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ABSTRACT: Achondrites are igneous rocks originating from terrestrial planets or differentiated asteroids, and they preserve 

crucial insights into planetary differentiation and evolution. However, distinguishing achondrites from terrestrial igneous rocks 

remains challenging due to their striking similarities. Developing a convenient, non-destructive identification technique is essential 

for improving the efficiency and accuracy of field meteorite searches and museum curation. This study utilizes 63 meteorite samples 

analyzed by handheld energy-dispersive X-ray fluorescence 

(HH-ED-XRF) and data entries from the literature to train a 

model that effectively differentiates Vesta, Martian, Lunar, and 

angrite meteorites from terrestrial rocks. Bulk rock major 

chemical compositions, Fe/Mn ratios, and Al₂O₃/(FeO+MgO) 

ratios, were used in the training process with subspace k-nearest 

neighbors algorithm. The model achieved an overall accuracy of 

95%. This technique provides intelligent and non-destructive 

identification of achondrites in the field, significantly enhancing 

the efficiency and accuracy of meteorite searches. Its 

applications extend from museum meteorite collection curation 

to field searches of meteorites in hot and cold deserts. 

INTRODUCTION 

Meteorites are precious extraterrestrial samples derived from 

celestial bodies such as Mars, Moon, and asteroids in the solar 

system. They contain pivotal information about the solar system 

evolutionary processes, from condensation in the nebula to 

accretion and differentiation on planetary bodies. Compared to 

direct sampling from planetary surfaces, such as the Apollo and 

Chang’E missions to the moon, meteorites display significant 

advantages, such as low cost and a wide compositional variation. 

These samples play an irreplaceable role in the study of the 

formation and evolution of the solar system, including planetary 

differentiation, aqueous activity, impact history, and even the 

origin of life.1 In addition to the scientific community, more and 

more ordinary people have gotten involved in meteorite collection 

in recent years due to the financial values associated with 

marketing. Every year, thousands of people go to hot deserts 

hunting for meteorites. Meanwhile, scientific expeditions to cold 

deserts continue to recover meteorites over time. Numerous rare 

meteorites, such as lunar and Martian meteorites, have been 

recovered in the fields.2,3 During field searches of meteorites, one 

major challenge that every hunter must face is how to accurately 

identify an igneous meteorite (e.g., lunar, Martian, or Vesta) from 

thousands of terrestrial rocks. Even the most experienced 

http://dx.doi.org/10.46770/AS.2022.235
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meteorite hunters often face the pseudometeorite challenge. Some 

terrestrial igneous rocks closely resemble differentiated 

achondrites in the field, leading to a significant burden for the 

hunters and greatly decreasing search efficiency. Therefore, 

developing an efficient and accurate meteorite identification 

technique, especially for differentiated achondrites, is highly 

needed. 

Traditionally, technical methods for meteorite identification 

and classification mainly involve analyses of major, minor, and 

trace element contents, and sometimes isotopic compositions of 

samples.4 These techniques can effectively identify all kinds of 

meteorites and trace their original parent bodies. However, these 

techniques often require substantial time and cost, and involve 

complex sample pretreatment. More importantly, they are 

destructive tests that must be performed under strictly controlled 

laboratory conditions. They are obviously not suitable for 

fieldwork. Developing a more convenient, non-destructive field 

meteorite identification technique is key to improving meteorite 

search efficiency and accuracy. This would not only help reduce 

the burden on hunters but also significantly save time and costs in 

the fieldwork, thereby promoting more scientific rewards in 

meteoritic research. 

Handheld Energy Dispersive X-ray Fluorescence Spectrometer 

(HH-ED-XRF) is an efficient, non-destructive tool suitable for 

meteorite identification and classification in field environments5. 

This instrument can accurately detect most of the key diagnostic 

element contents, such as manganese (Mn) and iron (Fe). The HH-

ED-XRF technique offers the following advantages: (1) High 

portability: it can be carried to various field environments; (2) 

Simple operation and sample preparation; (3) Fast detection: 

analysis can be done within minutes. HH-ED-XRF has been 

widely used in various fields, including soil and rock, 

metallurgical industry and historical relic identification.6 In 

particular, several studies have combined machine learning and 

XRF spectrometers to analyze different materials, enhancing 

analysis efficiency. For example, integrating XRF spectral features 

with machine learning algorithms significantly improves the 

accuracy of soil type identification.7 A new artificial neural 

network (ANN) model was developed to predict total organic 

carbon (TOC) in an organic-rich carbonate mudstone formation 

using well log data and XRF analysis.8 A multifaceted 

methodology integrating principal component analysis (PCA), K-

means clustering, and XRF elemental analyses was employed to 

identify and characterize distinct chemofacies.9 In the field of 

meteorite research, a few studies have been performed on this 

subject10. Machine learning has been successful in distinguishing 

meteorites into broad categories, such as iron meteorites, stony 

meteorites, and pseudometeorites.10 However, to our best 

knowledge, no similar study has been conducted before on 

achondrites. For more dedicated categories of achondrites, such as 

Martian, lunar, Vesta, and angrite meteorites, ambiguity remains 

in the identification process.5 

Achondrites are an important class of stony meteorites, 

accounting for approximately 5% of the total meteorite collection 

(as of March 2025, the Meteoritical Bulletin Database lists a total 

of 77127 meteorites, among which 4160 are achondrites). They 

are igneous rocks originating from terrestrial planets or 

differentiated asteroids and preserve important information about 

planetary differentiation and evolution, and thus exhibit great 

scientific values. Therefore, further optimization of the algorithm 

based on HH-ED-XRF data to improve the identification accuracy 

of differentiated achondrites will be a key advance in the field of 

meteorite searching and curation. This study aims to integrate the 

quantified oxide contents and ratios from HH-ED-XRF with a 

machine learning algorithm to develop an intelligent achondrite 

identification method, providing efficient technical support for 

rapid field identification of achondrites. 

EXPERIMENTAL 

HH-ED-XRF. Analyses were carried out using the X-MET8000 

Optimum handheld XRF equipped with a Rh tube and a large-area 

SDD high-resolution semiconductor detector with an energy 

resolution of ≤ 145 eV. The spectrometer operates with a 

maximum voltage of 50 kV and a maximum current of 200 µA. It 

features a measurement spot size of 10.7 × 9.4 millimeters and is 

designed to function effectively in temperatures ranging from -10℃ 

to +50℃, according to the manufacturer. The Mining LE-FP mode 

was operated at 45 kV and 15 μA, and the fundamental parameter 

(FP) method was employed for calibration.11 Measurable elements 

range from Mg to U, including Al, Si, P, S, Mn, Cr, Ni, Mo, Cu, V, 

Ti, W, Nb, Zr, Sn, Pb, Bi, and Pd. The detailed analytical 

conditions (measurement frequency, duration, and surface flatness) 

will be discussed in the following text. 

Calibration with Reference Standard Samples. The primary 

oxide contents analyzed in this study include o, TiO2, Al2O3, Cr2O3, 

FeO, MnO, MgO, CaO, K2O, and P2O5. To improve the accuracy 

of HH-ED-XRF measurements, several reference standard 

samples were used for calibration. These include achondrites (6 

Vesta meteorites, 2 Martian meteorites, 2 Lunar meteorites) and 6 

terrestrial igneous rocks, with known major element contents 

determined by ICP-OES in the laboratory.1, 12-16 These standards 

effectively ensure the reliability and accuracy of the calibration 

process. Bulk chemical compositions were obtained by averaging 

five spot analyses. Using Origin software, linear regression was 

applied to the measured values, with the intercept forced to 0. The 

slope of the fitted line was defined as the calibration factor for 

subsequent data normalization. Accurate calibration was ensured 

by dividing all measured values by the calibration factor. 
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Fig. 1 Hand specimens of the terrestrial rock XY-10 (a-c) and HED 

meteorite Jikharra 001 (d) analyzed using HH-ED-XRF in this study. (a) 

Vesicular surface of XY-10, (b) Planar surface of XY-10, (c) Naturally 

uneven surface of XY-10. The circles illustrate the scale of the test area. 

Data Pre-processing. The training model for the bulk-rock major 

element data integrates three primary data sources: one is 

measurement results obtained from HH-ED-XRF, which were 

conducted on 63 differentiated achondrites, composed of 14 Vesta 

meteorites, 14 Martian meteorites, 15 lunar meteorites, 1 angrite 

meteorite, and 19 terrestrial rock samples, and representative 

samples are shown in Fig. 1. The second significant data source is 

from literature, which includes 454 sets of Vesta meteorite data,1, 

12, 14 204 sets of Martian meteorite data,5, 15, 17-22 259 sets of lunar 

meteorite data,3, 5, 13, 16, 23-38 57 sets of angrite meteorite data5, 39-43, 

and 566 sets of terrestrial rock data including both iron ores and 

basalts. The iron ore data are from refs.,44-48 and the basalt data, 

labeled as “2023-12-2JETOA_BASALT_part1”, are from the 

website GeoRoc (https://georoc.mpch-mainz.gwdg.de/georoc/). 

The third data source consists of 9 standard samples analyzed by 

ICP-OES. The mass percentage of each oxide in the total meteorite 

and terrestrial rock datasets was preprocessed using Z-score 

normalization to ensure consistency and comparability across 

features. The normalization was performed using the following 

equation: Zi = (Xi−μ)/σ, where Zi represents the standardized data, 

Xi is the raw mass percentage, μ is the mean mass percentage, and 

σ is the standard deviation of the mass percentage. After 

normalization, the processed data were input into MATLAB 

R2024a for subsequent analysis. 

Classification Learner. The process of training a classification 

model using the Classification Learner app in MATLAB involves 

several key steps, including data preprocessing, model selection, 

model training, and model evaluation. The Classification Learner 

app provides a wide range of classification algorithms, including 

subspace k-nearest neighbors (KNN), boosted trees, kernel Naive 

Bayes, bagged trees, among others. The subspace KNN model 

uses the random subspace algorithm to create an ensemble of 

nearest neighbor classifiers. 

During the training process, two key parameters, subspace 

dimension and number of learners, were adjusted to optimize the 

relationship between input features and class labels. Subspace 

dimension refers to the number of features considered in the 

feature subspace when building models using ensemble methods, 

while number of learners indicates the number of individual 

models in an ensemble. Model accuracy was assessed using two 

methods: holdout validation and cross-validation. Holdout 

validation reserves 10% of the data, which includes 161 

independent data points from both meteorites and terrestrial 

samples randomly, as the test set, with the remaining 90% used for 

training. Cross-validation involves randomly dividing the 1451 

sets of training data into 10 portions (or “folds”). In each iteration, 

a fold is used as the validation set, while the remaining folds serve 

as the training set. The accuracy of a classification model is 

calculated by dividing the number of correctly classified samples 

by the total number of samples in the dataset. In 10-fold cross-

validation, each fold produces a validation accuracy, and the final 

cross-validation accuracy is the average of these 10 validation 

accuracies. In addition to accuracy, two metrics were used to 

evaluate model performance: True Positive Rate (TPR; Sensitivity) 

is calculated as TPR = TP/(TP + FN), where TP is the number of 

true positives and FN is the number of false negatives. False 

Positive Rate (FPR) is calculated as FPR = FP/(FP + TN), where 

FP is the number of false positives and TN is the number of true 

negatives, and this will be reflected through the confusion matrix. 

Once the model was trained and validated, the best-performing 

model was applied to new, unknown data for predictions. The 

workflow for the modeling process in this study is illustrated in 

Fig. 2. 

RESULTS AND DISCUSSION 

Analytical conditions of the HH-ED-XRF. Prior to conducting 

meteorite analyses, this study systematically analyzed reference 

standards under varying conditions to optimize the measurement 

frequency, measuring time, fusion crust and surface flatness. The 

results are shown in Table S1 and Fig. 3. Each reference standard 

was analyzed five times in different areas, and the results indicated 

that the measurement errors (stdev) were generally small, but for 

standards with a high SiO2 content, the errors were relatively larger 

(≤ 3.62 wt%). Considering that some samples may exhibit 

significant heterogeneity, all samples were analyzed five times 

during the study, and the mean values were calculated to obtain  

https://georoc.mpch-mainz.gwdg.de/georoc/
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Fig. 2 The workflow for subspace KNN modeling in this study consists of 

four steps. The labeled achondrite/rock dataset is read, preprocessed, and 

randomly split into a training set (90%) and a test set (10%). Step 2: The 

training set is used to train the models, with the subspace KNN model 

achieving the highest accuracy. Step 3: After hyperparameter optimization, 

the optimal values for the subspace dimension and the number of learners 

are determined to be 4 and 50, respectively, yielding the best performance. 

Step 4: The best model is then applied to identify achondrites. 

more accurate outcomes, and to enhance the representativeness of 

the results. Subsequently, the measuring time of the spectrometer 

was set to 30 s, 60 s, 120 s, and 180 s to analyze three reference 

standards. The results showed minimal differences among these 

four measurement conditions, with the coefficient of 

determination (R²) between the measurements and the reference 

standard data consistently close to 1, ranging from 0.98 to 0.997. 

This indicates that variations in measuring time between 30 and 

180 s had a negligible effect on the spectrometer’s results for this 

study. Based on previous studies,49 analysis time was ultimately 

set to 60 s to balance data quality and analytical efficiency, and if 

timing is considered, the results of a 30-second analysis can also 

be used. 

During the atmospheric entry, the surface temperature of a 

meteoroid increases, resulting in the outermost layer melting and 

subsequently solidifying into a dark, glassy fusion crust.5 The 

compositional disparity between the fusion crust and the bulk 

meteorite arises from complex processes such as oxidation and 

evaporation. To investigate the influence of the fusion crust on 

analyses, NWA 13581 was analyzed by aligning both the fusion 

crust-free surface and the fusion crust-covered surface with the test 

window (60 s × 5 repetitions). The results revealed slight 

differences between the two surfaces, with R2 of 0.985 and 0.965 

relative to the reported data, respectively. Fusion crusts exhibit 

inherent heterogeneity, influenced by substrate composition, 

incorporated fragments, grain size, and incomplete 

homogenization during cooling.50 Previous studies have proposed 

that although the concentrations of the key elements, such as Fe 

and Mn, may be depleted compared to the reported data, the Fe/Mn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Diagram showing correlation coefficients (R2) between reference 

standard data and HH-ED-XRF measured data under different analytical 

conditions on excitation time (a, b, and c), fusion crust (d), and surface 

flatness (e). 
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Fig. 4 ICP-OES data of standard samples vs. HH-ED-XRF raw 

measurements plotted. The red solid line represents the best-fit line. 

ratio remains relatively constant and typically falls within the 

corresponding range reported for the samples.5 From a 

comprehensive perspective, the fusion crust-free surface is 

preferred for alignment with the test window to produce more 

accurate analyses. However, under field conditions where samples 

are fully covered by fusion crusts, analyzing the fusion crust-

covered surface is also a viable option. Nonetheless, caution 

should be exercised when interpreting meteorite provenance based 

on the fusion crust. 

Finally, under identical testing conditions (e.g., 60 s), a test was 

carried out on the planar surface, naturally uneven surface and 

vesicular surface of the terrestrial rock XY-10, respectively, to 

validate the effect of surface conditions on the analysis results. The 

measurements showed some differences among three surface 

conditions, with the R² being 0.996, 0.990, and 0.994 relative to 

the reference standard data, respectively, with the planar surface 

yielding the highest correlation coefficient. These observations are 

consistent with previous studies,51 and the analytical uncertainty 

was introduced by data collection on surfaces with more 

complicated geometry. Moreover, given that weathering 

processes on Earth can potentially enrich calcium content, and that 

these weathering-derived minerals tend to concentrate along 

fractures, analyzing a fresh, planar surface is preferred to avoid 

interference from terrestrial weathering. In cases where planar 

surfaces are unavailable in the field environment, analytical results 

of rough surfaces that are nearly planar or exhibit slight fractures 

or vesicles should be taken with caution. 

Calibration factors. HH-ED-XRF data for standard samples are 

plotted against ICP-OES data in Fig. 4. Each plot includes the 

regression lines and R². The regression line equations were utilized 

to apply correction factors, thereby improving the accuracy of the 

data for the target elements. For most oxides, the R² values from 

the regressions were remarkably high. Notably, strong correlations 

(R² > 0.9) were observed for SiO₂, Al₂O₃, Cr₂O₃, FeO, MnO, and 

MgO. However, for TiO₂, CaO, K₂O, and P₂O₅, the R² values are 

relatively low, at 0.83, 0.88, 0.62, and 0.85, respectively. This is 

not unexpected, as TiO₂, K₂O, and P₂O₅ are usually present at very 

low concentrations in the standard samples of achondrites, with 

average values of 1.06, 1.05, and 0.13 wt%, respectively. 

Regarding the correction factors (i.e., slope), some oxides 

exhibited close correlations between the standard values measured 

by ICP-OES and the raw data measured by XRF, with values 

ranging from 0.9 to 1. Specifically, correction factors are 0.98 for 

SiO₂, 0.95 for Al₂O₃, and 0.91 for FeO, indicating the reliability of 

analyses by XRF. The correction factors for TiO₂, Cr₂O₃, MnO, 

MgO, CaO, K₂O, and P₂O₅ deviate from 1, with values of 0.69, 

0.86, 0.84, 0.88, 0.84, 1.17, and 2.8, respectively (Table S2). 

Overall, the data are relatively close to the standard values, but the 

accuracy for elements with low concentrations varies. Thus, in the 

actual analysis, the major element concentrations of meteorites 

determined with HH-ED-XRF are corrected to their true values by 

dividing the correction factors. 

Classification model. Based on the oxide contents, this study 

further calculates key elemental ratio features. Provided that the 

oxygen fugacity is buffered, the initial Fe/Mn ratio in magma is 

determined by the bulk composition of the planetary body and 

early processes, such as differentiation and core formation, 

reflecting the source region, and nebular fractionations causing 

variations between parent bodies in Fe oxidation states and 

elemental ratios.4, 52 Even though minor secondary processes may 

affect the Fe/Mn ratios of certain minerals (e.g., pyroxene of NWA 

233953 and EET 875424), there is no clear evidence, to our 

knowledge, indicating that the Fe/Mn ratio of the bulk rock for 

achondrite has been significantly modified by secondary processes. 

Thus, the bulk Fe/Mn ratio is a reliable planetary indicator, 

reflecting planetary origins.54 The measured data results from this  
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Fig. 5 Fe vs. Mn of bulk rock for HEDs and SNCs. Chemical compositions 

are from this study using HH-ED-XRF and ref.1,12-20. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Confusion matrix of model-Ⅰ (a), model-Ⅱ (b), model-Ⅲ (c), model-

Ⅳ(d), model-Ⅴ(e-f). (a-e) show the results on the training data for models 

I-V, and (f) shows the result on the test data for model-V. The matrix has 

rows representing actual classes and columns for predicted classes. Darker 

diagonal cells (blue) indicate correct classifications, while off-diagonal 

cells (orange) represent misclassifications. TPR (True Positive Rate) is the 

proportion of actual positives correctly identified, while FPR (False 

Positive Rate) is the proportion of actual negatives incorrectly classified as 

positive. 

study show that the Fe/Mn ratio is 104 for angrites, 60 ± 16 for 

terrestrial magmatic rocks, 57 ± 20 for lunar meteorites, and 46 ± 

14 for Martian meteorites, and 33 ± 1 for Vesta meteorites (Table 

S3). After integrating data collected from literatures, the Fe/Mn 

ratios are 807 ± 747 (Terrestrial iron-rich ore), 98 ± 27 (Angrite), 

68 ± 15 (lunar meteorite), 62 ± 18 (Terrestrial magmatic rock), 44 

± 10 (Martian meteorite), and 35 ± 10 (Vesta meteorite), 

respectively. This is generally consistent with previous 

observation of the Fe/Mn ratio: Fe/MnAngrites > Fe/MnLunar > 

Fe/MnEarth > Fe/MnSNCs > Fe/MnHEDs.5,55 Despite the heterogeneity 

in different types of meteorite samples, the Fe/Mn ratios for most 

meteorites vary within a limited range, which forms the basis for 

this meteorite identification method. 

The Fe/Mn ratio of different achondrites, particularly Martian 

and Vestan, shows a significant overlap (Fig. 5). Therefore, 

classifying based solely on this parameter can easily lead to a 

misclassification. To improve the accuracy, we explored 

combining the Al₂O₃/(FeO + MgO) ratio, CaO/(FeO + MgO) ratio, 

and Ca/K ratio. Al2O3 is predominantly incorporated into feldspar 

minerals, whereas FeO and MgO are primarily concentrated 

inolivine and pyroxene. Consequently, the Al₂O₃/(FeO + MgO) 

ratio effectively reflects the proportion of feldspar to mafic 

minerals in meteorites, which is closely tied to the magmatic 

evolution of their parent bodies. For instance, this ratio is 

particularly useful for distinguishing anorthosites, characterized 

by high feldspar content, in lunar and Vesta meteorites. 

Additionally, the Ca/K ratio serves as an important proxy for 

volatile element depletion. To improve identification accuracy, 

this study integrated these three ratios with the Fe/Mn ratio as key 

parameters, training model-Ⅰ (Fe/Mn), model-Ⅱ (Fe/Mn and 

Al₂O₃/(FeO + MgO)), model-Ⅲ (Fe/Mn, Al₂O₃/(FeO + MgO), 

and CaO/(FeO + MgO)), and model-Ⅳ (Fe/Mn, Al₂O₃/(FeO + 

MgO), CaO/(FeO + MgO) and Ca/K). For these four variables, we 

incorporated them along with the oxide mass percentages as input 

features and evaluated their performance using MATLAB’s 

Classification Learner app. The subspace KNN model 

consistently outperformed other algorithms based on the above 

four variables, achieving accuracies ranging from 90.1% to 92.7% 

for cross-validation. To identify the most predictive feature 

variables, this study conducted comparisons within a fixed 

subspace KNN model for training. The results revealed that 

model-Ⅱ (Fe/Mn and Al₂O₃/(FeO + MgO)) achieved the highest 

identification accuracy, with cross-validation and holdout 

validation accuracies of 92.7% and 93.8%, respectively (Fig. 6; 

Table S4). In contrast, incorporating the CaO/(FeO + MgO) and 

Ca/K ratios did not improve classification performance and 

resulted in a moderate decline, with accuracies of 91.4% and 93.2% 

for model-Ⅲ and 92.1% and 88.8% for model-Ⅳ. These results 

suggest that the CaO/(FeO + MgO) and Ca/K ratios contribute 

minimally to predictive accuracy, likely due to the generally low 

K content in the samples. Consequently, this study confirms the 

Fe/Mn ratio and Al₂O₃/(FeO + MgO) ratio as the optimal variables 

for meteorite identification. 

Parameter Optimization. In Model-II, the hyperparameters, 

including the subspace dimension and the number of learners, 

were automatically determined by the Classification Learner to be 

6 and 30, respectively. To further refine the model, hyperparameter 

tuning was conducted, exploring subspace dimensions in the range 

of 1 to 11 and number of learners from 20 to 50 for the subspace 

KNN model. Each hyperparameter combination was evaluated 
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through cross-validation and holdout validation to ensure reliable 

performance. The results demonstrate that the optimal values for 

the subspace dimension and number of learners are 4 and 50, 

labeled as Model-Ⅴ, achieving accuracies of 93.1% and 95.7% for 

cross-validation and holdout validation, respectively. Moreover, 

Model-Ⅴ exhibits the highest accuracies for terrestrial igneous 

rocks (TPR ≥ 99%) and Vesta meteorites (TPR ≥ 96%), which are 

frequently encountered in the field. Although Earth's samples are 

highly diverse, encompassing various magmatic rocks, Si-rich 

rocks (SiO2: 63-89 wt%) and Fe ores, the model performed well. 

However, the identification performance of Martian samples (TPR 

= 77.3% and 81.0%) and lunar samples (TPR = 85.4% and 89.3%) 

were less satisfactory. One of the factors is the similarity in the 

Fe/Mn ratio between lunar meteorites and Earth samples, as well 

as between Martian and HED meteorites. This similarity may 

introduce some ambiguity. Moreover, the imbalance in sample 

distribution also contributes to this issue. As the number of HED 

and Earth samples in the database of this study is approximately 

twice that of Martian and lunar samples, the model tends to 

predominantly learn the features of the majority class. Reducing 

the number of majority-class samples might result in the loss of 

valuable information from Earth and HED samples. Therefore, 

future research should aim to continuously expand the Martian and 

lunar databases, improving the identification accuracy for Martian 

and lunar samples. 

Application. To assess the performance of the model, this study 

conducted a validation test on 14 classified meteorites (2 Martian, 

5 HED, and 7 lunar meteorites) during a meteorite exhibition, 

following the analytical conditions specified in the User Guide. 

The prediction results and their probabilities, presented in Table 

S5, demonstrated good performance for this data, and only one 

misclassification occurred, in which the Martian meteorite NWA 

6963 was misidentified as an HED meteorite due to its abnormally 

low Fe/Mn ratio (25.8). These findings further confirm the 

reliability of the proposed method. 

User Guide for Using the Subspace KNN Model to identify 

Meteorites. To effectively identify an igneous meteorite in the 

field environment, a computer-based application will be 

developed that can be run on a laptop. The following processes are 

designed for the acquisition of analysis data. 

(1) This study strongly recommends that users first verify the 

accuracy of the HH-ED-XRF using standard samples before 

proceeding with meteorite classification to ensure the robustness 

of both the data and the classification results. 

(2) Power on the HH-ED-XRF and configure it to the Mining 

LE-FP mode analysis. Set the testing duration to 60 seconds, and 

ensure the suspected achondrite is placed securely on the test 

window, choosing an ideally planar, fresh-exposed surface, and 

avoiding large phenocrysts. Conduct five consecutive tests for 

each sample. Export the chemical composition data obtained from 

the HH-ED-XRF to computer. Notably, the above operations 

apply only to the instrument used in this study. For the measuring 

time and conditions of other instruments, please refer to the 

manual or consult with the manufacturers. 

(3) Create an Excel spreadsheet to process the collected 

chemical element composition data. Calculate the averages for the 

primary elements from the five consecutive tests. Standardize the 

averaged data to ensure compatibility with the pre-trained model. 

(4) Import the pre-trained subspace KNN model and the 

standardized chemical composition data into the application. Use 

the model to perform classification of the input data, predicting 

whether the sample is an achondrite. 

CONCLUSION 

This study develops a robust and intelligent analytical protocol for 

distinguishing various types of achondritic meteorites using HH-

ED-XRF analysis. HH-ED-XRF is a highly portable instrument, 

ideal for obtaining reliable data on elements in both terrestrial and 

extraterrestrial rocks. With a 60-second acquisition time, fresh and 

planar sample surfaces, and a calibration based on a diverse set of 

igneous rock analyses, the analytical accuracy of the data is 

enhanced. Integrating the bulk Fe/Mn and Al2O3/(MgO + FeO) 

ratios with the mass fractions of major chemical composition 

further improved the ability to discriminate different achondrites. 

This method utilizes the advanced classification capabilities of the 

Subspace KNN model. By combining these technologies, the 

process offers a precise and rapid approach for the intelligent 

identification of achondrites, particularly for angrite and HED 

meteorites. This technique has a wide range of applications, from 

museum curation to field hunting of meteorites. 

ASSOCIATED CONTENT 

The supporting information (Tables S1−S5) is available at 

www.at-spectrose.com/as/home. 
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ABSTRACT: Chromate ion transport through polymer films has been 

investigated to obtain a more profound insight into the effect (mechanism and 

performance) of anticorrosive pigments within organic coatings. To identify, 

quantify and localise chromium in epoxy model films, which had been exposed 

to chromate salt solution under different conditions, the potential of analytical 

techniques such as ICP-MS, LA-ICP-MS, ToF-SIMS and SEM-EDS has been 

explored. Chromate ion transport from an aqueous solution into the epoxy films 

was accelerated at exposure conditions above its glass transition temperature 

(Tg) and in the presence of a swelling solvent (acetone). A non-homogeneous 

penetration front of chromium into the films was observed. 

INTRODUCTION 

Chromates are the most effective anticorrosive pigments and are 

therefore widely utilised in high-performance coatings.1-6 The 

mechanism according to which the pigments function is still not 

fully understood1, thus hampering the efforts to develop coatings 

with less toxic alternatives.7-9 It is generally accepted that active 

species (i.e., ions) leach from coatings in the presence of water and 

migrate to the metal substrate where they inhibit the corrosion 

process.10-16 Such transport via pathways formed by 

interconnected pigment particles in the coatings has been 

demonstrated alongside leaching of isolated particles, indicating 

other possible transport mechanisms.17,18 In fully formulated 

coatings, the transport mechanism is even more complex due to 

the presence of other pigments, fillers and additives, which can 

influence the migration of active species and introduce additional 

transport mechanisms.16,17 In order to fully understand the 

mechanism of ion transport in coatings, the diffusion through the 

polymer matrix itself should be taken into account as well, as it is 

assumed that ions can penetrate polymer coatings via conductive 

pathways,1,2,19,20 unlike water which diffuses into polymers via its 

free volume.19,20,21,22 The size of the chromate ions, which is of the 

same order as the free volume in polymers, prevents such 

transport.23 

In order to simplify the investigated system and separate 

different possible mechanisms, we have proposed a reversed 

approach allowing migration of ions into model epoxy coatings 

and tracing their location afterwards.24,25 Films filled with one of 

the commonly used fillers, either TiO2 or BaSO4, were exposed to 

Na2CrO4 solution under different conditions and the location of Cr 

in the films was traced retrospectively using SEM-EDS and 

http://dx.doi.org/10.46770/AS.2022.235
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STEM-EDS techniques. Different exposure conditions affecting 

the migration mechanisms were applied (e.g. temperature below 

and above the glass transition (Tg) of the polymer matrix, addition 

of solvent swelling the polymer matrix, and exposure time). It was 

demonstrated that the diffusion occurred via pathways formed at 

the polymer matrix/particle interface, facilitating transport of 

chromate ions. Epoxy films without filler were investigated as 

well. Although chromate ion migration was confirmed when the 

polymer matrix was plasticized by acetone added to the solution, 

the concentration of Cr in the films exposed to purely aqueous 

Na2CrO4 solution was below the limit of detection of the 

techniques used.  Therefore, a methodology applying analytical 

techniques with higher sensitivity and improved lateral and depth 

resolution was tested in this work in order to identify, quantify and 

localise Cr in exposed films. Solution-based Inductively Coupled 

Plasma-Mass Spectrometry (ICP-MS) is a very sensitive 

analytical technique for the determination of Cr in polymers, 

among many other matrices, providing detection limits down to 

the sub-µg/L level.26, 27 However, since the film needs to be fully 

digested for this type of analysis, no spatially resolved information 

can be obtained, only the bulk Cr concentration can be derived. 

Alternatively, ICP-MS can be combined with laser ablation as a 

means of sample introduction (LA-ICP-MS) for enabling direct 

elemental analysis of solid samples without the need for prior 

digestion, while also providing spatially resolved information, 

such as the lateral and depth distribution of Cr in films, with µm 

spatial resolution.28 In LA-ICP-MS, the solid sample is placed in 

an air-tight ablation cell and the aerosol generated upon laser beam 

impact is transported out of the cell and into the ICP ion source 

using He as a carrier gas for subsequent analysis. By scanning the 

laser beam across the sample surface, elemental mapping at high 

spatial resolution (down to 1 m) can be achieved. Depth profiling 

can also be accomplished by firing a series of consecutive laser 

pulses at the same position. The relative sensitivity achievable 

with LA-ICP-MS depends on instrument settings such as laser 

beam diameter, energy density and repetition rate, as these 

parameters will determine the ablation rate, i.e. the amount of 

sample material removed per unit of time. The smaller the laser 

beam diameter used, the higher the spatial resolution but the lower 

the ablation rate and thus, the lower the relative sensitivity (higher 

limits of detection, LoDs), especially compared to that of 

conventional bulk ICP-MS analysis. Moreover, quantitative LA-

ICP-MS analysis is more challenging than bulk analysis using 

solution-based ICP-MS due to the limited availability of certified 

reference materials as calibration standards and the occurrence of 

matrix effects. 

An even higher depth resolution (nanometer scale) can be 

obtained by Time-of-Flight Secondary Ion Mass Spectrometry 

(ToF-SIMS) profiling. ToF-SIMS itself is a surface analysis 

technique, which provides information on the presence of 

molecules and elements in the outer 1-3 nm of a solid material.29,30 

Characteristic features are its high sensitivity and its ability to 

image the distribution of species in the lateral plane. Lateral 

resolution extends into the sub-m range. The dependence of the 

signal on the matrix gives this approach a less quantitative nature. 

In a ToF-SIMS experiment, a focused beam of primary ions (often 

gallium, cesium, or bismuth ions) is directed onto the surface of 

the sample. These ions are accelerated towards the sample with 

high energy, typically in the range of kiloelectronvolts (keV). The 

sputtered secondary ions, which originate from the sample's 

surface, are extracted and analyzed with a time-of-flight analyzer. 

In-depth information on the distribution of film constituents can 

be obtained from either surface analysis of a freshly made cross-

section or from depth profiling. Depth profiles of elements and 

molecular fragments are obtained by alternating removal of the 

outer layers of a material by physical sputtering and subsequent 

analysis of the freshly created surface. The depth resolution 

obtainable is in the low nm scale. Typical total depth scales for 

sputtering are in the nanometer to micrometer scale. At deeper 

scales, roughening of the sample, caused by the sputtering process, 

results in mixing up of the signals from several depths. Common 

ions used for sputtering include argon (Ar+), cesium (Cs+), oxygen 

(O2
+), and bismuth (Bi+). The choice depends on the sample 

material and desired depth resolution. The energy of the primary 

ions typically ranges from a few hundred electronvolts (eV) to 

several kiloelectronvolts (keV). Lower energies are often used for 

sensitive materials to minimize damage, while higher energies 

may be employed for faster sputtering rates. The current density of 

the ion beam affects the sputtering rate. Higher currents result in 

faster material removal but can increase the risk of sample damage. 

For many years, sputtering could only be applied to inorganic 

materials, as for organic matter the impact of the ion beam resulted 

in too much damage to the residual surface. The invention of 

multiatomic sputter sources (e.g. C60, Ar-clusters) for depth 

profiling extended the applicability to organic materials due to 

their reduced local impact.31-36 

Depth profiling of composites containing both an organic phase 

and inorganic constituents, like coatings with their many inorganic 

fillers and pigments, is still a challenge as both phases require 

significantly different sputtering conditions.37 In the current study, 

fillers and pigments were excluded from the epoxy film, however 

the penetration of initially well-dispersed chromium (oxide) into 

the resin may create situations where erosion of the material will 

no longer be homogeneous. 

Here, the complementary character of these techniques is 

demonstrated to investigate epoxy films differing in chromate 

content, chromate penetration depth and Cr particulate formation. 

Factors such as the presence of swelling solvent in the solution (i.e. 

acetone) and an increased temperature (particularly above Tg) 

were shown to accelerate the ion transport in a polymer matrix. 

The combination of ICP-MS, LA-ICP-MS and TOF-SIMS 

supported by SEM-EDS allowed for mapping of low 
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concentrations of Cr in the polymer matrix in two (2D) and three 

(3D) dimensions.   

EXPERIMENTAL 

Materials and samples preparation. As reported previously, 

free-standing epoxy-amine films were prepared from epoxy resin 

Epikote 828 and hardener Ancamine 2500 (resin/hardener weight 

ratio: 1.4) with addition of organic solvent (methyl isobutyl ketone, 

MIBK) (30 wt. % of the resin and hardener weight).24,25 The 

ingredients were mixed and then applied onto polypropylene (PP) 

plates with a spiral applicator. The films thus obtained were left to 

dry overnight at room temperature and then cured at 70 °C for 2 h. 

The samples were cut and peeled off from the PP surface. The 

thickness of dry films was between 80-120 µm. Tg of the epoxy 

films was measured to be 56 ºC. 

Exposure and analysis of the films. The films were exposed to a 

solution of Na2CrO4 at 60 ºC for 2 weeks (@60C2w) and at room 

temperature (RT) for 6 weeks (@RT6w). 0.5 mol/dm3 solutions of 

Na2CrO4 in water (aq) and in water/acetone mixture (weight ratio: 

3/1) were used (Na2CrO4.aq and Na2CrO4.aq/acetone, 

respectively). The solution was prepared starting from Fischer 

Scientific Sodium Chromate 99.9%. After exposure, the samples 

were rinsed with deionized (DI) water and dried above 

Aluminosilicate drying pearls from Sigma-Aldrich®. 

ICP-MS. Bulk ICP-MS analysis was carried out using an Agilent 

7900 quadrupole-based ICP-MS instrument (Agilent 

Technologies). The sample introduction system comprises a 

concentric nebulizer (400 µL/min) mounted onto a Peltier-cooled 

(2 °C) Scott-type spray chamber. The instrument was operated in 

kinetic energy discrimination (KED) mode, introducing 5.2 

mL/min He gas into the collision/reaction cell (CRC). During the 

analysis, two Cr isotopes were monitored in two different modes 

(52Cr in no-gas mode, 52Cr in He KED mode, 53Cr in no-gas mode, 

and 53Cr in He KED mode). Data acquired for 52Cr+ in KED mode 

are reported. Polyatomic interferences, such as 36Ar16O+ or 
40Ar12C+, are minimized when using the reported 52Cr+ in He KED 

mode.  The samples were taken into solution via microwave-

assisted acid digestion (AntonPaar Multiwave Go) using 16 M 

HNO3 (subboiled nitric acid of p.a. quality) and the digests were 

diluted with type-1 quality water from a Millipore SuperQ 

purification system. External calibration was relied on as 

calibration approach (10-point calibration, providing a linear fit 

from 0 – 200 ug/L using ISO 17025-guide 34 compliant stock 

standard solutions), with Rh as internal standard to correct for 

potential matrix effects and/or instrument instability. Rh was 

added online using the ISIS system of the ICP-MS. Other standard 

measures that were applied to ensure accurate quantitative results 

included daily tuning of the instrument settings and data 

acquisition conditions, matrix matching of the calibration and 

sample solutions and recovery checks every 15 samples using a 

standard solution (independent from calibration) along with 2 

blank solutions to check the background levels and memory 

effects. Moreover, two sample solutions were spiked with 1-2 

µg/L Cr and the spike recoveries were successfully checked 

throughout the analysis sequence. The LoD was determined by 

analyzing 10 blank solutions with the same matrix as the actual 

samples in the same sequence. The LoD is defined as 3 times the 

standard deviation of the blank 52Cr+ signal intensities divided by 

the slope of the calibration curve (sensitivity). 

LA-ICP-MS. For the LA-ICP-MS experiments, an Analyte G2 

193 nm ArF* excimer-based LA unit (Teledyne Photon Machines 

Inc), equipped with a prototype of the Cobalt ablation chamber 

and tube-type ablation cell, was used. For the depth profiling study, 

the LA system was coupled to an Agilent 8800 tandem ICP-

MS/MS (Agilent Technologies) instrument. The instrument is 

equipped with two quadrupole mass analyzers (Q1 and Q2) and 

an octopole collision–reaction cell (ORS3) mounted in-between 

(Q1–ORS3–Q2). The cell was pressurized with a mixture of 

NH3/He (10% NH3 in He) to overcome spectral interferences 

hampering trace element determination of Cr, e.g., due to overlap 

of the signals of the 40Ar12C+ and of 52Cr+ ions (at a mass-to-charge 

ratio m/z = 52 amu). The introduction of 3.0 mL/min of NH3/He 

allows the conversion of 52Cr+ into the 52Cr(NH3)2
+ reaction 

product ion that can be monitored free from spectral interference 

at m/z = 86 amu. The microscope slides with the epoxy coating 

samples and the epoxy bud with five embedded polyethylene 

certified reference materials, (ERM-EC680, ERM-EC681, PE-L-

11A, PE-H-11A and PE-03A), containing a wide range of Cr 

concentrations (114.6 ± 2.6, 17.7 ± 0.6, 400 ± 16, 1000 ± 40 mg/kg 

Cr, respectively, with PE-03A being a blank polymer), were 

mounted in the sample holder of the ablation cell. The European 

Reference Materials ERM-EC680 and ERM-EC681 (formerly 

known as BCR-680 and 681) were bought from the Institute for 

Reference Materials and Measurements (IRMM), a Joint 

Research Centre of the European Commission (EC). The PE-H-

11A, PE-L-11A and PE-03A polymer reference materials were 

purchased from Modern Analytical Techniques LLC, exclusively 

distributed by Analytical Reference Materials International 

Corporation. The reference materials were used as external 

calibration standards. He carrier gas was introduced into the 

ablation chamber at 0.37 L/min to efficiently transport the LA-

generated aerosol towards the ICP via the aerosol rapid 

introduction system (ARIS), developed at Ghent University and 

commercialized by Teledyne Photon Machines Inc. Prior to 

introduction of the aerosol in the ICP injector, Ar make-up gas was 

added to the He gas flow via a co-axial mixing bulb. Daily tuning 

of the instrument settings was performed while ablating NIST 

SRM 612 glass certified reference material (National Institute of 

Standards and Technology), aiming for maximum sensitivity, 

minimal laser-induced fractionation (238U+/232Th+ ~ 1) and low 
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oxide formation (238U16O+/238U < 1%). Areas of 1 mm² were 

ablated layer-by-layer using a square laser beam giving rise to 20 

x 20 µm² laser spots, using a laser energy density of 0.65 J/cm², 

repetition rate of 60 Hz and a dosage of 1 shot per pixel position, 

yielding an ablation depth of 2.3 ± 0.3 µm, as determined with 

optical profilometry prior to the depth profiling study. The layer 

depth is minimal relative to the layer’s surface area and given that 

a constant distance of 250 µm was kept with respect to the 

extraction orifice of the tube cell (mounted on a motorized Z-

stage), by adjusting the height of tube cell and the laser focus after 

every layer ablated, the ablation and particle extraction conditions 

were kept constant throughout the depth profiling analyses. The 

average 52Cr(NH3)2
+ signal intensities per layer were calculated 

using HDIP Mass Spectrometry Data Analysis software (Teledyne 

Photon Machines Inc.). 

TOF-SIMS. Time-of-Flight Secondary Ion Mass Spectrometry 

was done with an ION.TOF5 instrument. Typically, analysis was 

done using a 25 keV Bi3+ primary beam, at a current of 0.2 pA. 

The analysis area was 500 x 500 µm2 (256 x 256 pixels, random). 

Surface spectra were acquired at three different positions, yielding 

identical results. A Gas Cluster Ion Beam (GCIB) source was used 

for sputtering, and the sputtering beam was operated using either 

10 keV Ar1180 or 20 keV Ar1000 clusters, at a current of 8.4 nA. 

These conditions enable a reasonable sputtering rate at an 

acceptable damage to the polymer phase. The crater size was set 

at 1000 x 1000 µm2 to avoid edge effects in the central analysis 

area. Data were collected in 3D-data cubes. The crater depths were 

determined afterwards with SEM-EDS. Analyses were performed 

in the non-interlaced modus (analyze 2 frames, sputter 3 frames, 

pause 1.0 s). Charge compensation was done with an electron 

flood gun, operated at a current of 2.4 A and an extraction bias of 

20 V. With respect to data evaluation, the intensities of all relevant 

elements in the spectra were normalized to either the total ion yield 

or an abundant fragment. In the evaluation of the Cr distribution, 

the maps were binned 4x to deal with the low Cr intensity per pixel 

(originally sometimes less than 10 counts per pixel). ToF-SIMS 

images of Cr have been scaled to the pixel with the highest 

intensity, which is, in this case, dependent on depth and the 

position in the lateral plane. 

SEM-EDS. Analytical scanning electron microscopy (SEM) 

using energy-dispersive X-ray spectroscopy (EDS) was used to 

study the morphology and composition of the samples before and 

after exposure. For SEM analysis, the coating samples were 

covered with a 12 nm layer of carbon by sputtering (Leica EM 

ACE 600). A Zeiss Crossbeam 540 or Zeiss Sigma 300 unit 

coupled to an Oxford Instruments EDS detector was used for SEM 

imaging at 3 kV and EDS analysis at 20 kV and 400 pA (aperture 

30 µm). Based on EDS spectra, the chemical composition was 

calculated using the AZtec software supplied by Oxford 

Instruments. 

 

Table 1. Cr concentrations in the epoxy films after exposure to Na2CrO4 

solutions determined using solution-based ICP-MS after microwave-

assisted acid digestion 

Sample REF 1 3 2 

Na2CrO4 solution 

(0.5 mol/dm3) 
- water water/acetone water 

Exposure 

conditions 
- 

RT, 6 

weeks 
RT, 6 weeks 

60 °C, 

2 weeks 

Cr concentration 

(mg/kg) 

< LoD 

= 0.03 

0.30 ± 

0.02 
11.0 ± 0.6 

8.5 ± 

0.4 

RESULTS AND DISCUSSION 

ICP-MS and LA-ICP-MS. Epoxy films exposed to aqueous 

Na2CrO4 solutions with and without swelling solvent (acetone), at 

different temperatures (RT and 60 ºC) and at different exposure 

times (2 and 6 weeks) was used for this multi-modal study. The 

bulk Cr concentrations in these epoxy films were determined via 

solution-based ICP-MS analysis after microwave-assisted acid 

digestion. For a non-exposed reference film, the Cr concentration 

was lower than the methodological LoD of 0.03 mg/kg Cr (Table 1). 

Films exposed to Na2CrO4.aq @RT6w contained 0.30 ± 0.02 

mg/kg Cr, and 11.0 ± 0.6 mg/kg Cr when acetone was added to the 

exposure solution. This showed that already at room temperature, 

uptake of Cr from the water solution takes place, albeit at low 

levels, and that acetone has a significant influence on the transport 

process. In the film exposed to Na2CrO4.aq during a shorter period 

(2 weeks) at a higher temperature (60 ºC), a Cr concentration of 

8.5 ± 0.4 mg/kg was found, which confirmed acceleration of Cr 

transport at higher temperature. 

Since solution-based ICP-MS analysis only allows the average 

Cr concentration in the film to be determined without the 

possibility of revealing the spatial distribution over the matrix, LA-

ICP-MS analysis was carried out as a next step. The Cr depth 

distribution in the outer 11.5 ± 0.7 µm of the films was determined 

by sequential ablation of 5 layers (1 mm²), each with a thickness 

of 2.3 ± 0.3 µm, as measured with optical profilometry. 

The Cr concentration profiles for all films are presented in Fig. 1, 

accompanied by the LoD achieved using the LA-ICP-MS 

methodology (1.2 mg/kg Cr). The LoD was calculated based on 

three times the standard deviation of the 52Cr(NH3)2
+ signal 

intensities monitored upon ablation of the blank PE-03A polymer, 

divided by the slope of the calibration curve (sensitivity) obtained 

based on the reference materials. In case the gas blank 52Cr(NH3)2
+ 

signal intensities were used to calculate the LoDs, a lower value of 

0.3 mg/kg Cr was obtained, practically equaling the Cr 

concentration in the reference sample exposed to RT. It should be 

noted that this LoD is significantly higher than the one obtained 

for solution-based ICP-MS analysis (0.03 mg/kg Cr) because a  
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Fig. 1 LA-ICP-MS Cr depth profiles for epoxy films exposed to Na2CrO4 

solution at different conditions. 

relatively small laser beam diameter was used in combination with 

a reduced laser energy density to achieve a good compromise 

between the lateral and spatial resolution on the one hand, and the 

sensitivity on the other hand. The Cr concentration in the non-

exposed reference film was below the LoD (0.03 mg/kg Cr). 

The two films exposed to Na2CrO4.aq at RT and at 60 ºC 

exhibited similar Cr concentration profiles, with a relatively high 

Cr content in the first ablated layer (6.3 ± 1.0 and 101 ± 10 mg/kg 

Cr, respectively) followed by much lower Cr concentrations 

(below LoD) in the deeper layers. Purely indicatively, these 

concentrations are also displayed as semi-transparent data points 

in Fig. 1. This demonstrated that the maximum Cr penetration 

depth for the films exposed to Na2CrO4.aq was 2.3 µm with a 

much higher concentration in the film exposed at 60 ºC, consistent 

with the solution-based ICP-MS results. However, it remained 

unclear whether the Cr detected was located on top of the film 

surface or within the film depth of 2.3 µm. TOF-SIMS analysis 

was conducted to clarify this (see ToF-SIMS section). 

In the film exposed to Na2CrO4.aq/acetone at RT, the Cr 

concentration was significantly higher than for the solution 

without acetone, also exhibiting a more gradual decrease of the Cr 

concentration as a function of depth. In the surface layer, the Cr 

content was 427 ± 44 mg/kg, which decreased to 86 ± 6 mg/kg at 

11.5 ± 0.7 µm depth; all values were well above the LoD. This 

indicated that the addition of acetone not only allowed a higher Cr 

concentration in the film, but also a deeper penetration into the film. 

The full Cr concentration profile along the total film thickness 

could be assessed further by prolonged depth profiling with LA-

ICP-MS, keeping a constant distance between the sample surface 

and the extraction orifice of the tube cell (mounted on motorized 

Z-stage). 

Exposing the film to the same acetone-containing Na2CrO4 

solution at higher temperature (60 ºC) yielded a somewhat 

different profile. Except for the first layer with a Cr concentration 

of 33700 ± 4800 mg/kg, the following four layers had similarly 

high Cr concentrations (11020 ± 540 to 12800 ± 650 mg/kg). The 

constant Cr concentration in the deeper layers indicated that under 

these conditions the outer 11.5 ± 0.7 µm of the film reached 

equilibrium with the solution during the exposure. The higher Cr 

content for the surface layer is most probably related to additional 

Cr deposits on the surface of the epoxy film. Apparently, the Cr 

transport process within the epoxy was slower at RT and 

equilibrium was not reached during the exposition time, resulting 

in a Cr concentration gradient. 

The Cr profiles for the films exposed to Na2CrO4 in water and 

water-acetone at 60 ºC are in line with a SEM-EDS study reported 

previously24, in which the Cr content was determined by local 

EDS analyses along the whole thickness of the epoxy film, by 

analyses on a cross-section. However, direct comparison is not 

possible as the exposure time was much shorter in the previous 

study (24 h).  The sensitivity of SEM-EDS appeared too low to 

detect any Cr in the water exposed film, however for the sample 

exposed to the chromate solution with added acetone, Cr was 

detected to a depth of 25 µm. The Cr concentration decreased 

gradually from 0.60 ± 0.06 wt% to 0.10 ± 0.05 wt%, the latter 

approaching the detection limit of EDS. At a depth of 50 µm no 

Cr was detected indicating that the samples were not saturated 

after 24 h exposure. The Cr contents as reported by EDS in the 

near surface region (0.60 wt% = 6.000 mg/kg), based on a semi-

quantitative calculation, are lower than the values reported by LA-

ICP-MS (~10.000 mg/kg) for saturated samples exposed for 2 

weeks, as might be expected given the shorter exposure time. 

Since for the films exposed to Na2CrO4.aq, the majority of Cr is 

located within the depth scale of the LA-ICP-MS analysis, the 

overall Cr content of these films can be estimated considering the 

total film thickness and a film density of 1 g/cm³. For the film 

exposed at RT, the Cr concentration was 0.30 ± 0.02 mg/kg as 

measured by solution-based ICP-MS. In the film exposed at 60 ºC, 

ICP-MS analysis provided a Cr concentration of 8.5 ± 0.4 mg/kg, 

while LA-ICP-MS analysis resulted in 5.1 ± 1.1 mg/kg of 

estimated Cr concentration in the entire film. This indicated a 

reasonable agreement of the measurement results, considering the 

significant differences in sampling methods, sampled volumes 

(few µg vs tens-hundreds mg) and LoDs of both techniques (0.03 

mg/kg for ICP-MS and 1.2 mg/kg for LA-ICP-MS). This is also 

an indication that for the films analyzed nearly all Cr was indeed 

located within the first layer analyzed. 

TOF-SIMS - Cr identification. Chromium penetration from 

solution into these epoxy films was further studied by ToF-SIMS 

as this technique has the potential to determine the lateral and 

depth Cr distribution in the near-surface regime of the films in 

more detail as compared to LA-ICP-MS. For all 4 differently exposed 
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Fig. 2 TOF-SIMS accumulated spectra of (a) unexposed coating, and 

coatings exposed to (b) NaCrO4.aq @RT6w and (c) NaCrO4.aq/acetone 

@60C2w. 

 

 

 

 

Fig. 3 Comparison of total ion normalized Cr+ spectra (a) and (b) Cr+ depth 

profiles from the coating exposed to Na2CrO4.aq @60C2w (red) and the 

unexposed reference film (blue). 

Table 2. ToF-SIMS absolute Cr intensities in an epoxy film exposed to 

different conditions (3D cube). 

Exposure conditions of epoxy film Cr intensity (kcounts) 

Na2CrO4.aq @RT6w 8 

Na2CrO4.aq/acetone @RT6w 675 

Na2CrO4.aq/acetone @60C2w 26316 

films ToF-SIMS 3D data cubes have been acquired, from which 

spectra, depth profiles and 3D Cr distributions were extracted. 

SEM-EDS analyses were included to establish the depth scale in 

ToF-SIMS depth profiling. 

In Fig. 2, the TOF-SIMS spectra as obtained in positive ion 

mode (low mass range only) are displayed for different films, 

representing the signals from the whole volume probed during 

depth profiling. The spectrum of the unexposed epoxy film (Fig 2a) 

contained typical epoxy-amine mass fragments, e.g. CxHyN+ and 

aromatics. The spectra of most exposed films (Fig. 2b) were 

identical upon global inspection, which reflected the fact that the 

resin is the main component of all films. The only deviating 

spectrum originated from the epoxy film exposed to 

Na2CrO4.aq/acetone @60C2w (Fig. 2c). For this specific case, the 

signals belonging to Na+ and Cr+ were dominant in the spectrum. 

This might be related to either a much higher Cr bulk content as 

estimated by LA-ICP-MS or to a local enrichment of Cr. 

Upon more detailed inspection of the mass spectra, Cr could be 

identified clearly for all exposed films, but not for the reference 

film. As an example, Fig. 3a shows a normalized 52Cr+ mass region 

for the epoxy film exposed to Na2CrO4.aq during 2 weeks at 60 ºC 

in comparison to that for the reference unexposed film. According 

to solution-based ICP-MS, the overall Cr content in the film after 

exposure was 8.5 ± 0.4 mg/kg. 

For most of the films, Cr+ and CrOH+ were the only additional 

Cr-containing mass fragments observed as compared to the 

unexposed reference. The only film for which more Cr-containing 

fragments were identified was the one exposed to 

Na2CrO4.aq/acetone during 2 weeks at 60 ºC. In the mass spectrum 

of this film, at positive polarity, several oxidic Cr fragments were 

identified: Cr2O(H)+, Cr2O2H+, Cr2O3H+, Cr2O4H2
+, Cr2O5H6

+, 

Cr3O+, Cr3O2
+. The occurrence of these fragments might be related 

to the much higher Cr concentration. The fact that Cr-O fragments 

containing more than one Cr atom were identified indicates further 

that oxidic Cr particles have formed within this depth region of the 

film rather than that Cr is present as well-dispersed atomic entities. 

Comparing the relative Cr intensities for the different films, the 

following global ranking could be made (Table 2): 

Na2CrO4.aq/acetone @60C2w > Na2CrO4.aq/acetone @RT6w > 

Na2CrO4.aq @RT6w, which matches well with the solution-based 

ICP-MS and LA-ICP-MS results. The film exposed during 2 

weeks at 60 ºC to Na2CrO4.aq was excluded from this comparison 

as a lower sputtering energy was used for this film (10 keV rather 

than 20 keV, translating in a decreased sputtering rate). 

Although ToF-SIMS is generally considered as a qualitative 

technique, one could compare the difference in Cr intensities 

between different films with the ICP-MS results to get an 

impression of whether the analyzed volumes in ToF-SIMS are 

representative for the overall Cr content. In case Cr would be 

distributed homogeneously throughout the whole epoxy film, a 

large mismatch between the overall content as determined by ICP-

MS (film thickness of 100 µm) and the localized content as 

provided by ToF-SIMS (sputter depth of a few µm) could be 

expected. If Cr were localized within the information depth from 

the ToF-SIMS profile, the ICP-MS and ToF-SIMS results would 

compare much better. According to ICP-MS data, the film exposed 

to Na2CrO4.aq/acetone during 6 weeks at RT was enriched 36-fold 

in Cr as compared to the film which was exposed to Na2CrO4.aq 

without acetone (Table 1). The relative intensity ratio calculated 

based on the ToF-SIMS data is 26 (for a similar depth scale), 

which is a relatively good match with the overall content as 

determined by ICP-MS, given the relatively small analysis volume 

of ToF-SIMS and the inhomogeneity observed (see later). This fit 

could be considered as an indication that ToF-SIMS has detected 

the majority of Cr, although a very limited depth region has been 
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analyzed only.  

ToF-SIMS - Cr depth distribution. Having Cr positively 

identified in the films by ToF-SIMS, Cr depth profiles were 

extracted from the 3D data cubes acquired for the differently 

exposed films. The variation of the normalized Cr signal in the 

epoxy film exposed to Na2CrO4.aq @60C2w with depth is shown 

in Fig. 3b. The Cr intensity decreased rapidly as a function of the 

sputter time (representing depth). Most of the Cr signal originated 

from the first 200 seconds of sputtering. The shape of this profile 

was independent of the normalization procedure (either against the 

total ion intensity or that of a specific resin fragment (C7H7
+), 

which both showed a constant intensity as a function of time). 

To assign a depth scale to the sputter profile, the crater was 

inspected afterwards by SEM (Fig. 4a). Within the crater, pillars 

were observed at multiple positions, covering a relatively small 

fraction of the crater. The presence of the pillars indicated that at 

specific positions, the sputtering process had not resulted in 

removal of the coating. On top of the polymeric pillars brighter 

particles were observed. These particles contained Si and Ca as 

indicated by the EDS analysis (supporting information S1). 

Contaminant particles of such nature could also be seen at the 

surface of unsputtered areas, as detected both by SEM-EDS and 

ToF-SIMS. Apparently, the inorganic contaminant particles on the 

surface of the coating have locally blocked the removal of the 

underlying polymer. Such an evident difference in erosion rate 

between inorganic particles and polymeric matter is well known.39 

EDS spectra acquired at the bottom of the sputtered area revealed 

only C, O, and Cl, the main elements of the polymer matrix as 

reported previously.25 

To ensure that for this film (Na2CrO4.aq @60C2w) the 

contaminant particles do not affect the Cr depth profile, the Cr 

profiles for areas with and without the contaminating particles 

were compared. As the shapes of the profiles were identical, this 

indicated that Cr was not contained within the contaminants 

(Supporting information S2). Hence, the Cr+ depth profile could 

be regarded as representing the uncontaminated part of the 

polymer matrix only. As it was demonstrated, erosion of inorganic 

particles occurred to a very limited extent due to the sputtering 

conditions applied which were optimized for organic matter. 

However, Cr itself is also an inorganic element, which raised the 

question of how effectively this element was sampled under the 

sputtering conditions. The state in which Cr was present in the 

coating might be helpful here. In the section on spectral 

interpretation (ToF-SIMS - Cr identification), it was argued that Cr 

was mainly present in a well-dispersed state in the film, and not 

present as clusters or particles. This would essentially mean that 

the Cr entities are diluted in the polymer, causing the erosion 

characteristics to be dominated by the polymer matrix rather than 

by the Cr-species. 

 

 

 

 

 

 

Fig. 4 Crater area after Ar-cluster profiling of the coating exposed to (a) 

Na2CrO4.aq @60C2w and (b) Na2CrO4.aq/acetone @60C2w 

(magnification of 1000 (top) and 6000 (bottom)). 

Having established that the contaminating particles had no 

impact on the Cr profile for this film (Na2CrO4.aq @60C2w), the 

depth of the sputter crater could be determined. The height 

difference between the top of the pillars and the bottom of the 

crater was taken as a measure of the crater depth. The sputter depth 

was evaluated with SEM by finding a correct working distance 

(focusing) at the top of the pillars and at the bottom of the crater. 

The average sputtering depth for the film was 3.4 ± 0.8 µm. This 

was obtained within 750 seconds of sputtering. As most of the Cr 

was detected during the first 200 seconds of sputtering, it was 

mainly present within the first 1 µm from the surface of epoxy film 

downward, with an emphasis on the topmost 200 nm, given the 

exponential decrease. In case sputtering of well-dispersed Cr is 

slower than for the polymer itself, the depth range of Cr present in 

the film would be even smaller. These results provide a more 

precise Cr localisation than could be obtained by LA-ICP-MS, 

where it was found that for this specific film (Na2CrO4.aq 

@60C2w) all Cr was located within the outer 2.3 µm of the film.  

Figure 5 shows the Cr depth profiles for the films exposed to the 

other conditions (Na2CrO4.aq@RT6w, Na2CrO4.aq/acetone@RT6w 

and Na2CrO4.aq/acetone@60C2w). For the film which was 

exposed to Na2CrO4.aq at RT the Cr intensity decreased rapidly 

with sputtering time, indicating that Cr has penetrated to a limited 

extent into the film only, similar to the film which was exposed at 

higher temperature (nanometer scale). When exposed to 

Na2CrO4.aq/acetone, more Cr penetrated the film at the same 

temperature (RT) and the penetration was clearly deeper, i.e. 

beyond the practical depth scale of sputtering with ToF-SIMS (< 

10 µm) and also beyond the depth scale currently applied in LA-

ICP-MS (~ 12 µm) However, there is no physical limitation to 

extend the depth range of LA-ICP-MS to the thickness of the 

whole film (~ 100 µm), This in combination with the required 

sensitivity makes LA-ICP-MS a useful complementary technique  
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Fig. 5 Normalized Cr depth profiles as obtained using ToF-SIMS for the 

films exposed to Na2CrO4.aq and Na2CrO4.aq/acetone at different 

temperatures. 

 

 

 

Fig. 6 Cr distributions at different depth – selections from the total of 171 

scans (numbers indicate slice numbers) for the coating exposed to 

Na2CrO4.aq during 2 weeks at 60 °C. (4x binned images. Maximum counts 

per pixel is about 10 for the different selections. Total Cr counts in the 

unbinned 3D cube is 1.4 E+5.) 

as compared to ToF-SIMS to investigate films with low Cr 

loadings and penetration levels in the typical coating range (20-

100 µm). 

Also, for these two films SEM-EDS analysis revealed non-

sputtered pillars in the sputter crater, on top of which contaminant 

particles containing the inorganic elements such as Si and Na 

(Supporting information S2) were present. Similar to the previous 

case for these films, the Cr+ depth profiles could be shown to 

represent the uncontaminated part of the film and thus reflected the 

penetration of Cr into these films.  

For the film exposed to Na2CrO4.aq/acetone at elevated 

temperature (@60C2w), the Cr intensity in the ToF-SIMS profile 

was much higher and remained constant within the sputter period 

of the analysis. For this specific film, more pillars occurred in the 

crater and the pillars were larger, as compared to the other films 

(Fig. 4b). Moreover, Cr- and Si-containing particles were 

identified on top of these pillars by SEM-EDS (Supporting 

information S1). This would mean that during the exposure Cr-

containing particles have been deposited on the exterior of the 

coating. This observation is in good agreement with the 

identification of oxidic Cr fragments with multiple Cr atoms for 

this film using ToF-SIMS. As these Cr-containing particles will be 

hardly removed upon Ar cluster sputtering in ToF-SIMS, the 

persistent presence of these particles will give rise to a nearly 

constant Cr intensity as a function of sputter time. The presence of 

these Cr particles on the exterior of the film also results in a profile 

that demonstrates an artefact related to sputtering rather than being 

a true representation of the concentration as a function of depth. 

From this experiment it is not clear whether this coating also 

contains well-dispersed Cr, in addition to these particles. LA-ICP-

MS analysis of this film also suggested that Cr particles were 

present on top of this coating as the concentration of Cr in the outer 

layer of the film was much higher that the constant concentration 

within the film thickness (Fig. 1). 

Excluding the latter case, the profiles agree very well with those 

obtained using LA-ICP-MS (Fig. 1), the benefit being the higher 

depth resolution for ToF-SIMS. This is in particular beneficial in 

situations where Cr is well dispersed and the Cr penetration depth 

is limited to below the information depth of a single ablation layer 

in LA-ICP-MS. 

Determination of the Cr penetration range and the shape of the 

profiles allow further studies to derive the kinetics of Cr migration 

in these films. These analyses indicate that chromate ions in water 

have a relative low ability to penetrate and migrate through the 

epoxy matrix, as judged from the estimated penetration depth of 

only a few hundreds of nanometers under the conditions applied. 

Chromate mobility is largely facilitated by the addition of acetone, 

the latter presumably acting as a swelling agent of the polymer. 

ToF-SIMS - Homogeneity of Cr penetration. To evaluate 

whether Cr penetrated the films homogeneously, Cr images were 

extracted from the ToF-SIMS 3D data cubes for all 4 films. The 

count rate per pixel for the film exposed to water during 6 weeks 

at RT was that low (maximum count rate per pixel of 4 for the 

whole thickness probed), that further evaluation could not be 

justified (ICP-MS content was 0.30 ± 0.02 mg/kg). For the film 

exposed to Na2CrO4.aq during 2 weeks at 60 ºC, the overall lateral 

Cr distribution, generated by adding up the distributions from all 

depths, clearly showed that the Cr intensity was locally enriched, 

as if tracks were present (Fig. 6). To determine how this 

enrichment was distributed in depth, the overall Cr image was 

subdivided in a set of layers covering sections of the depth scale. 

To deal with the low Cr count rate per pixel in the original Cr 

images (max. 5) the images were binned 4 times. Fig. 6 shows that 

in the outer surface region of the film (the first 3 data points of the 

depth profile in Fig. 3b), the lateral Cr distribution is almost  
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Fig. 7 Cr distributions at different depth selections from a total of 120 slices (numbers indicate slice numbers) for the coating exposed to Na2CrO4.aq/acetone 

during 6 weeks at RT. (non-binned images. Maximum count rate per pixel of 20 for the scans 1-40, lowering to a maximum count rate of 8 for the scans 81-

120. Total Cr counts in the 3D cube is 6.5 E+5.). 

homogeneous. Just below this outer surface region (depth estimate: 

100 nm), local enrichment becomes visible, although also outside 

of this enriched area, Cr is still detected. At the end of the profile, 

Cr is still detected in the track, but not in the surrounding area. 

Assuming that the sputtering rate is similar for all areas, this 

indicates that there are areas within the film in which Cr 

penetration goes faster/deeper than in the surrounding areas. This 

can be viewed as direct evidence for chromate penetration into the 

film via a channel observed in the image. 

For the film exposed to Na2CrO4.aq/acetone during 6 weeks at 

RT, similar features were observed in terms of Cr distribution. In 

the outer region, the lateral Cr distribution appeared homogeneous 

again, albeit at higher concentrations and extending deeper into the 

film (Fig. 7). At increasing depths gradually areas became visible 

which appeared enriched in Cr. At even further depths Cr is mainly 

located in the enriched areas. 

CONCLUSION 

This study describes a multi-modal approach to investigate the 

mobility of chromate ions in epoxy films. A selected set of films 

with different Cr levels, phases and profiles was used for this 

purpose. Identification, quantification and localization of Cr in 

epoxy model films exposed to chromate solutions requires 

analytical techniques with low detection limits and an appropriate 

depth and spatial resolution. By using the complementary features 

of solution-based ICP-MS, LA-ICP-MS and ToF-SIMS, 

supported by SEM-EDS, the necessary information could be 

collected. As a result, detailed information as to the degree of Cr 

penetration into these films was obtained. 

Using solution-based ICP-MS, the overall Cr content in the 

films could be determined quantitatively at concentrations down 

to the sub-mg/kg level. Using the quantitative and localised 

character of LA-ICP-MS analysis, the scale of Cr penetration 

could be linked to the ICP-MS data. This confirmed that sputter 

profiling with ToF-SIMS, which is a qualitative technique, was 

carried out in the appropriate region of the film (near-surface). The 

in-depth Cr distribution could be measured by both LA-ICP-MS 

and by ToF-SIMS depth-profiling, the applicability depending on 

the actual depth range of Cr. LA-ICP-MS was most suited for 

analysis of films for which deeper penetration of Cr had occurred 

(> 2 µm), related to the fact that ToF-SIMS profiling has a 

practical limit in the micrometer scale. For films in which Cr 

penetration had occurred mainly in the sub-micrometer range, 

ToF-SIMS yielded more detailed depth information than can be 

gained with LA-ICP-MS. A further advantage of LA-ICP-MS is 

that it could deal with Cr particles, while this is currently 

technically not possible with ToF-SIMS depth profiling of organic 

layers with such particles. 

Evaluation of 3D ToF-SIMS data cubes provided information 

on the homogeneity of Cr penetration into the films. Indications 

have been obtained that Cr penetration into the film occurs deeper 

via patches than via the uniform transport within the polymer. 

The focus of this study was to develop an analytical strategy to 

localise Cr in epoxy films. With this strategy a more systematic 

study on Cr mobility can be undertaken. This will serve effective 

design of novel anti-corrosive coatings and replacing chromate 

pigments. However, the current data set already allows to draw 

conclusions on the behaviour of Cr ions. The exposure conditions 

had a clear effect on the actual content of Cr in the film and its 

distribution. Transport of Cr into the epoxy film was clearly 

facilitated at elevated temperature above the Tg and by the 

addition of acetone to the aqueous chromate solution. This might 

be related to an increased mobility of the polymer chains under 

these conditions.38 

The origin of Cr-enriched patches is not clear and requires 

further investigation with appropriate imaging techniques on a 
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larger scale. The size of Cr-enriched areas in the µm range suggest 

that they were not related to the free volume of the polymer 

(usually in the nm scale40). Possibly, Cr enrichment in the micro-

cracks formed under the exposure conditions or in pockets of 

residual solvent formed during the curing occurred (Supporting 

information S3). 
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