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Abstract
Diverse fluid sources and complex fluid flow paths in skarn systems appear to be well docu-

mented. Nevertheless, in situ microanalysis of oxygen isotopes by secondary ion microprobe (SIMS) 
in skarn minerals can provide further high spatial resolution information on this complexity and the 
formation of skarns and associated ore deposits. In this study, we investigated the Haobugao skarn 
Zn-Fe-Sn deposit (0.36 M tonnes Zn) in the southern Great Xing’an Range, northeast (NE) China, 
and the associated Early Cretaceous Wulanba biotite granite. Based on drill hole logging, four early 
skarn phases are recognized: proximal red-brown garnet-hedenbergite exoskarn, central green garnet 
exoskarn, light brown garnet-diopside exoskarn, and distal pyroxene skarn. Oxygen isotope analyses 
of garnet, pyroxene, and other minerals from skarn, oxide, and quartz-sulfide stages were carried out 
using SIMS to determine the origin and evolution of the skarn-forming hydrothermal system. Garnet 
from exoskarn has a much wider range in δ18OVSMOW, between –8.1 and +6.0‰, than other stages and 
minerals. The estimated δ18O values of fluids in equilibrium with the Haobugao skarn vary widely from 
–5.1‰ to +8.9‰, suggesting that the skarn formed via episodic flux of magmatic fluid and meteoric 
water. Low δ18O values of cassiterite and quartz from quartz-sulfide stage rocks are +1.2 to +3.6‰, 
and +5.7 to +5.9‰, respectively, indicating significant contributions of meteoric water during deposi-
tion of Pb-Zn sulphides. Therefore, meteoric fluids were periodically present throughout most of the 
stages of skarn formation at Haobugao.
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Introduction
Skarn ore deposits are important global sources of base (W, 

Cu, Fe, Mo, Sn, Pb, and Zn) and precious (Au and Ag) metals; 
they formed in association with shallow magmatic systems that 
were emplaced in or near carbonate rocks (Meinert 1992; Meinert 
et al. 1997; Chang et al. 2019). Many studies have been carried 
out to determine the source, properties (e.g., temperature, salinity, 
pH, pressure) and evolution of the ore-forming fluids (Meinert et 
al. 1997, 2003, 2005; Crowe et al. 2001; Singoyi and Zaw 2001; 
Baker et al. 2004; Rossetti and Tecce 2008; Samson et al. 2008; 
Vallance et al. 2009; D’Errico et al. 2012; Peng et al. 2015; Shu 
et al. 2011, 2017; Zhong et al. 2018; Demir and Dişli 2020). The 
origin and evolution of skarn-related ore-forming fluids remain 
incompletely understood with two general competing models: (1) 
pre-ore skarn formed by magmatic fluids, and ore precipitation 
resulting from mixing of magmatic fluids with low-δ18OVSMOW 
meteoric water (Shelton 1983; Layne et al. 1991; Singoyi and 
Zaw 2001; Palinkaš et al. 2013; Peng et al. 2015; Shu et al. 2017; 
Zhong et al. 2018; Demir and Dişli 2020); (2) both early fluids 

in the prograde skarn stage and later ore-forming fluids in the 
retrograde stage correspond to different pulses of magmatic fluids 
released at different stages of magma differentiation, based on the 
magmatic oxygen isotope signatures of hydrothermal alteration 
minerals and fluid inclusion analyses (Meinert et al. 1997, 2003; 
Baker and Lang 2003; Baker et al. 2004; Samson et al. 2008; 
Vallance et al. 2009; Shu et al. 2011). Megaw (1988) and Meinert 
et al. (2005) have pointed out that both increased involvement of 
external fluids and interaction with wall rocks are to be expected 
with increasing distance from magmatic fluid sources.

Oxygen isotopes have long been recognized as a powerful 
tracer of magmatic and hydrothermal processes largely based on 
bulk oxygen isotope analyses of single minerals in these systems 
(e.g., Christensen et al. 1989; Clechenko and Valley 2003; Demir 
and Dişli 2020; Gevedon et al. 2021). Garnets can be zoned 
in cations (Fe, Mg, Mn, and Ca) and trace elements (Tracy et 
al. 1976; Hickmott et al. 1987; Jamtveit 1991; Jamtveit et al. 
1993, 1995). Thus, Crowe et al. (2001) found oxygen isotope 
zoning in hydrothermal garnets and became the first to publish 
integrated isotope and elemental data at microanalytical scale, 
which has greatly improved the understanding of the formation 
of hydrothermal garnets. Moreover, there are typically spatio-


