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A quantitative method for determining the mineralogical composition of clays in cultural heritage (i.e. pottery, sculptures,

construction materials, etc.) samples using ATR-FT-IR spectroscopy with partial least squares (PLS) analysis is presented.

ATR-FT-IR is fast, easy, has no specific sample preparation, enables analysis of tiny samples or non-destructively directly

on the object. It offers highly characteristic information about clay composition and structure (compared to XRD also

enables the identification of amorphous components). Coupling ATR-FT-IR with PLS, it is possible to quantify many

components from the mixtures, whose bands can overlap severely in IR spectra, and spectral baselines can be variable,

as long as there are at least minor differences in the ATR-FT-IR spectra of the components. This ATR-FT-IR-PLS method

is a suitable alternative to the XRD, especially if the sample amounts are very low and high accuracy is not needed.
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▪ The developed ATR-FT-IR-PLS 

method (using the mid-IR and far-IR 

regions)  enables quantifying the 

contents of 7 main classes of minerals 

in different sizes and amounts of clay 

samples with a RMSEP ranging from 

0.9 to 5.1 g/100g and the average 

performance index of 84.8 %.

▪ In some cases, depending also on the 

content of the minerals in the sample, 

the accuracy is at semiquantitative 

level.

▪ To get adequate results, sample 

homogeneity is a key aspect.

▪ ATR-FT-IR-PLS method can be 

improved by adding new calibration 

standards into the model. 
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▪ At first, discriminant analysis (DA) 

classification (based on principal component

(PC) analysis) was used to evaluate ATR-FT-

IR spectra of individual minerals commonly 

present in clays and observe how they can 

be differentiated and classified based on 

their spectral features. 

▪ The results indicate that these minerals are 

different enough, and there are characteristic 

vibrations in the ATR-FT-IR spectra that the 

PLS algorithm can use for quantification.

▪ DA classification results suggest that for 

creating a reliable quantitative method, 

minerals grouped together should also be 

handled as a group in the PLS model.

ATR-FT-IR spectra of calibration and validation standards. Red 

rectangles show wavenumber ranges used for creating the PLS method. 

CREATING ATR-FT-IR-PLS METHOD
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Silica varieties 0.9585 4.9 0.9816 3.6 82.0

Feldspars 0.9722 5.0 0.9875 4.0 85.0

Clay minerals, group 1 0.9840 2.9 0.9897 2.6 86.8

Clay minerals, group 2 0.9029 6.1 0.9371 5.1 79.7

Clay minerals, group 3 0.9142 2.4 0.9493 1.8 83.5

Carbonates 0.9944 1.7 0.9993 0.9 96.4

Iron-oxyhydroxides 0.9049 2.7 0.9570 1.9 80.1

The developed ATR-FT-IR-PLS method enables quantifying the contents 

of 7 main classes of minerals in different clays. The Table presents some 

parameters that evaluate the accuracy of the PLS method.

▪ Altogether, 222 averaged ATR-FT-IR spectra 

of real-life archaeological, cultural heritage, 

geological and other clay-related materials 

with known compositions were used as 

calibration and validation reference

standards for creating the PLS method.

▪ The quantitative compositions of reference 

standards (determined with XRD) contain 

combinations of altogether 29 minerals. 

Before creating the PLS model, the contents 

of the 29 minerals of the standards were 

grouped based on the XRD results, the 

results obtained by comparison of the ATR-

FT-IR spectra of individual minerals and 

their DA classification.

▪ The contents of the grouped components of 

the reference standards and their ATR-FT-IR 

spectra were inserted into the Thermo

Scientific TQ Analyst Pro software, and the 

PLS model was created.

R2: squared correlation coefficient; RMSEC: root mean square error of calibration; RMSEP: root mean 

square error of prediction; PI - performance index. 

Clay minerals, group 1: kaolinite and halloysite; Clay minerals, group 2: micas, illite, illite-smectite, smectite

and vermiculite; Clay minerals, group 3: chlorite and chlorite-smectite.
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DA classification of the individual minerals presented by the

three PCs (scores for each PC: PC1=36.1%, PC2=18.6% and

PC3=11.9% describing all together 66.6% of the variance).
Representative ATR-FT-IR spectra of individual minerals from each class.

▪ For the analysis, the sample of the potsherd from Narva Joaorg was tiny (a 

few mg); the samples of brick from Tartu Cathedral and terracotta sculpture 

from Tartu St John’s church were larger, and besides ATR-FT-IR, for

comparison, XRD analysis was also carried out.

▪ The ATR-FT-IR spectra of case-study samples were inserted into TQ Analyst

Pro software, and the PLS model calculated the quantitative contents of the

samples (see the Table below).
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CONCLUSIONS

Sample

Content (g/100g) of the component Total quant. 

(g/100g) CommentsSilica var. Feldspars Clay 1 Clay 2 Clay 3 Carbonates Iron oxy-hyd.

PLS XRD PLS XRD PLS PLS XRD PLS PLS XRD PLS XRD PLS

Fragment of Corded Ware 

pottery from Narva Joaorg

(3rd millennium cal BC)

25.33.6 - 31.54.0 - 7.22.6 30.25.1 - -0.41.8 0.60.9 - 9.11.9 - 103.58.3
Most of the main minerals of the tiny 

sample can be quantified.

Brick from Tartu Cathedral 

(14th-15th c. AD)
48.23.6 47.2 30.54.0 21.0 0.632.6 12.85.1 20.4 -2.21.8 0.70.9 9.11.9 11.4 99.78.3 The method adequately quantified some

of the main minerals (besides clay 

minerals 1 and 2).
Head sculpture from St. 

John's church (14th c. AD)
53.43.6 50.5 37.04.0 26.5 2.32.6 0.65.1 13.3 -1.71.8 0.70.9 0.8 8.11.9 8.9 100.48.3

CASE-STUDIES

Tartu Cathedral, Estonia 

(built 13th to 16th c. AD)

St. John's Church in Tartu, Estonia 

(built 13th to 14th c. AD)


