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Abstract
Gold (Au) deposits have formed in orogenic belts throughout Earth’s history. However, the upper 

temperature limits of orogenic Au vein formation are difficult to constrain because measurements 
made on fluid inclusions focus on intermediate to late-stage minerals (e.g., quartz and calcite) or are 
based on P-T estimates for the metamorphic mineral assemblages of the host rocks. We conducted a 
study of TiO2 polymorphs that are among the earliest minerals that grew in Au-bearing veins of the 
Dongyuan deposit, Jiangnan orogenic Au belt, South China. Based on Raman analyzes, we identified 
TiO2 polymorphs of anatase (with Raman peaks at 396, 515, and 638 cm−1), rutile (with Raman peaks 
at 235, 447, and 613 cm−1), and anatase–rutile intergrowths. Transmission electron microscope (TEM) 
confirmed the polymorphs identifying the [11 1] zone axis of anatase, [110] zone axis of rutile, and [11 1] 
and [111] zone axes of rutile–anatase intergrowths. The TiO2 polymorphs in the Dongyuan Au veins 
constrain a temperature range for early mineral precipitation in the veins of 450–550 °C. The results 
show that ore-forming fluids for this orogenic Au deposit emplaced in the shallow crust originated 
from deeper and hotter crustal levels (e.g., high-grade metamorphic rocks in the middle to lower crust).
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Introduction
The upper temperature limits of ore deposit formation are a 

key factor for improving our understanding of mineral deposits, 
as they may reflect the ore source(s) and control mineral species 
stability and precipitation sequences. Although deeply sourced 
fluids contribute to mineralization in many orogenic Au deposits, 
the deposits are much more commonly found in the shallow crust 
(Groves et al. 1998; Goldfarb et al. 2001, 2005; Mao et al. 2002; 
Wang et al. 2014). Orogenic Au deposits are also commonly de-
fined as mesothermal deposits, but the upper temperature limits for 
early mineral precipitation in Au ore veins are difficult to constrain 
because: (1) fluid inclusion microthermometry of minerals such as 
quartz and calcite only constrains the temperature of intermediate 
to late stages of mineral formation, which may be lower than the 
initial temperature of Au vein formation; and (2) temperature esti-
mates based on the metamorphic mineral assemblages of the host 
rocks may not represent the temperature of initial vein propagation.

Orogenic Au deposits hosted by low- to medium-grade 
metamorphic rocks (i.e., schists and slates) generally contain TiO2 
phases (Goldfarb et al. 2005). Although the geochemistry and 
geochronology of rutile in Au deposits have been studied (Wong et 
al. 1991; Meinhold 2010), characterization of the other genetically 
related TiO2 polymorphs is rarer. Furthermore, the mechanisms 
that control TiO2 polymorphs stability in orogenic Au deposits 
are unclear, and the implications for the occurrence of different 
polymorphs are not particularly well understood. Anatase and 
rutile are two common TiO2 polymorphs, with morphologies and 
stabilities that are controlled by temperature and time (Navrotsky 

and Kleppa 1967; Hanaor and Sorrell 2011), and the thermody-
namic properties of TiO2 polymorphs have been systematically 
investigated (Navrotsky and Kleppa 1967; Jamieson and Olinger 
1969; Chen et al. 1995; Gennari and Pasquevich 1998). Based on 
the extrapolation of these experimental data, it is proposed that 
TiO2 polymorphs may provide important insights for constraining 
upper temperature limits in orogenic Au deposits.

The Jiangnan orogen is an east-northeast-trending Neopro-
terozoic orogenic belt located along the southeastern margin of 
the Yangtze Block in China, which hosts numerous orogenic Au 
deposits, such as the Wan’gu, Huangjindong, and Dongyuan. 
The Au orebodies of the recently discovered Dongyuan deposit 
are hosted by Neoproterozoic slates, structurally controlled by 
east-west (E-W) trending ductile shear zones, and consist of 
quartz-dominant veinlets or veins and sulfide (mainly arseno-
pyrite) veinlets or veins. The quartz veinlets or veins also con-
tain some sulfides, chlorite, and carbonate minerals (ankerite, 
manganocalcite, and calcite), along with minor albite, scheelite, 
TiO2 minerals, and monazite. The Au is mainly hosted in arsenopy-
rite. Detailed observation of the mineral assemblages, combining 
electron-probe micro-analysis (EPMA), Raman spectroscopy, 
and TEM analyzes, we demonstrate that anatase, anatase–rutile 
intergrowths, and rutile are present. The TiO2 polymorphs, which 
precipitated during the early stage of the Au mineralization, are 
used to infer the upper temperature limits of Au vein formation 
in this orogenic Au deposit.

Regional geological setting
The Jiangnan Orogen is located along the southeastern 

margin of the Yangtze Block, South China, and is an approxi-
mately1500 km long northeast-trending fold belt that extends 
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