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Fig. 1. Elemental maps of Asuka 09618 (H5, WI: C) obtained using LA-ICP-TOF-MS: a combined RGB map (Red=Ca; 

Green=Si; Blue=Fe; mer: merrillite; apa: apatite) at left; a Ce map at right. 
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Introduction 

 Rare earth elements (REEs) are universally used for understanding planetary processes such as silicate differentiation 

and are often considered to be relatively immobile. Despite this overall immobility, previous studies on the weathering effects 

on REEs have demonstrated that terrestrial weathering including Antarctic alteration can modify original REE compositions 

both in terms of absolute concentrations and isotopic ratios [e.g., 1]. In addition, Maeda et al. [2] put forward that Antarctic 

alteration may be significantly more complex than previously acknowledged. The detailed mechanisms of the alteration, 

however, remain poorly understood. In this study, H chondrites (HCs) with various degrees of weathering are investigated to 

reveal the underlying mechanisms through the use of several types of in-situ measurements. 

Experimental 

 Polished thick sections (PTSs) were prepared for ten Antarctic HCs, two HCs collected from hot deserts, and four fall 

HCs provided by the Royal Belgian Institute of Natural Sciences (RBINS), Belgium, and the National Institue of Polar 

Research (NIPR), Japan. Firstly, these PTSs were analyzed using micro-X-ray fluorescence spectrometry (μXRF) at the Vrije 

Universiteit Brussel (VUB), Belgium, to obtain maps showing the distributions of major elements. Secondly, back-scattered 

electrons (BSE) images of each sample were acquired using a field emission-scanning electron microscope (FE-SEM) 

equipped with an energy-dispersive spectrometer (EDS) at NIPR. Once the constituent minerals in the samples were identified 

based on the elemental maps and BSE images obtained, an electron probe micro analyzer (EPMA) at NIPR was used for the 

determination of major elemental abundances in each constituent mineral. After the EPMA analysis, trace element mapping 

was conducted for selected samples using laser ablation-inductively coupled plasma-time of flight-mass spectrometry (LA-

ICP-TOF-MS) at Ghent University, Belgium. Finally, the abundances of REEs and other trace elements of choice were 

determined for constituent minerals and cracks using single point drilling for the minerals and line scans for the cracks by LA-

ICP-MS at NIPR. 

Results and Discussion 

 According to the result of the trace element mapping using LA-ICP-TOF-MS, a considerable amount of REEs resides 

in the cracks within Asuka (A) 09618 (H5), which is severely weathered and categorized to C following the weathering index 

(WI), as shown in Fig. 1. Other highly weathered samples, e.g., A 09516 (H6; WI: C) and Sahara 97035 (H5; WI: W2), also 

show such a deposition of Ce in cracks, but this is not observed for the other REEs. Based on the REE abundances in cracks as 

determined using LA-ICP-MS line scanning, some cracks display elevated REE abundances relative to the bulk rock (Fig. 2 as 

an example). These REE-enriched cracks usually also contain high Th and U abundances. Considering the P2O5/SiO2 in cracks 

(Fig. 2), most of the high REE-cracks must be explained by a nugget effect of Ca-phosphates, as crack-1 and crack-2 show 

high REE, Th, and U abundances with a high P2O5/SiO2, while crack-4 displays low abundances in these elements 



 

 

accompanied by a low P2O5/SiO2 in Fig. 2. 

However, crack-3 displays REE, Th, and U 

abundances as high as those in crack-1 and 

crack-2 with a small negative Ce anomaly, 

even though the P2O5/SiO2 is as low as that 

observed for crack-4 (Fig. 2). This cannot 

be explained by the nugget effect of Ca-

phosphates. Thus, cracks appear to 

accumulate unbonded REEs locally as the 

trace element maps suggest such 

depositions. Probably, Th and U can 

deposit in these cracks as well. This is 

consistent with chemical leaching 

experiments [e.g., 5], in which REEs, Th, 

and U have been expected to be deposited 

in cracks and grain boundaries. The trace 

element mapping using LA-ICP-TOF-MS 

reported on here represents the first 

instance in which such depositions are 

visually confirmed. 

 Based on the LA-ICP-MS line scans, cracks in all of the weathered samples categorized as B/C, C, W1, and W2 in 

this study display positive Ce anomalies similar to that observed for crack-4 in A 09618 (Fig. 2). A crack having unbonded 

REEs with a small negative Ce anomaly such as crack-3 in A 09618 is also found in Sahara 97035. The crack also desplays no 

feature of high P and Ca abundances. Because the positive Ce anomalies and unbonded REE depositions occur in all weathered 

samples, the pattern observed likely results from terrestrial weathering. According to Mittlefehldt and Lindstrom [6], melting 

of ice can trigger sample alteration following chemical leaching as demonstrated by the loss of Ca-phosphates in eucrites from 

Antarctic samples, in line with our observations for cracks in chondrites. Rain or humidity is known to trigger a similar 

mechanism in hot deserts. During the residence of meteorites in Antarctica or hot deserts, fluids such as melting ice or rain 

pass through the interior of a meteorite following any physical cracks or grain boundaries. During the passing of such fluids, a 

fraction of the Ca-phosphates is dissolved or partially dissolved in this fluid. In the case that the Ca-phosphates are completely 

dissolved, P and Ca completely pass through the meteorite, while REEs largely remain in cracks because REEs are 

significantly more immobile than P and Ca [7, 8]. At a later stage of this alteration sequence, only Ce remains in the cracks, 

while the other REEs are removed because Ce is considerably more immobile than the other REEs as a result of oxidation 

from Ce3+ to Ce4+ [6]. This is supported by the observation that unbonded REEs deposited in cracks show a negative Ce 

anomaly. In the case that Ca-phosphates were partially dissolved, it is assumed that only trace elements such as REEs are 

extracted from Ca-phosphates as a result of an interruption in the ionic bonding between cations, particularly impurity cations, 

and (PO4)2- in the Ca-phosphates [2]. Then, in a similar manner, the REEs are mobilized from the cracks while only Ce 

remains there in the later stages. In hot deserts, such a chemical leaching may occur with secondary carbonates as well as Ca-

phosphates. Both alteration scenarios can explain a deposition of unbonded REEs with a small negative Ce anomaly and a 

depleted REE pattern with a positive Ce anomaly in cracks. The depositions of unbonded REE likely represent a transitional 

stage of the alteration and the positive Ce anomalies represent a later stage, and as such, positive Ce anomalies may be a 

common feature in cracks. This is indeed consistent with the observation that only two cracks show a deposition of unbonded 

REE, while ~20 out of the 51 cracks studied here exhibit a positive Ce anomaly. Therefore, it seems that the depositions of 

unbonded REE and positive Ce anomalies in cracks are both caused by terrestrial alteration following chemical leaching. 

However, because bulk elemental abundances including REEs in these samples except for A 09516 are in good agreement with 

HC mean values [2], this alteration occurs locally only and the effect on the bulk composition is generally limited. 
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Asuka 09618 (H5) 

Fig. 2. CI-normalized REE, Th, and U abundances and ratios of Na2O to SiO2 and 

P2O5 to SiO2 in cracks for Asuka 09618 (H5, WI: C). Bulk rock values are from [2]. 

The Na2O/SiO2 and P2O5/SiO2 for bulk rock are calculated from HC mean values in 

[3]. CI values are from [4]. 


