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ABSTRACT. Magmatic zircon from altered gabbros adjacent to the �1.07 Ga Lala
Fe-Cu deposit, SW China was modified by NaCl-rich brines related to the Fe-Cu
mineralization. The modified zircon grains are composed mostly of both inclusion-free
and porous domains, and some grains also have overgrowth/rims. The inclusion-free
domains, commonly overgrown by the porous domains, are roughly homogeneous
under BSE imaging but display oscillatory or sector zoning under CL imaging. In
contrast, the porous domains are distinctly mosaic-like under CL imaging, and contain
abundant pores and mineral inclusions such as thorite, xenotime, REE-rich phases,
actinolite, albite, biotite and calcite.

The inclusion-free domains have concentrations of “non-formula” elements (for
example Al, Ca, and Fe) much higher than the magmatic zircon, and are thus
interpreted to be products of interaction between magmatic zircon (possibly metamic-
tized) and the fluids via a diffusion-reaction process. However, these resultant domains
have retained the Th and U contents, REE patterns, U-Pb ages and Hf isotopes of the
precursor, magmatic zircon. On the other hand, the porous domains have stoichiomet-
ric end-member compositions (that is lowered Th, U, REE, Y, and P), and given that
they are porous and inclusion-rich, we proposed that they have formed from the
precursor, element-rich inclusion-free domains or magmatic zircon via a fluid-induced
dissolution-reprecipitation process. It is notable that the porous domains retained the
177Hf/176Hf ratios of the precursors, but possess modified and meaningless U-Pb ages.
Instead, a meaningful U-Pb age (1006 � 62 Ma), similar to the timing of the Lala
deposit, is well recorded by the overgrowth/rims with distinctly high LREEs (La �
50–700 ppm) and elevated Hf isotopic ratios. Our new results reveal that in the
presence of the NaCl-rich brines, the nature of the precursor, magmatic zircon (that is
high element budgets and/or metamictization) plays a key role on hydrothermal
alteration of zircon.
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introduction

Zircon is widely used for U-Pb age dating because of its high closure temperature
(�900 °C) for the U-Pb system, and the very low diffusivity of U, Th, and Pb in most
geological environments (Lee and others, 1997; Cherniak and Watson, 2000). How-
ever, it was demonstrated that original zircon can be modified by metamorphism
and/or hydrothermal alteration, during which its U-Pb system may be partially or fully
reset (for example, Cherniak and Watson, 2000; Rizvanova and others, 2000; Geisler
and others, 2003; Tomaschek and others, 2003; Martin and others, 2006, 2008; Rubatto
and others, 2008). Therefore, understanding the behavior of primary zircon under
different conditions is important for a precise interpretation of the chemical and
isotopic data of zircon (Corfu and others, 2003; Hoskin and Schaltegger, 2003; Geisler
and others, 2007; Martin and others, 2008; Gerdes and Zeh, 2009; Campbell and
others, 2014; Van Lankvelt and others, 2016).
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Previous studies of element mobilization in zircon were concerned mostly with
high- or low-grade metamorphic rocks (for example, Tomaschek and others, 2003;
Geisler and others, 2007; Martin and others, 2008; Hay and Dempster, 2009a; Taylor
and others, 2014). According to these studies, modification of zircon related to
metamorphism involved either solid-state diffusion-reactions or dissolution-reprecipi-
tation processes with the involvement of fluid phases (Putnis, 2002; Geisler and others,
2003; Tomaschek and others, 2003; Schneider and others, 2011). In recent years,
alteration of zircon related to relatively low-temperature hydrothermal mineralization
or sedimentary environments was also documented (for example, Geisler and others,
2007, Hay and Dempster, 2009b; Schneider and others, 2012), and it was further
demonstrated that even the primary zircon was variably modified, meaningful U-Pb
ages of multiple hydrothermal or metamorphic events are likely recorded in the
altered zircons (for example, Kerrich and King, 1993; Campbell and others, 2014;
Kempe and others, 2015; Van Lankvelt and others, 2016). However, these studies do
not provide unambiguous information about compositions of the reacting fluids, and
potential factors (for example, temperature, deformation, metamictization) that are
important for enhancing alteration of zircon under low-temperature hydrothermal
conditions (for example, Geisler and others, 2007; Martin and others, 2008). Clearly
addressing these issues is important for understanding how, and to what extent,
elemental and isotopic (for example, U-Pb, Hf and O) systems of primary zircon are
modified during low-temperature hydrothermal alteration (for example, Gerdes and
Zeh, 2009), in particular if individual zircon grains were affected by multiple growth
and alteration processes.

In order to address the above issues, this study focuses on zircon from altered
gabbros adjacent to the Lala Fe-Cu deposit in SW China. These altered gabbros
contain zircon grains with unusual internal textures that are different from typical
magmatic zircon (Chen and others, 2013). We examine the internal textures of these
zircon grains in detail, and speculate that they may have formed during hydrothermal
alteration related to the Lala deposit. We obtained elemental and U-Pb-Hf isotopic
compositions of different types of zircon grains (or domains) in order to understand
the origin and timing of these unusual zircon grains, and examine possible modifica-
tion of elemental and isotopic systems of the zircon. Furthermore, potential factors
that are important for enhancing alteration of zircon under low-temperature hydrother-
mal conditions are discussed.

geological background

Regional Geology
South China consists of the Yangtze Block in the northwest and the Cathaysia in

the southeast. The Yangtze Block is bounded by the Cathaysia Block to the southeast,
the Indochina Block to the southwest, the Tibetan Plateau to the west, and the
Qinling-Dabie Orogenic Belt to the north (fig. 1). In the Kangdian region, that is the
southwestern part of the Yangtze Block, Precambrian rocks are dominated by Protero-
zoic volcanic-sedimentary sequences including the Paleoproterozoic (�1.7 Ga) Hekou,
Dahongshan, and Dongchuan Groups (Chen and Chen, 1987; Hu and others, 1991;
Greentree and Li, 2008; Zhao and others, 2010; Chen and others, 2013), and the late
Meso- to early Neoproterozoic (�1.1 to �0.95 Ga) Huili, Kunyang, and Julin Groups
(Li and others, 1988; Greentree and others, 2006; Geng and others, 2007; Sun and
others, 2009; Chen and others, 2014). The Paleoproterozoic sequences were com-
monly intruded by slightly younger gabbroic plutons (1.65–1.7 Ga, Zhao and others,
2010; Guan and others, 2011; Zhao and Zhou, 2011). Both the Paleoproterozoic strata
and gabbroic plutons were metamorphosed to upper greenschist-lower amphibolite
facies (Li and others, 1988), which was suggested to be related to the Neoproterozoic
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subduction in the region at 0.95 to 0.74 Ga (Zhou and others, 2002, 2006). On the
other hand, the late Meso- to early Neoproterozoic sequences underwent only lower
greenschist facies metamorphism (Chen and Chen, 1987; Li and others, 1988).

Lala Fe-Cu Deposit and Altered Gabbros
Numerous hydrothermal Fe-Cu deposits are hosted in the Paleoproterozoic

Dahongshan, Dongchuan and Hekou Groups, forming the giant Kangdian metallo-
genic province (Sun and others, 1991; Zhao and Zhou, 2011; Zhou and others, 2014).
The Lala Fe-Cu deposit, located in the northern part of the metallogenic province, is
hosted in albitite, marble, and schist, and, to a lesser extent, in quartzite and meta-tuff
of the Hekou Group (fig. 1B). It was well indicated that this deposit has a mineraliza-
tion sequence of early Fe and late Cu-(Mo, REE) stages (Chen and Zhou, 2012). The
Fe stage consists of mainly magnetite and apatite associated with pervasive alteration of
albite, chlorite, and amphibole. The late, Cu-(Mo, REE) stage has a mineral assem-
blage of pyrite, pyrrhotite, chalcopyrite, bornite, molybdenite, carbonate, K-feldspar,
and micas. The Fe-Cu mineralization has molybdenite Re-Os and allanite U-Pb ages of
�1.07 Ga (Chen and Zhou, 2012, 2014), synchronous with the 1.1 to 1.0 Ga magma-
tism in the Kangdian region (for example, Chen and others, 2014). Both the hosting
strata and Fe-Cu ores are foliated or metamorphosed due to upper greenschist-lower
amphibolite facies metamorphism possibly related to the Neoproterozoic subduction
(Chen and Zhou, 2012), and locally the Fe-Cu ores are tightly deformed or mobilized,
forming abundant veins composed mainly of chalcopyrite, pyrite, bonite, biotite and
quartz (Chen and Zhou, 2012). These veins have biotite Ar-Ar and allanite U-Pb ages of
�0.83 Ga (Chen and Zhou, 2014; Zhou and others, 2014).

A
B

Fig. 1. (A) Tectonic framework of China showing locations of the Kangdian Fe-Cu province and the
Lala Fe-Cu deposit. (B) A simplified geological map of the Lala area showing the locations of the Lala
deposit and gabbroic plutons (modified after Chen and Zhou, 2012). Also shown in (B) are the sampling
sites of the altered tuff and gabbros.
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In the Lala mine, a �1.7 Ga gabbroic pluton intrudes the meta-sedimentary-
volcanic rocks of the Hekou Group, and is adjacent to the Fe-Cu ore bodies (fig. 1B). It
is notable that the western section of the gabbroic pluton near the Fe-Cu ore bodies has
undergone extensive alteration related to the Fe and Cu mineralization (Chen and
Zhou, 2012). The gabbros of this section are crosscut by abundant calcite and
chalcopyrite veins, and are associated with early pervasive Na-Fe alteration and later
potassic-carbonate alteration. In contrast, the gabbros in the eastern part of this pluton
are distal from the Lala mine, and thus are generally unaltered or only weakly altered
(for example, Chen and others, 2013). However, both the altered and unaltered
gabbros have locally suffered from deformation or foliation similar to the Hekou
Group and Fe-Cu ores (Chen and others, 2013).

analytical methods

Electron Probe Micro-Analysis (EPMA)
Major elemental measurement of the zircon was conducted at 25 kV and 20nA

with a JEOL JXA8100 electron microprobe at the Guangzhou Institute of Geochemis-
try, Chinese Academy of Sciences, Guangzhou. The standards used include sanidine
for Si, cubic zirconia for Zr, Hf and Y, magnetite for Fe, diopside for Ca, monazite for
Th, apatite for P, and tugtupite for Cl. Counting times were 30 s for Zr-L� (PETH),
Si-K� (TAP), Fe-K� (LIF), Ca-K� (PETH), P-K� (PETH), and Y-L� (PETH), 60 s for
Hf-M� (TAP) and Cl-K� (PETH), 45 s for Th-M� (TAP), and 15 s for F-K� (LDE1).
The limits of detection for these measured elements are 50 to 200 ppm. It is notable
that some zircon grains contain abundant pore or minerals of micro-meters sizes,
which may affect the EPMA data. However, such a potential effect can be reduced by
carefully selecting target areas, based on high-resolution BSE maps. For example, the
selected target areas are inclusion-free, generally �10 um in diameters.

LA-ICP-MS Trace Elemental Analyses
Trace elemental analyses of zircon were conducted in the Guangzhou Institute of

Geochemistry, Chinese Academy of Sciences, Guangzhou. An Agilent 7500a ICP-MS
coupled with a Resonetics RESOlution M-50 laser-ablation system was used. Detailed
descriptions of the analytical procedures and instrumental operating conditions are
available in Tu and others (2011). The 193 nm laser beam was operated at 10 Hz,
resulting in a 33 �m diameter ablated pit. Zirconium was used as an internal standard
to correct the inter-element fractionation during an individual analysis. Samples were
measured in a short run bracketed by the external standard NIST SRM 612 with
reference values taken from Pearce and others (1997). NIST SRM 614 was used to
monitor the accuracy and precision of the analyses. Subsequent data reduction was
carried out using ICPMSDataCal software (Liu and others, 2008). As some zircon
grains contain mineral inclusions, particularly the porous domains, the target spots
(�50 um in diameter) for laser ablation were carefully selected on the basis of BSE
images to avoid inclusions. Accidental ablation of mineral inclusions during analyses
was also well monitored through the time-resolved analytical signals (Appendix
fig. A1).

LA-MC-ICP-MS U-Pb Dating
U-Pb isotopic analyses of zircon grains were conducted with a Nu Instrument

multi-collector inductively coupled plasma-mass spectrometer (MC-ICP-MS), attached
to the Resonetics RESOlution M-50-HR Excimer Laser Ablation System, at the Univer-
sity of Hong Kong, Hong Kong, China. Analyses were performed with a beam diameter
of 30 �m and a repetition rate of 6 Hz. Data acquisition was started with a 30s
measurement of a gas blank during the laser warm-up time. Typical ablation time was

180 W. T. Chen and M. F. Zhou—Hydrothermal alteration of magmatic zircon related to



40s for each measurement to produce 30 to 40 �m deep pits. 232Th, 238U, 235U, 208Pb,
207 Pb, 206Pb, and 204Pb were simultaneously measured in static-collection mode.
Zircon standards, 91500 and GJ, were analyzed twice before and after every 10 analyses.
91500 was used for external corrections, whereas GJ was used as an unknown for
quality control. The raw data was firstly reduced by the program ICPMSDataCal (Liu
and others, 2008) and then was processed using the ISOPLOT program (Ludwig,
2003). Uncertainties are reported at the 1� level. It is noted that accidental ablation of
mineral inclusions during analyses was monitored through time-resolved analytical
signals (Appendix fig. A2)

LA-MC-ICP-MS Lu-Hf Isotope Analyses
Zircon Lu-Hf isotopes were analyzed using a Geolas 193 nm excimer ArF laser-

ablation system, attached to a Nu Plasma MC-ICP-MS, at the Northwest University,
Xi’an City, China. The analytical protocol was similar to that outlined in Yuan and
others (2008). A stationary spot was used with a beam diameter of �40 �m, an 8 Hz
repetition rate, and a laser power of 100 mJ/pulse. Zircon 91500, GJ-1, and Monastery,
were used as reference zircon standards.

petrography of magmatic and altered zircon

Zircon grains were separated from two altered gabbro samples (LL-169-1 and
LL-169-2) (fig. 1). The altered gabbros are composed of secondary albite and actinolite
with variable amounts of calcite, quartz, chlorite, epidote, apatite, zircon, magnetite,
and chalcopyrite (fig. 2). These gabbros are different from the unaltered or slightly
metamorphosed gabbros that are composed dominantly of plagioclase (partially
altered to albite), clinopyroxene and secondary amphibole (Guan and others, 2011;
Chen and others, 2013). Zircon grains from an altered tuff sample were also separated,
in order to compare with those from the altered gabbros. The altered tuff consists
mainly of albite, quartz, and K-feldspar with variable amounts of calcite, biotite,
muscovite, chlorite, and magnetite (Chen and others, 2013).

Zircon grains were separated by adapting magnetic and heavy liquid techniques,
followed by hand-picking under a bi-modular microscope. About 150 zircon grains
from each sample were collected, mounted in epoxy, and polished to about half-
thickness. Both backscatter electron (BSE) and cathodoluminescence (CL) images
were obtained to investigate the morphologies and internal textures of the zircon
grains in the epoxy mounts and thin sections. BSE images were determined at 20 kV
and 10 nA with a Hitachi S-3400N Variable Pressure SEM at the Electron Microscope
Unit, the University of Hong Kong, Hong Kong. CL images were obtained with a JEOL
JSM-6510 SEM at the Beijing GeoAnalysis Co., Ltd., Beijing.

Unmodified Zircon
The altered gabbros contain only a small proportion of unmodified zircon grains

that are all euhedral and do not show any signs of resorption (fig. 3). They are
commonly clear and colorless under optical microscope (figs. 3A and 3B) and
homogeneous under BSE imaging but exhibit oscillatory or sector growth zoning
under CL imaging (fig. 3), similar to typical magmatic zircon. Indeed, as will be also
demonstrated later, these zircon grains are chemically similar to magmatic zircon
grains in unaltered gabbros distal from the Lala mine (Guan and others, 2011; Chen
and others, 2013).

Altered Zircon
Most zircon grains from the gabbros are secondary and generally embayed or

surrounded by hydrothermal minerals including albite, calcite, chlorite, biotite, and
actinolite (fig. 2). Minor apatite and REE minerals are also present in the mineral
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A

B

C

Fig. 2. BSE images of the altered gabbro showing textural relationships between zircon and other
minerals. In (A) and (B), both zircon, and apatite were corroded by albite, actinolite, calcite and REE
minerals. Note that the zircon grains contain various inclusions of minerals. In (C), both zircon and ilmenite
grains were replaced by an matrix assemblage of calcite, albite, apatite, and chlorite. The red arrows indicate
the presence of Th-HREE-Y-rich silicates in zircon. Abundant voids and chlorite is also enclosed in the zircon
grain. Mineral abbreviations: Ap-apatite; Cal-carbonate; Ab-albite; Zr-zircon; Ilm-ilmenite; Mt-magnetite;
Chl-chlorite; Qz-quartz; Bt-biotite; Act-actinolite.
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matrix surrounding the altered zircon (figs. 2A and 2B). The altered zircon grains
show complex internal textures under the optical-microscopic, BSE and CL imaging
(figs. 4 and 5), and generally consist of both inclusion-free and porous domains. A few
altered grains also have overgrowth/rims over the porous and/or inclusion-free
domains.

Inclusion-free domains.—The inclusion-free domains, mostly irregular in shape, are
generally homogeneous under BSE imaging (figs. 4A, 4B, 4C, and 4D), but exhibit
pronounced oscillatory or sector growth zoning under CL imaging (figs. 4B and 4D).

Porous domains.—In most cases, this kind of domain tends to occur around the
inclusion-free domains with irregular and sharp contacts (figs. 4A, 4B, 4C, and 4D).
They are intensively pitted and commonly were cut by angular hydrothermal minerals
including albite, edenite, biotite and calcite (figs. 2B, 2C, 5C, and 5E). Under the
optical microscope, the porous domains are nearly opaque due to the high density of
porosity and mineral inclusions, whereas under CL imaging, they are mosaic-like with
randomly distributed white and black patches (figs. 4 and 5D). The porous domains
are also characterized by the presence of abundant pores or voids which are mostly
irregular in shapes and generally tens of micrometers in sizes (up to 20 �m; figs. 5 and
6). It is interesting to mention that some voids contain euhedral sylvite (KCl) or halite
(NaCl) as identified by using Energy Dispersive Spectrometer (EDS) (fig. 6), possibly
representing relics of daughter minerals of original fluid inclusions. Such an interpre-
tation is well supported by the local presence of crystal-bearing fluid inclusions in these
domains. Other than the pores or voids, the porous domains contain abundant
fine-sized, angular mineral inclusions including albite, actinolite, calcite, chlorite,
HREE-Y-rich silicates, xenotime, thorite, thalenite, biotite, allanite, galena, and titan-
ite, et cetera (fig. 5). These minerals are present together within a single inclusion (for
example, actinolite�chlorite or calcite�biotite in a single inclusion; figs. 5E and 5G),
or occur as a single-phase in relatively small inclusions (generally �5 �m), particularly
for the HREE-Y-Th-rich phases such as thorite, thalenite and xenotime (figs. 5G, 5H,
5I, 6C, and 6D).

Overgrowth/rims.—Some altered grains contain overgrowth or rims over the po-
rous domains. These rims are free of pores or mineral inclusions, and are typically
homogenous and featureless under BSE images (figs. 4F, 5A, and 5B). Some rims also
exhibit oscillatory zoning under CL images (fig. 4E).

A B

Fig. 3. Internal textures of unmodified zircon grains from altered gabbros. These zircon grains are
generally euhedral, homogenous in the BSE image (B), and show oscillatory and sector growth zoning under
CL image (A). Also shown are the spots for trace elemental (white circle) and U-Pb isotopic (yellow circle)
analyses. The white bar refers to a length of 50 �m.
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elemental and isotopic compositions of zircon
Representative zircon EPMA analyses are available in table 1, and the full dataset is

provided in Appendix table A1. Trace elemental concentrations of the zircon are
available in Appendix table A2. Moreover, their U-Th-Pb ages and Hf isotopic
compositions are provided in Appendix tables A3 and A4, respectively, and illustrated
in figures 7, 8, 9, 10, 11, 12, and 13 for comparison. It is notable that compared to

A B

C D

E F

Fig. 4. BSE and CL images of several altered zircon grains from the gabbros. These zircon grains
contain both the inclusion-free and porous domains, and few grains also contain overgrowth/rims over the
porous domains. The inclusion-free domains are homogenous in BSE images (A, C, E) and exhibit
oscillatory growth zoning in CL images (B, D), whereas the porous domains are heterogeneous and mosaic
in CL images (B, D, F). The overgrowth/rims over the porous domains locally exhibit oscillatory growth
zoning in CL images (F). Also shown are the sites for trace elemental (white circle) and U-Pb isotopic (yellow
circle) analyses. The white bar refers to a length of 50 �m.
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EPMA analyses, trace element (also U-Th-Pb ages and Hf isotope) analyses of the
porous domains are challenging, as these domains contain abundant pore or mineral
inclusions. However, the possible effects of accidental ablation of inclusion were
avoided by carefully selecting target spots and monitoring the time-resolved signals
during analyses (Appendix figs. A1 and A2).

EPMA Compositional Data
In general, different domains of the altered zircon have more variable ZrO2 and

SiO2 (fig. 6A) and much higher ThO2, CaO, and FeO than the unmodified zircon
(figs. 6B and 6C). Most of the inclusion-free and porous domains have total element
oxide sums close to 100 weight percent, but some have totals less than 95 weight
percent (Appendix table A1), possibly due to un-identified nano-sized phases or
hydrous species (for example, OH) in the crystal structure. Overall, the inclusion-free
domains have ThO2 concentrations slightly higher than the porous domains but
similar CaO and FeO (figs. 6B and 6C). The rims contain much lower CaO and FeO

A B C

D E F

G H I

Fig. 5. Various mineral inclusions and voids in altered zircon from the gabbros. Note that these are all
BSE images. The porous domain are generally embayed, and contain abundant voids and mineral inclusions
including xenotime, thorite and/or other Th-HREE-rich silicates (A, C, F, H and I), albite, biotite, edenite,
calcite, K-feldspar, actinolite, and chlorite (A, B, D, E, F, G, H), and ilmenite and titanite (C), Note that there
is a sylvite crystal residing in one of the voids (G), possibly representing a relic daughter mineral in an
original fluid inclusion. Mineral abbreviations: Cal-calcite; Chl-chlorite; Ed-edenite; Ilm-ilmenite; Ttn-
titanite; Syl-sylvite; Kf-potassic feldspar; Act-actinolite. Also shown are the spots for trace elemental analyses
(white circle). The white bar refers to a length of 50 �m.
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contents than the porous domains (fig. 6). It is notable that both the inclusion-free and
porous domains have HfO2 contents undistinguishable from those of the unmodified
zircon (fig. 6B).

A

B

C

Fig. 6. Bi-modal variation diagrams showing the major elemental compositions (by EPMA) of the
unmodified zircon, the inclusion-free and porous domains, and overgrowth/rims in the altered zircon
grains from the altered gabbros.
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Elemental distribution maps of selected altered zircon grains reveal that the
inclusion-free domains have Y and P contents higher than the porous domains (fig. 7).
The porous domains coexist with discrete Y- and Th-rich phases (for example, thorite)
that are represented by bright areas in the BSE images. Note that Y and P intensities do
not fully overlap, suggesting the presence of at least two different Y-rich phases, most
likely thalenite and xenotime. Some relatively bright areas in the Cl-intensity map are
possibly due to the presence of Cl-bearing mineral inclusions such as amphibole or
biotite, as also revealed by EDS (figs. 5D, 5E, and 5G).

Trace Element Concentrations
The unmodified zircon grains have the lowest Y, P, Th, and U contents compared

to different domains of the altered zircon (Appendix table A2; figs. 8A and 8B). Their
chondrite-normalized REE patterns show strong enrichments in heavy REEs (HREEs)
relative to light REEs (LREEs) with pronounced positive Ce and negative Eu anomalies
(fig. 9A).

The inclusion-free domains have the Y, P, Th, U (�700 ppm) and total REE
(mostly 5,000 –12,500 ppm) contents much higher than the unmodified zircon
grains (Appendix table A2; fig. 8B). However, these domains exhibit chondrite-
normalized REE patterns similar to those of unmodified zircon, with similar
Eu/Eu* (0.1– 0.3), (Gd/Lu)N (0.1– 0.5), (Sm/La)N (3–100), and Th/U ratios
(1– 4) (figs. 8C, 8D and 9A).

The porous domains have lower REE, Th, and U contents and (Gd/Lu)N and
(Sm/La)N ratios but more LREE-depleted patterns than the inclusion-free domains

Fig. 7. Elemental distribution maps of an altered zircon from the gabbros. The inclusion-free and rims
have relatively high Y and P contents.
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(figs. 8B, 8C, 8D and 9B). They have positive Ce anomalies (Ce/Ce* 	 3–25) similar to
the inclusion-free domains but less pronounced than those of the unmodified zircon
grains (Ce/Ce* 	 40–60) (figs. 8D and 9B).

The rims over the porous domains have distinctly LREE-enriched patterns with
relatively high total LREE contents (530–3,300 ppm) but low (Sm/La)N ratios (0.2–2)
(figs. 8C and 9C). Moreover, they have distinctly negative Eu anomalies (0.15–0.44)
but slightly positive Ce anomalies (Ce/Ce*	1.1–1.7) (figs. 8D and 9C).

U-Th-Pb Ages of Zircon
U-Th-Pb isotopic data of different zircon grains or domains from the gabbros are

plotted on concordia diagrams (fig. 10). The inclusion-free domains give a cluster of
207Pb/206Pb apparent ages similar to that of the unmodified zircon (Appendix table
A3). All these analyses form a robust regression line with an upper intercepted age of
1723 
 7 Ma (MSWD 	 1.2) (fig. 10A).

The porous domains have a wide range of 207Pb/206Pb apparent ages from 1117 to
2103 Ma (Appendix table A3), which all plot below the concordant line for 206Pb/238U
versus 207Pb/235U (fig. 10B). These plots, however, do not form a robust regression

A B

C D

Fig. 8. Bi-modal variation diagrams showing the trace element compositions of the unmodified
zircon, the inclusion-free and porous domains, and the rims of the altered zircon from the gabbros.
(Gd/Lu)N and (Sm/La)N ratios are normalized to chondrite (after Sun and McDonough, 1989). The
grey arrow defines the chemical changes from the inclusion-free to the porous domains. Also shown in
(A) and (B) are the compositions of magmatic zircon from altered tuff in the same mine and unaltered
gabbros distal to the mine (Chen and others, 2013); also shown in (A) are the CL images of the zircon
from the altered tuff. Note that the zircon grains in the tuff all exhibit clear oscillatory zoning, and do
not show any signs of resorption.
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line, and some of them contain considerable amounts of common Pb (Appendix fig.
A2). This is unlike the unmodified zircon, inclusion-free domains and rims, where
common Pb is almost negligible (Appendix fig. A2).

A

B

C

Fig. 9. Chondrite-normalized REE patterns of the unmodified zircon (A), the inclusion-free (A) and
porous (B) domains, and the overgrowth/rims (C) of altered zircon from the gabbros. The chondrite values
are from Sun and McDonough (1989). Note that the overgrowth/rims have distinctly high LREE contents,
and exhibit relatively flat REE patterns without a pronounced Ce anomaly.

190 W. T. Chen and M. F. Zhou—Hydrothermal alteration of magmatic zircon related to



A

B

C

Fig. 10. U-Pb isotopic concordia plots of the unmodified (magmatic) zircon (A), the inclusion-free (A)
and porous (B) domains, and overgrowth/rims (C) of altered zircon from the gabbros. Note that the
inclusion-free domains have U-Pb ages similar to the unmodified (magmatic) zircon, whereas the U-Pb plots
of the porous domains are all discordant but do not show a clear regression line.
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The overgrowth/rims have comparable 207Pb/206Pb apparent ages and form a
robust regression line with an upper intercepted age of 1006 
 62 Ma (MSWD 	 11.9)
(fig. 10C). This age is, within errors is similar to the molybdenite Re-Os and allanite
U-Pb ages of the Lala deposit (Chen and Zhou, 2012, 2014).

Hf Isotopic Composition of Zircon
Hafnium isotopic data for different domains of the altered zircon are plotted

together with previously published data for magmatic zircon from unaltered gabbros
distal to the deposit (fig. 11) (Chen and others, 2013). Both the inclusion-free
(0.281838-0.282002) and porous (0.281985-0.282079) domains have 176Hf/177Hf ra-
tios similar to those of the magmatic zircon from the unaltered gabbros (Appendix
table A4; fig. 11). Instead, the overgrowth/rims have high 176Hf/177Hf ratios (0.282159–
0.282204) relative to both the inclusion-free and porous domains (fig. 11).

discussion

Hydrothermal Alteration of Magmatic Zircon
Formation of the inclusion-free domains via a diffusion-reaction process.—The unmodi-

fied zircon are texturally and chemically similar to typical magmatic zircon, thus
representing magmatic zircon that survived from alteration of the altered gabbros. The
inclusion-free domains of altered zircon also share many similarities with the unmodi-
fied or magmatic zircon in terms of internal textures, REE patterns, U-Th-Pb ages and
Hf isotopic compositions (figs. 4, 8C, 9A, 10A and 11). However, their distinctly high
Ca, Al and Fe concentrations (table 1 and Appendix table A2; fig. 6C and Appendix fig.
A1) indicate that the inclusion-free domains are not relics of magmatic zircon.
Calcium, Fe and Al are highly incompatible with the zircon structure during crystalliza-

Fig. 11. Bi-modal plots of 176Hf/177Hf vs. Yb/Hf for the inclusion-free and porous domains, and
overgrowth/rims of altered zircon grains from the gabbros. Also shown are the Hf isotopic compositions of
the magmatic zircon from the unaltered gabbros distal to the Lala mine (Chen and others, 2013).
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B

C

Fig. 12. Bi-modal plots of FeO�CaO vs. SiO2�ZrO2 (A), F�Cl (B), and total oxides (C). It is notable
that FeO�CaO are negatively correlated with SiO2�ZrO2 and total oxides but positively correlated with
F�Cl (A, B), suggesting that in addition to Ca, Al, and Fe, the F, Cl, and/or OH may also diffuse from the
fluids into the zircon, whereas Zr and Si from the magmatic zircon are lost to the fluids. See the text for more
details.
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tion, and act as “non-formula” elements (Hoskin and others, 2000; Hoskin and
Schaltegger, 2003). Thus, these elements cannot be incorporated into structures of
typical magmatic zircon. Instead, they are able to diffuse from fluids to zircon
through diffusion-reaction process during zircon-fluid interaction, and were finally
dissolved as the form of nano-sized amorphous remnants in the zircon hosts
(Geisler and others, 2003, 2007). As such, we conclude that the inclusion-free
domains were products of interaction between magmatic zircon and fluids through
the so-called diffusion-reaction process. It is notable that the total FeO � CaO
contents are negatively correlated with total SiO2�ZrO2 but positively correlated
with total F�Cl (figs. 12A and 12B). This implies that, in addition to Ca, Al, and Fe,

A

B

Fig. 13. Discrimination diagrams of different types of zircon or domains. Analyses of the overgrowth/
rims are all plotted in the ‘hydrothermal zircon’ field, whereas those of the unmodified (magmatic) zircon
are plotted close to the ‘magmatic’ field. Note that the inclusion-free and porous domains are plotted in the
places between the ‘hydrothermal’ and ‘magmatic’ fields. Both (A) and (B) are modified from Hoskin
(2005).
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both F and Cl may have also diffused into the zircon grains, whereas Zr and Si from
the magmatic zircon have been lost to the fluids. There is also a negative
correlation between the total oxides and total FeO�CaO (fig. 12c), indicating that
other non-analyzed elements (most likely OH) also migrated into the zircon by
diffusion (Geisler and others, 2007).

Formation of the porous domains via dissolution-reprecipitation.—The textural relation-
ships show that in many cases, the porous domains penetrate the inclusion-free
domains (fig. 4), indicating that the porous domains are likely slightly older than or
simultaneous with the inclusion-free domains (fig. 14) (compare Rubatto and others,
2008). The morphology and porous appearances of the porous domains are quite
similar to those modified by metamorphic fluids (for example Corfu and others, 2003;
Hoskin and Schaltegger, 2003; Tomaschek and others, 2003; Rubatto and others, 2008;
Taylor and others, 2014). Formation of such porous zircon domains is commonly
thought to involve a dissolution-reprecipitation process in the presence of fluid phases
(Putnis, 2002; Tomaschek and others, 2003; Rubatto and others, 2008; Martin and
others, 2008; Hay and Dempster, 2009). It is generally considered that the dissolution-
reprecipitation process would involve breaking of bonds and release of elements (that
is dissolution), accompanied by contemporaneous nucleation and growth (that is
reprecipitation) of new, relatively “pure” zircon (depleted in trace elements) and trace
element-rich phases (for example, Th, HREE or Y-rich phases), at an inward-moving
interface (Tomaschek and others, 2003; Geisler and others, 2007). In our case, it is
clearly shown that the porous domains contain abundant fine-grained, single-phase
inclusions of (HREE-Y)-rich silicates (likely thalenite), thorite, or xenotime (figs. 5 and
6), thus consistent with their formation through a dissolution-reprecipitation process.
This interpretation is further supported by the fact that compared to the precursor,
inclusion-free domains or magmatic zircon, the porous domains do have much lower
Y, P, REE, and Th contents (figs. 7B, 8, 9A, and 9B).

Other than containing the inclusions of (HREE-Y)-rich silicates, thorite and
xenotime that are solely sourced from the original zircon hosts, some porous domains
contain abundant pores or inclusions of hydrothermal minerals, albite, actinolite,
calcite, and chlorite, that totally have more than 20 volume percent of the hosts (figs.
5A, 5B and 6). These hydrothermal minerals cannot be sourced from the zircon hosts
but external fluids, thus implying that the dissolved components of zircon were
partially transported out of the hosts by the external fluid, a process that is likely due to
high solubility of zircon in such a fluid or under-saturation of the fluid with respect to
Zr or Si.

Precipitation of the rims from the external fluids.—The rims have low concentrations of
“non-formula” elements (fig. 6C; Appendix fig. A1) and pronounced enrichments of
LREEs contents with low (Sm/La)N and Ce/Ce* ratios (figs. 9C, 9D and 10), similar to
those of typical hydrothermal zircon precipitated from fluids (figs. 14A and 14B)
(Hoskin, 2005). Although it is possible that the Zr in the fluids precipitating the rims
were sourced from the dissolved components of the zircon hosts as indicated above by
the large volumes of pores or voids, the precipitation of the rims in this study was not
related to the documented dissolution-reprecipitation process in which dissolution
and reprecipitation are temporally and spatially connected (Ayers and others, 2003;
Geisler and others, 2007). Indeed, these rims are generally homogeneous under BSE
imaging, and do not contain any single-phase inclusions of (HREE-Y)-rich silicates,
thorite, or xenotime that are expected to be formed in a dissolution-reprecipitation
process. Moreover, the rims are characterized by distinctly high LREE and Hf isotopic
ratios relative to the porous domains (figs. 9C and 11), supporting the conclusion that
the chemical components responsible for the formation of the rims cannot solely come
from the parental grain but were also partially provided by external fluids.
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Possible Controls on Hydrothermal Alteration of Zircon
Primary plagioclase and clinopyroxene from the host gabbros are completely

replaced by hydrothermal mineral assemblages of both the early Fe mineralization
stage accompanied with Na-Fe alteration, including albite, magnetite, chlorite, and

Fig. 14. A schematic diagram showing the formation of different domains and overgrowth/rims of
altered zircon from the gabbros. The altered zircon originates from primary Th-U-rich magmatic zircon (A),
and was likely metamictized at some time before alteration (B). Alteration of the metamict zircon followed a
sequence of an early diffusion-reaction process forming the inclusion-free domains (C), followed by the
dissolution-reprecipitation process forming the porous domains (D). The overgrowth/rims were the last to
have crystallized, surrounding the inclusion-free or porous domains (E). Details are referred to in the text.
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actinolite, and the late Cu mineralization stage accompanied with K-carbonate altera-
tion, including K-feldspar, calcite, and biotite (Chen and Zhou, 2012, 2015). Similarly,
inclusions in the altered zircon and the surrounding matrix have a similar assemblage
that refers to the minerals present in both the Fe and Cu mineralization stages,
indicating that the alteration of magmatic zircon is genetically related to both the Fe
and Cu mineralizing fluids. Previous studies of fluid inclusion and mineral chemistry
indicate that the Fe mineralizing fluids have high salinity (up to 36 equiv. wt% NaCl)
with temperatures ranging of 375 to 460 °C (Shentu, 1997; Jin and Shen, 1998),
whereas the Cu mineralizing fluids have much lower salinity (13–17 wt% NaCl) and
temperatures (230–400 °C) but higher pH values, K/Na and F/Cl ratios, and Ca
concentrations (Yu and Liu, 1988; Sun and Liu, 1990; Chen and others, 1991; Shentu,
1997; Jin and Shen, 1998; Chen and Zhou, 2015). These results indicate that the
magmatic zircon in the gabbros was essentially modified by NaCl-dominant fluids with
variable temperature, pressure and pH, and concentrations of F, Ca and K (Chen and
Zhou, 2015). In other words, the magmatic zircon in the gabbros is able to be modified
by NaCl-rich brines, but effects of fluid salinity, temperature, pH, pressure or variable
Fe, Ca and K on the alteration of zircon tend to be unremarkable.

It is noteworthy to mention that the zircon grains from an altered tuff sample in
the Lala mine are all primary and magmatic and do not show any signs of modification
or alteration (Chen and others, 2013). They are mostly euhedral with clear oscillatory
growth zoning (fig. 8A), and have extremely low concentrations of “non-formula”
elements (for example, Ca�200 ppm; Al mostly �10 ppm) similar to those of typical
magmatic zircon (Appendix table A2; figs. 6C, 9A, 13A, and 13B). Such a good
preservation of magmatic zircon in altered tuffs from the same mine clearly suggests
that the original, magmatic zircon grains were resistant to the NaCl-dominant fluids
that modified the magmatic zircon from the gabbros. The different responses of zircon
to the fluids thus allow us to propose that in addition to the presence of the NaCl-rich
brines, the nature of the precursor, magmatic zircon (for example, trace-element
budgets or metamictization; Geisler and others, 2007) should also be an important
control on the hydrothermal modification of zircon in the gabbros. Indeed, it was
considered that in a fluid-zircon solid solution (that is ZrSiO4-MSiO4; “M” represents
Th or U) interaction system, the zircon solid solution with higher components of
MSiO4 have a higher solubility in an aqueous liquid than the pure zircon end-member
(Lippmann, 1980; Geisler and others, 2007). In other words, MSiO4-rich zircon is
highly reactive to the fluids relative to MSiO4-poor zircon (Geisler and others, 2007).
Indeed, magmatic zircon from the tuff does have much lower REE, Y, P, Th (41–289
ppm; mostly �120 ppm), and U (62–300 ppm; mostly �150 ppm) concentrations than
that of the gabbros (Appendix table A2; for example, fig. 8B), and it is noteworthy that
several survived magmatic zircon grains in the altered gabbros do have lowest Th and U
(or REE, Y, P) concentrations (figs. 8A, 8B and 9A). Therefore, we conclude that the
relatively high solubility for the element-rich, magmatic zircon in the gabbros is likely
one of the important factors for enhancing alteration of zircon.

The Th-U-rich magmatic zircon in the gabbros should be also more susceptible to
radiation damage (that is metamictization) than the relatively “compositionally pure”
zircon in the tuffs, due to the decay of Th and U. Metamictization is able to cause
swellings of amorphous areas, generating a series of fractures (Hay and Dempster,
2009), thus increasing the reactivity of zircon to the fluids (Murakami and others,
1991; Geisler and others, 2003, 2005; Ewing and others, 2003; Wang and others, 2014;
McGloin and others, 2015). In our case, most of the altered zircon, particularly the
Th-U-rich inclusion-free domains, do have radial cracks or fractures (figs. 4C, 5G, and
5H), suggesting that high Th and U, and the resultant metamictization, can be
important controls enhancing hydrothermal alteration of the zircon. It is also
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noteworthy that some Th-U-rich inclusion-free domains do not have clear fractures or
cracks (figs. 5A, 5B, and 5F). However, we cannot exclude the possibility that the
precursors of these domains may have once been metamictized before alteration (figs.
14B and 14C), as metamictized, magmatic zircon can be structurally recovered or
revamped by diffusion of “non-formula” elements such as Ca, Fe, Al, OH, F, and Cl,
through the diffusion-reaction process (Geisler and others, 2003, 2005, 2007; Martin
and others, 2008).

Implications
This study demonstrates that NaCl-bearing brines are capable to modify zircon,

and that the nature of the precursor, magmatic zircon (for example, composition or
metamictization) are a prerequisite for hydrothermal modification. Given that NaCl-
rich brines are very common in many hydrothermal systems, we speculate that
alteration of Th-U-rich zircon should be ubiquitous in altered rocks adjacent to
hydrothermal deposits. However, as will be discussed below, even if the primary
magmatic zircon was partially or completely modified, its altered products may still
potentially record the timing or nature of multiple tectonothermal or hydrothermal
events, particularly the ages of metamorphism or mineralization, which are in many
cases very difficult to determine (Pelleter and others, 2007; Fu and others, 2009).

It was considered that interaction between zircon and fluids via a diffusion-reaction
process likely results in the loss of Zr, Si, Hf, REE, U, Th, and radiogenic Pb from the
precursor zircon (Sinha and others, 1992; Geisler and others, 2003, 2007; Martin and
others, 2008). In addition, common Pb was suggested to likely diffuse to the zircon hosts,
and dissolved in some nano-sized, secondary phases during the interaction, thus variably
modifying the original U-Pb system. However, in our case that involved low-temperature,
NaCl-rich brines, such kinds of modifications on element and isotopic systems are not
observed in the inclusion-free domains that were formed via the diffusion-reaction process.
Instead, except the elevated Ca, Fe, and Al (fig. 12), the inclusion-free domains almost
retained the same REE patterns, Th and U concentrations, U-Pb ages, and Hf isotopic
ratios of the precursor, magmatic zircon (figs. 8, 9, 10A, and 11).

On the other hand, a dissolution-reprecipitation process resulted in precipitation
of new zircon, and thus the porous domains formed in this way are expected to have
similarly reset, meaningful U-Pb ages and Hf isotopic ratios as those from some
metamorphic or hydrothermally modified rocks (for example, Martin and others,
2008; Campbell and others, 2014; Van Lankvelt and others, 2016). However, our new
results illustrate that the porous domains retained the Hf isotopic ratios of the
inclusion-free domains or magmatic zircon (figs. 6B and 11), but exhibit a wide range
of discordant 207Pb/206Pb apparent ages (Appendix tables A3 and A4; fig. 10B) with
considerable amounts of common Pb (Appendix fig. 2). This feature indicates that the
U-Pb and Lu-Hf isotopic systems are decoupled during formation of the porous
domains. It seems that initial Hf isotopic ratios once “set” in the magmatic zircon
structure remains nearly unaffected during hydrothermal alteration (for example,
Gerdes and Zeh, 2009). In contrast, the variable and discordant U-Pb ages for the
porous domains provide a strong hint that the U-Pb system was variably modified but
not completely reset. These unusual behaviors of U-Pb systems during alteration are
likely explained as: 1) Pb loss after the formation of the porous domains, 2) protracted
formation of the porous domains, 3) accidental ablation of visible or invisible mineral
inclusions during measurement as revealed by their high Ca, Fe and Al concentrations
(fig. 6C). The first explanation can be ruled out because the U-Pb analyses do not form
a clear Pb-loss regression line (fig. 9B). A protracted hydrothermal event is also not
evident in this region (Zhou and others, 2014). Accidental ablation of mineral
inclusions is possible, particularly for those analyses with high common Pb that is
responsible for the unreasonably high 207Pb/206Pb apparent ages without common Pb
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correction (Appendix table A3). However, ablation of visible mineral inclusions can be
ruled out, as the measurement was well monitored by time-resolved signal variations,
and most of the analyses for the porous domains containing common Pb do not show
any signs of accidental contamination related to some visible inclusions (for example,
stable Pb, Fe, Al, or Ca time-resolved signals; Appendix fig. A2). We propose that the
most possible explanation for the stable Fe, Al, or Ca signals should be due to the
presence of invisible, nano-sized Ca-Al-Fe-rich phases that are likely homogeneously
distributed in the porous domains. Regarding the origin of such kind of Ca-Al-Fe-rich
phases in the porous domains, the possibility that they were “inherited” from those
present in the early inclusion-free domains can be reasonably ruled out, because the
inclusion-free domains do not contain any considerable amounts of common Pb that
generally cannot be incorporated into zircon structure. Alternatively, the Ca-Al-Fe-rich
phases with common Pb may have precipitated from the external fluids, together with
newly crystallized zircon during the dissolution-reprecipitation process. Therefore, the
U-Pb ages and 176Hf/177Hf ratios of the porous domains are meaningless and cannot
be used to constrain ages of possible hydrothermal/mineralization events. Instead, the
timing of the event is well recorded in the locally present rims (fig. 10C), which have a
robust U-Pb age within error to the molybdenite Re-Os and allanite U-Pb ages of the
Lala deposit (�1.07 Ga) (Chen and Zhou, 2012, 2014).

In summary, even though alteration mechanism of zircon under metamorphic
conditions was previously well constrained, our study clearly indicates that the mag-
matic zircon may have acted differently in the presence of a NaCl-rich brine that is very
common in many hydrothermal deposits. Our work may thus also shed some light on
further experimental studies concerning alteration of different zircon related to
NaCl-rich fluids under low-temperature hydrothermal conditions.

conclusions
This study illustrates that alteration of magmatic zircon grains related to low-temperature,

NaCl-rich fluids involved both diffusion-reaction and dissolution-reprecipitation processes. In
addition to the presence of NaCl-rich fluids, high Th and U contents and/or resultant
metamictization of zircon grains are likely important controls on the alteration of zircon. The
diffusion-reaction process is able to revamp the metamict precursor zircon to form the so-called
inclusion-free domains that retained almost all the magmatic features (for example, Th and U
contents, REE patterns, U-Pb age and Hf isotope) of the precursors. Continuous hydrothermal
modification of the inclusion-free domains or magmatic zircon through a dissolution-
reprecipitation process has produced the porous domains, which involved reprecipitation of
new, trace element-poor zircon together with abundant inclusions of fine-grained Y-HREE-Th-
rich phases. The porous domains retained the Hf isotopic ratios of the precursor, inclusion-free
domains or magmatic zircon, but exhibit a wide range of discordant 207Pb/206Pb apparent ages
without clear geological meanings. This unusual feature was possibly attributed to the presence
of invisible, nano-sized Ca-Fe-Al-rich phases that have co-precipitated with the newly crystallized
zircon during the dissolution-reprecipitation process. Instead, a meaningful U-Pb age is well
recorded in the rims over the altered zircon, representing the timing of the Fe-Cu mineraliza-
tion. As NaCl-rich brines are very common in many hydrothermal systems, we highlight that
alteration of Th-U-rich zircon should be ubiquitous in altered rocks adjacent to hydrothermal
deposits. However, we also suggest that a clear understanding of the complex textures of
hydrothermally modified zircons can provide important information about the origin and
timing of multiple tectonothermal, hydrothermal, or mineralization events.
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Fig. A1. LA-ICPMS time-resolved signal diagram of trace elements of zircon. It is clear that both the
inclusion-free and porous domains contain considerable Ca, Al and Fe (stable signals).
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Fig. A2. LA-MC-ICPMS time-resolved signal diagram of U-Th-Pb ages of zircon. It is notable that the
porous domains contain considerable common Pb (stable Pb204 signal), whereas the common Pb in the
inclusion-free domains and overgrowths is negligible.
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Table A1

Electron microprobe analyses of zircon from altered gabbros
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Table A1

(continued)
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Table A1

(continued)
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Table A2

Trace elemental concentrations of zircon from altered tuff and gabbros

206 W. T. Chen and M. F. Zhou—Hydrothermal alteration of magmatic zircon related to



Table A2

(continued)
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Table A2

(continued)
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