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Abstract

Natural carbonatites exhibit a wide range of high field strength elements (HFSEs) and the highest 
Nb/Ta and Zr/Hf ratios among various rock types. However, primitive carbonatitic melts derived from 
carbonated peridotite do not display significant fractionation of Nb-Ta and Zr-Hf. To investigate this 
further, we conducted liquid immiscibility experiments to comprehend the differentiation of these 
HFSEs. Our experiments revealed substantial changes in partition coefficients for Nb, Ta, Zr, and 
Hf between carbonatite and silicate melts. We identified a positive correlation between the partition 
coefficients of these elements and Si, indicating that Si determines the differentiation of Nb-Ta and 
Zr-Hf during liquid immiscibility. The partition coefficients of Si increase as temperature increases 
and pressure decreases, resulting in higher HFSE concentrations during the early stages of liquid im-
miscibility. Liquid immiscibility is crucial in differentiating HFSEs in carbonatitic melts, explaining the 
association between super large carbonatite-related Nb deposits and Si-undersaturated silicate rocks.
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Introduction

The high field strength elements (HFSEs, including Nb, Ta, 
Zr, and Hf) serve as a valuable tool to study the geochemical 
processes in the upper mantle and continental crust (Pfänder 
et al. 2007; Tang et al. 2019). The unique properties of HFSE 
(e.g., high melting points, good corrosion resistance, and bio-
compatibility) make them highly valuable, from aerospace and 
defense to consumer electronics and medical devices (Mackay 
and Simandl 2014). The demand for HFSEs is expected to 
continue to grow as technology advances and new applications 
are developed. However, the availability of these elements may 
be limited due to their relative scarcity in the Earth’s crust, and 
discovering and exploring new deposits of HFSEs will require 
significant investment from the geological community.

The majority of the world’s resources of HFSEs are closely 
related to carbonatite and related alkaline silicate rocks (Mitchell 
2005, 2015). However, only 50 out of 609 (~10%) carbonatites 
have the potential for enriching REE and HFSE to economic ore 
grade (Anenburg et al. 2021; Humphreys-Williams and Zahirovic 
2021; Woolley and Kjarsgaard 2008). Therefore, the formation of 
carbonatite-related deposits requires more stringent conditions. 
In addition, Zr-Hf and Nb-Ta are considered elemental twins and 
exhibit very similar geochemical behaviors throughout various 
geological processes. Nevertheless, natural carbonatites from 
different geological settings often exhibit a significant variabil-
ity in their HFSEs concentrations, Zr/Hf, and Nb/Ta ratios (see 

Online Materials1 Fig. S1) (Bizimis et al. 2003; Chakhmouradian 
2006; Hoernle et al. 2002; Rudnick et al. 1993), implying that Zr 
and Hf, as well as Nb and Ta, were fractionated from each other 
during the formation and evolution of carbonatites.

The formation of carbonatite rocks typically begins with par-
tial melting of carbonated mantle peridotite or eclogite, resulting 
in the formation of initial carbonatitic melts or CO2-rich alkali 
silicate melts (Dasgupta and Hirschmann 2006; Dasgupta et al. 
2013; Rudnick et al. 1993; Wallace and Green 1988). These initial 
melts undergo either liquid immiscibility or fractional crystal-
lization, which leads to the evolution of natural carbonatites 
(Brooker and Kjarsgaard 2011; Kjarsgaard and Hamilton 1989; 
Lee and Wyllie 1994; Martin et al. 2013; Mitchell 2005; Nabyl 
et al. 2020; Tappe et al. 2017; Veksler et al. 1998; Yaxley et al. 
2022). All these processes have the potential to determine the 
concentration and differentiation of HFSEs. To fully understand 
the contribution of these processes, further studies are neces-
sary to develop a comprehensive understanding of the partition 
coefficients between minerals and carbonatitic melts, as well 
as the partition coefficients between silicate melts and carbon-
atitic melts. Previous experimental studies have investigated 
the partitioning of HFSEs between carbonatitic melts and the 
primary minerals found in the mantle, such as clinopyroxene 
(Cpx), garnet, orthopyroxene (Opx), and olivine (Adam and 
Green 2001; Blundy and Dalton 2000; Brenan and Watson 
1991; Dasgupta et al. 2009; Green et al. 1992; Klemme et al. 
1995; Sweeney et al. 1995). However, there is currently a lack 
of sufficient experimental data on HFSEs partitioning between 
carbonatitic melts and silicate melts.

Previous studies showed that the partition coefficients of 
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