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abstraCt

We present textures and halogen and trace-element compositions of apatites in intrusive rocks from 
the dike-gabbro transition zone of a fast-spreading mid-ocean ridge, which was formed at the East 
Pacific Rise and recently drilled by IODP Hole 1256D. These data are used to discuss the properties 
of parental magmas and seawater-derived hydrothermal fluids at the roof of the axial melt lens during 
the formation of oceanic crust. In general, zoning of apatites from three different lithologies, tonalites, 
diorites, and gabbros, is common and shows a consistent evolution trend with depletion in Cl and 
REEs from core to rim. The cores are usually homogenous in composition and interpreted as magmatic 
origin, whereas zones with lower Cl and REEs are disseminated with heterogeneous concentrations, 
indicating exchanges with hydrothermal fluids. The apatite cores in tonalites are rich in both F and 
Cl, with X F

Ap (proportion of fluorapatite end-member) up to 0.5 and X Cl
Ap (proportion of chlorapatite 

end-member) up to 0.4. In contrast, the apatite cores in gabbros have high X Cl
Ap (up to 0.85) and very 

low X F
Ap (<0.05). The two contrasting types of apatite cores are both observed in diorites, implying 

that magma mixing processes may have controlled the formation of the dioritic intrusives. The strong 
depletions in Cl and REES in some parts of the apatite crystals (mainly rim) can be explained by removal 
of these components via hydrothermal fluids. Based on available F-Cl-OH exchange coefficients for 
apatite-melt, the very high Cl/OH and Cl/F ratios and high Cl contents calculated for tonalitic melts 
cannot be reconciled with a formation of these felsic melts by partial melting of amphibole-bearing 
metabasalts, but indicate that an assimilation of high-Cl brines must have occurred. Similarly, the low-F 
chlorapatites in gabbros also imply an assimilation of high-Cl brines. The source of high-Cl fluids in 
the axial magmatic system may result from seawater-derived fluids, which may form immiscible vapor 
and brine at high temperatures as a result of hydrothermal boiling.
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introduCtion

At mid-ocean ridges (MORs), hydrothermal circulations and 
fluid-rock interactions within oceanic crust have various pat-
terns and lead to the formation of various products at different 
crustal levels (Alt 1995). At fast-spreading ridges, axial melt lens 
(AML) serves as a critical layer for the crustal accretion (Kent et 
al. 1990), which involves various processes resulting in magma 
transport and heat loss (Phipps Morgan and Chen 1993; Coogan 
2014). The AML is a dynamic magma chamber that inflates and 
shrinks temporally, and it is controlled by periodic replenishment 
of magma (Rannou et al. 2006; Colman et al. 2012) as well as 
cooling and crystallization at the roof (Maclennan et al. 2005; 
Zhang et al. 2014). At the roof of the AML, dynamic movement 
of the boundary between the magma body and overlying sheeted 
dikes results in intense melt-rock interactions, which account 
for contact metamorphism and partial melting of the overlying 
crustal rocks (Gillis 2008; Koepke et al. 2008; Zhang et al. 2014; 
Erdmann et al. 2015). In such circumstances, assimilation of 
these materials into the basaltic magmas of the AML is regarded 
as plausible and important in modifying the compositions of 

MOR basalts (e.g., Coogan et al. 2003; France et al. 2014). Cl 
over-enrichments in erupted lavas and melt inclusions at MORs, 
which cannot be fully explained by fractional crystallization, 
have been considered as important evidence for pre-eruption 
assimilation of high-Cl contaminants in the magmatic system 
(Michael and Schilling 1989; Wanless et al. 2010; Freund et al. 
2013; Kendrick et al. 2013). In addition, there are also several 
observations from gabbroic intrusive rocks, which are part of 
the solidified AML, providing direct evidence of assimilation 
processes. For example, the Cl contents of magmatic amphiboles 
in gabbros at Hess Deep (East Pacific Rise, fast-spreading ridge) 
are >10 times higher than that in magmatic amphiboles that 
occur at the Mid-Atlantic Ridge (slow-spreading ridge), clearly 
supporting the idea that the AML under fast-spreading ridges 
is an ideal place for efficient assimilation (Coogan et al. 2001; 
Gillis et al. 2003).

The Integrated Ocean Drilling Program (IODP) Hole 1256D 
at the East Pacific Rise, for the first time, penetrated and sampled 
the dike-gabbro transition zone of an intact oceanic crust (Wilson 
et al. 2006; Teagle et al. 2012), and thus provided an invaluable 
chance to study the magmatic and hydrothermal processes in 
the AML. Detailed observations on the dike-gabbro transition 
zone (Koepke et al. 2008, 2011) and dedicated experimental 
studies (France et al. 2010; Erdmann et al. 2015) indicate that 
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