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abStRaCt

The factors and processes that control trace-element partitioning among co-crystallizing cumulus 
minerals in layered intrusions have long been controversial. Here we address this issue using new laser 
ablation ICP-MS trace element data for magnetite, ilmenite, and clinopyroxene from the Panzhihua 
layered intrusion in the Emeishan large igneous province, SW China. The cumulus minerals display 
strong Ni, Co, and Cr depletions, indicative of parental magmas low in concentration of these elements 
probably due to prior sulfide removal and the fractionation of chromite or Cr-magnetite in a staging 
magma chamber at depth. Both magnetite and clinopyroxene show cyclical variations in some transi-
tion elements (e.g., Cr, V, and Ni) along the stratigraphic section. The average concentrations of these 
transition elements in magnetite are positively correlated with those in clinopyroxene, likely resulting 
from co-crystallization of magnetite and clinopyroxene. The incompatible element (e.g., Zr, Hf, and 
Nb) concentrations of the cumulus minerals from the Lower Zone are highly variable compared to 
those of the Middle and Upper Zones. These large variations in trace element compositions are at-
tributed to a “trapped liquid shift” in the Lower Zone. Ilmenite crystals from the Panzhihua intrusion 
may have undergone extensive modification of transition elements during subsolidus re-equilibration 
with magnetite, leading to the decoupled variations of transition elements in ilmenite across the Lower 
Zone stratigraphy. Our study indicates that systematic trace element variations of the main cumulus 
mineral assemblage, rather than a single mineral, need to be considered to better constrain the magmatic 
differentiation and elemental fractionation of layered intrusions.
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intRoDuCtion

Layered mafic intrusions provide important insights into 
magmatic fractionation and crystal accumulation processes in 
magma chambers (Wager and Brown 1967; Cawthorn 1996). 
Gravitational settling and dynamic sorting may result in the 
concentration of denser minerals (e.g., Fe-Ti oxides) in the 
cumulate rocks relative to lighter ones (e.g., plagioclase), giving 
rise to different mineral assemblages at different stratigraphic 
positions in the layered intrusions (Zhang et al. 2012; Maier 
et al. 2013; Song et al. 2013; Forien et al. 2015). Afterward, 
compositions of cumulus minerals may be modified by trapped 
liquids and/or post-cumulus processes (Barnes 1986; Godel et 
al. 2011; Tanner et al. 2014). Thus, it is problematic to quantify 
the compositional differentiation of silicate magmas and parti-
tioning of trace elements among co-crystallizing minerals (e.g., 
Tribuzio et al. 1999; Jang and Naslund 2001; Cawthorn 2007; 
Jourdan et al. 2007; Jakobsen et al. 2010). Long-standing issues 
regarding the petrogenesis of layered intrusions, e.g., the nature 
and evolution of the parental magmas in the Sept Iles layered 

intrusion (Namur et al. 2010) and the Bushveld Complex (Maier 
et al. 2013; Tanner et al. 2014), are still hot debated.

Recently, laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS) has made it possible to accurately 
determine in situ the trace element concentration of small vol-
umes of cumulus minerals (e.g., Liu et al. 2008; Dare et al. 2012). 
LA-ICP-MS data have been used to elucidate igneous processes, 
including fractional crystallization (Arndt et al. 2005; Godel et 
al. 2011; Dare et al. 2014; Liu et al. 2015), and magma replen-
ishment and mixing (Vantongeren and Mathez 2013; Luan et al. 
2014; She et al. 2014, 2015), and reactions between cumulate 
minerals and intercumulus liquid (Cawthorn 2013; Egorova and 
Latypov 2013; Tanner et al. 2014). However, the critical factors 
controlling the partitioning of trace elements among cumulus 
minerals are yet to be well constrained in layered intrusions, and 
are the focus of this study.

The Permian Panzhihua layered intrusion is a representative 
mafic-ultramafic igneous complex in the central part of the 
Emeishan Large Igneous Province (ELIP), SW China. Unusually 
thick, stratiform massive Fe-Ti oxides (up to 60 m) and magnetite 
gabbro layers occur in its lower section (Panxi Geological Unit 
1984). Although numerous studies were conducted on the origin 




