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Abstract

The relative proportion of divalent and trivalent Eu has proven to be a useful tool for estimating 
fO2 in various magmatic systems. However, in most cases, direct determination of the Eu valence state 
has not been made. In this study, direct determination of Eu valence by XANES and REE abundance 
in merrillite provide insights into the crystal chemistry of these phosphates and their ability to record 
conditions of magmatism. Merrillite strongly prefers Eu3+ to Eu2+, with the average valence state 
of Eu ranging between 2.9 and 3 over approximately six orders of magnitude in fO2. The dramatic 
shift in the REE patterns of merrillite in martian basaltic magmas, from highly LREE-depleted to 
LREE-enriched, parallels many other trace element and isotopic variations and reflects the sources 
for these magmas. The behavior of REE in the merrillite directly reflects the relationship between 
the eightfold-coordinated Ca1 site and adjacent sixfold Na and tetrahedral P sites that enables charge 
balancing through coupled substitutions.
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Introduction

The rare earth element (REE) crystal chemistry of terrestrial 
whitlockite and extraterrestrial merrillite has been discussed in 
detail in numerous studies (Jolliff et al. 1993, 2006; Hughes et 
al. 2006, 2008 and references within). The REE abundances in 
merrillite are substantially higher than in any other phase in ex-
traterrestrial basalts. Although generally low in modal abundance 
(<<1% to ~4%), merrillite often carry greater than 90% of a 
rock’s REE budget. These phosphates exhibit substantial varia-
tions in light rare earth element (LREE) concentrations, ranging 
from enriched (lunar lithologies) to depleted (martian basalts), 
and small (Eu*/Eu = 1.5) (martian basalts) to very large (Eu*/Eu 
= 50) negative Eu anomalies (lunar lithologies, i.e., Jolliff et al. 
1993, 2006). Eu* is the average of the chondrite-normalized Sm 
and Gd concentrations. The scale of the Eu anomalies in the bulk 
rock is a reflection of several factors: basaltic melt composition, 
oxygen fugacity (fO2), and the phases that crystallized from the 
basalt. As only total Eu and not the individual valence state of 
Eu are commonly determined, the role of each of these factors 
is relatively unknown. The relative proportions of divalent and 
trivalent Eu have proven to be a useful tool for estimating fO2 in 
various magmatic systems (McKay 1989 and references within). 
The dependence of the ratio Eu3+/Eu2+ on fO2 can be illustrated by 
the reaction: Eu3+ + 1/2O2– → Eu2+ + 1/4O2. The ability to analyze 
Eu valence in natural materials (apatite) using X‑ray absorption 
near edge structure spectroscopy (XANES) was demonstrated 

by Rakovan et al. (2001). Using this approach, Karner et al. 
(2010) advanced the concept of using Eu valence as a quantita-
tive oxybarometer in pyroxene. The measurements undertaken 
by Karner et al. (2010) were made on experimental run products 
with Eu concentrations much higher than those observed in 
naturally occurring pyroxene. Here, we directly determine the 
Eu3+/Eu2+ in natural merrillite-whitlockite with the following 
objectives: (1) to measure the Eu3+/Eu2+ ratio in extraterrestrial 
merrillite-whitlockite using XANES, (2) to better understand the 
crystal-chemical behavior of Eu3+ and Eu2+ in phosphates, (3) 
to evaluate potential for merrillite in preserving the magmatic 
fO2 record in the late-stages of basalt crystallization, and (4) to 
elucidate the relationship between REE crystal chemistry of 
merrillite and the petrogenesis of martian basalts (shergottites).

Analytical Approach

Merrillite was selected for this study because it is common 
in many extraterrestrial basalts, its REE abundance often makes 
up a large portion of the REE budget for extraterrestrial basalts 
and thereby making Eu valence analysis possible using XANES, 
and it crystallizes late in the history of most basalts, potentially 
providing a record of late-stage fO2. The sample suite used in 
this study was selected from various merrillite- and whitlockite-
bearing assemblages from the Moon, Mars, and Earth. These 
assemblages represent a very wide range of fO2 from IW-1 to 
approximately FMQ+1. The fO2 of crystallization for these 
various planetary lithologies were determined by this study or 
extracted from the literature (Anderson 1996; Papike et al. 1998; 
Wadhwa 2001; Herd et al. 2002). Phosphates in these samples * E-mail: cshearer@unm.edu


