et al. 
2015). Although it is difficult to assess the uncertainty of differ-
ent methods (Chiaradia et al. 2013), currently, the precision of 
U-Pb dating of zircon can be better than 0.1% (e.g., Slama et al. 
2008). The results from this study, suggest that the skarnization 
could occur over several million years. In the future, the preci-
sion in dating these processes should improve due to continued 
development in better instrumentation. Hence, acquisition of 
reliable ages for hydrothermal zircon and baddeleyite, from both 
prograde and retrograde skarns, may soon become possible, thus 
providing a better understanding of the magmatic-hydrothermal 
mineralization processes.
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