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Abstract
An intensive study of the geochemical characteristics (including the volatile elements Cl and S) of apatite 

associated with porphyry deposits was undertaken to address the debate about the crust- or mantle-derivation 
of their copper and gold and to better understand the controls on the transport of metals in magmatic fluids 
in post-subduction settings. New geochemical data on apatite reveal parameters to discriminate mineralized 
porphyry systems across Iran and western China (Tibet and Yunnan), from coeval barren localities across 
this post-subduction metallogenic belt. Apatites in fertile porphyries have higher Cl and S concentrations 
(reflecting water-rich crystallization conditions) than those from coeval barren ones. Our new isotopic 
data also indicate these volatiles are likely derived from pre-enriched sub-continental lithospheric mantle, 
metasomatized by previous oceanic subduction. This study demonstrates that refertilization of suprasub-
duction lithospheric mantle during previous collision events is a prerequisite for forming post-subduction 
fertile porphyries, providing an evidence-based alternative to current ore-enrichment models.
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Introduction
The Earth’s mantle and crust contain little copper and gold, 

and thus the concentration of these elements to form ore deposits 
requires an explanation of their origin (crust or mantle) and the 
processes required (Sillitoe 2010). Volatiles such as chlorine, 
sulfur, and water are of paramount importance for the transport 
and deposition of copper and gold (Griffin et al. 2013; Tassara 
et al. 2017) and carry the keys to examining this problem. The 
Tethyan metallogenic belt, extending from Europe through Iran 
to Tibet, is one of the world’s major metal-producing belts. It 
contains many post-collisional porphyry deposits and is an ideal 
natural laboratory to examine the origins of important volatile 
components and the related mechanisms for post-subduction 
porphyry mineralization.

Volatiles are difficult to study in whole-rock samples, ow-
ing to alteration and weathering. However, apatite concentrates 
volatiles (e.g., chlorine and sulfur) that are ubiquitous in the litho-
spheric mantle (O’Reilly and Griffin 2000) and crust (Bruand 
et al. 2019) and especially apatite crystallizes early in porphyry 
systems (Mao et al. 2016). Apatite, therefore, can record a more 
complete history of the evolution of volatiles in these magmas 
(Chelle-Michou et al. 2017).

In this study, we use in situ major- and trace-element geo-
chemistry and Sr isotopes of magmatic apatite in porphyries from 
12 porphyry Cu ± Au ± Mo deposits and 7 barren suites within the 
Tethyan metallogenic belt. The sample suite includes the largest 
porphyry deposits in each mineralized domain. These data reveal 

(1) anomalous enrichment of chlorine and sulfur in ore-forming 
magmas, and (2) a mantle isotopic signature in fertile suites.

Samples
Fifty samples from 12 fertile porphyry deposits and 7 barren 

locations in four major post-subduction arcs (Fig. 1) have been 
analyzed, including the two largest porphyry systems in Iran, the 
Sarcheshmeh and Sungun deposits in the Kerman and Arasbaran 
porphyry copper belt; the deposits in the Gangdese belt, southern 
Tibet; and the porphyry systems in the Sanjiang orogen in southeast 
Tibet (Online Material1 Fig. OM1). All samples represent post-
collisional magmatism following cessation of active subduction. 
The description of the deposits and the barren plutons is given in 
the Online Material1. The apatite samples were collected from 
fresh magmatic apatite, without zoning and extensive resorption 
texture from BSE images (Online Material1). To yield robust 
apatite data, especially for the S, Cl, and isotopic analysis, we 
carried out 244 major-element and 562 trace-element analysis on 
seven different apatite standards and synthetic materials, including 
Durango (Mexico), Mad-blue, Mad-green (Madagascar), Moy 
(Myanmar), Mud Tank (Australia), and Kovdor and Sly (Russia). 
Rb-Sr isotopes in apatites with different Sr concentrations were 
measured by the solution method and then used as monitoring 
standards. The description of standards and analytical methods is 
given in the Online Material1. 

Results
Chlorine, sulfur, and rare-earth elements

The chlorine contents of apatite from the ore-forming por-
phyries are generally higher than those of apatite from the barren 
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