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Annex A: Summary tables 

 

The following annex presents a series of tables that summarize all the information obtained 

during the research on old and new handmade clay bricks. Table A.1 presents the information 

gathered during the literature survey. Table A.2, Table A.3 and Table A.4 present the results 

obtained from the tests carried out with the old clay bricks collected from the six Portuguese 

monuments that were the object of laboratory tests in this research work. The partial results 

obtained with the new handmade clay bricks are presented in Table A.5. 
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Annex B: Methodology for the treatment of chemical data 

from clay samples 

 

The following annex provides a short description of the analytical methodology used for the 

chemical analysis of clay bricks used in this research work and the statistical procedure that 

result in the grouping of samples and the estimation of the origin of raw clay. The reader is 

referred to Castro et al. (1997) and Castro (1998a; 1998b; 1999) for further details about this 

subject. 

B.1. General description of the methodology 

The determination of the chemical composition of archaeological and ethnographical samples 

and clay products is a matter of interest for researchers in many ways. In one way, it helps 

determining the durability of clay bricks and their susceptibility to modern pollution. On the 

other way, it allows to estimate, with further calculations, the provenance of the raw clay, 

which permits to understand commercialisation circuits, technical aspects of production, etc. 

Such calculations are based in the following assumptions: 

• The chemical composition of ceramic fragments is strongly related to the chemical 

composition of raw clay; 

• Considering that the commerce of raw materials at long distance is rare, it is 

acceptable to consider that the chemical composition of ceramic fragments are a good 

indicator of the raw material’s provenance; 

• It is essential to know the chemical composition patterns of raw clays and 

ethnographic ceramic production centres from perfectly known origins. All the 

collected data is reported in a database. 

Thus, the comparison of the chemical composition of a ceramic, or clay, fragment with the 

typical chemical composition of a known production centre allows to determine, through 

appropriate procedures and statistical calculations, the probability of this fragment to come 

from that particular production centre. These procedures are illustrated in Figure B.1 (Castro 

et al., 1997). Although this analytical methodology had been mostly applied in ethnographical 

and archaeological ceramics, the study of old and new handmade clay bricks (construction 

material) followed the same methodology. 
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Figure B.1 – Flowchart showing the method to perform chemical and statistical analysis on antique ceramic 

wares and clay samples and to estimate their provenance. 

 

The first step consists in the preparation of the sample. This is a very important step that 

consists in a series of procedures to guarantee uniform analysis conditions and to avoid 

contaminations by elements present in glass coatings. In the case of old bricks, possible 

contaminations are caused by lime mortars. Thus, the procedures taken to minimise the effect 

of the presence of glass coatings in ceramic fragments are followed in the case of lime 

mortars in the chemical composition of clay bricks. Clays are dried at 110 ºC during 24 hours 

to remove moisture. Afterwards, the samples are milled and pressed in 4.0 ± 0.2 mm plastic 

discs. 

Next, the chemical analysis is carried out by X-ray fluorescence spectrometry with the 

following analysing crystals: LiF220, Pe, Ge, PX1 and TLAP, which allow measuring 

elements with an atomic number inferior to 11. The equipment is calibrated with clay type 

certified reference materials (C.R.M.) and with internal standards produced by the addition of 

certain pure substances to the C.R.M.s. The elements analysed are: Na (sodium), Mg 

(magnesium), Al (aluminium), Si (silicon), P (phosphorus), K (potassium), Ca (calcium), Ti 

(titanium), Mn (manganese), Fe (iron), Sr (strontium), Rb (rubidium), Zr (Zirconium) and Ba 

(barium). 

Prior to the statistical analysis itself, some of the elements that are generally considered as 

contaminants are discarded from the analysis. These elements are: Na (sodium) and P 

(phosphorus). Sodium appears generally when contamination due to culinary use exist and 
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phosphorus may derive from contamination with organic animal materials. Thus, the 

statistical analysis is commonly performed with the following elements: SiO2, Al2O3, MgO, 

CaO, Fe2O3, TiO2, K2O, Mn, Ba, Rb, Sr, Zr. Next, all elements are transformed on a new 

weight 100 % basis. This eliminates differences on loss on ignition values due to different 

types of clay materials, different firing conditions, different residual moisture contents and 

different organic matter contents. It eliminates also the eventual effect that different degrees 

of contamination of the samples would have on the results. Afterwards, all chemical 

composition values are transformed in reduced variables using, for that effect, the 

Equation B.1, where Ci represents the content of the element i in the sample, iC  is the content 

of the element i in all the samples considered and σi is the corresponding standard deviation. 

( )
i

ii
i

CC
Z

σ

−
=  (B.1) 

This procedure allows to reduce the sensitivity of the analysis relatively to the different 

proportions of the chemical elements in the chemical composition, allowing to consider all the 

chemical elements equally important in the statistical analysis. Thus, variations in the major 

constituents (silica and alumina) will be considered as strongly as in minor elements 

(manganese, strontium, titanium, zirconium, etc.). 

Afterwards, the samples are grouped by chemical similarity using cluster analysis. This is 

especially important in the case of having large amounts of data. The clustering method 

employed is the nearest neighbour method applied to the Euclidean distances between 

samples, or between groups of chemically similar samples, and carried out using specialized 

statistical software packages (SPSS, NCSS, Origin, etc.). The Euclidian distance between two 

chemical compositions allows to verify how close two chemical compositions are similar or 

distinct. In order to confirm that a particular chemical composition belongs to a specific 

cluster (with a certain probability), the dissimilarity between compositions is evaluated 

through the multivariate Hotelling’s T
2
 test (analysis of the variance). If the probability of the 

two clusters tested being different is superior to 95 %, then the clusters are accepted. 

Otherwise, they are merged into a larger group. Finally, additional discriminant analysis can 

be done to evidence the main components responsible for the differentiation between the 

clusters. 

After forming an adequate number of clusters with the ceramic fragments and clay products 

under investigation, they are compared with the chemical composition patterns from known 

provenance that are present in the database with the same methodology. If the Hotelling’s T
2
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test is close to zero, the two clusters are very similar and there is a high probability that the 

source of the two tested clusters is the same. 

B.2. Results for old clay bricks 

Table B.1 – Groups formed with the bricks from Outeiro. 

Outeiro 1 

Specimens OU03, OU04, OU06, OU07 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average  53.19 25.75 13.61 3.62 0.54 1.04 0.39 1.68 642 241 71 189 681 

Std dev. 1.28 0.55 0.91 0.13 0.08 0.02 0.12 0.25 87 9 2 7 131 

Outeiro 2 

Specimens OU01, OU02, OU09 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 60.31 25.45 6.90 3.73 0.54 1.02 0.40 1.40 868 323 93 223 928 

Std dev. 1.63 1.71 0.28 0.30 0.07 0.15 0.18 0.40 44 15 27 15 164 

 

Table B.2 – Groups formed with the bricks from Pombeiro. 

Pombeiro 1 

Specimens PO18, PO24, PO27, PO28, PO29 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 57.21 26.71 7.97 4.48 0.41 1.10 0.16 1.78 707 252 54 247 485 

Std dev. 1.56 1.35 0.60 0.19 0.12 0.10 0.07 0.17 52 55 38 31 66 

Pombeiro 2 

Specimens PO08, PO10, PO13, PO15, PO19, PO33 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 53.32 27.79 9.80 4.56 0.45 1.34 0.68 1.86 917 333 131 262 468 

Std dev. 1.01 1.04 0.58 0.41 0.05 0.14 0.47 0.16 153 125 37 35 207 

Pombeiro 3 

Specimens 
PO01, PO02, PO03, PO04, PO05, PO06, PO07, PO09, PO11, PO12, PO14, PO16, PO21, PO22, PO23, PO26, PO31, 

PO34 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 58.59 24.13 8.37 5.01 0.59 1.28 0.32 1.46 966 433 149 319 471 

Std dev. 1.83 1.69 1.48 0.51 0.17 0.10 0.25 0.22 77 75 55 33 56 
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Table B.3 – Groups formed with the bricks from Tarouca. 

Tarouca 1 

Specimens TA09, TA10, TA13, TA18 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 57.61 23.47 11.20 3.36 0.96 0.95 1.00 1.28 457 187 110 152 705 

Std dev. 1.40 1.02 0.86 0.38 0.09 0.10 0.20 0.13 104 75 34 17 162 

Tarouca 2 

Specimens TA08, TA14, TA16, TA17, TA19, TA21, TA23, TA24, TA25, TA26 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 51.77 27.19 13.34 3.88 0.58 0.97 0.41 1.71 555 123 54 173 595 

Std dev. 2.31 0.73 1.87 0.24 0.10 0.11 0.16 0.14 50 65 22 23 77 

Tarouca 3 

Specimens TA01, TA11, TA12, TA15 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 50.58 31.89 11.42 2.90 0.55 0.92 0.21 1.39 445 184 36 207 551 

Std dev. 0.60 0.96 0.97 0.15 0.13 0.07 0.04 0.18 65 83 31 16 59 

Tarouca 4 

Specimens TA02, TA03, TA04, TA05, TA07 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 52.12 32.93 8.56 3.73 1.05 0.57 0.10 0.82 360 115 27 284 340 

Std dev. 2.16 0.68 1.64 0.31 0.22 0.07 0.04 0.06 125 65 24 43 71 

 

Table B.4 – Groups formed with the bricks from Tibães. 

Tibães 1 

Specimens TI02, TI03, TI04, TI05, TI06, TI07, TI08, TI09, TI10, TI11, TI12, TI15, TI20, TI21, TI25, TI26, TI29, TI30, TI31, TI32 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 52.43 30.53 8.45 4.28 0.52 1.22 0.99 1.38 778 374 86 270 490 

Std dev. 2.05 1.80 1.34 0.27 0.12 0.08 0.53 0.23 134 85 52 56 108 

Tibães 2 

Specimens TI13, TI18, TI22, TI28 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 52.43 29.11 8.06 4.93 0.74 1.38 1.28 1.83 1074 466 201 328 432 

Std dev. 0.31 0.93 0.50 0.33 0.20 0.12 0.30 0.25 85 113 36 47 92 

Tibães 3 

Specimens TI19, TI24, TI27 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 58.01 29.88 5.09 3.81 0.29 1.20 0.26 1.23 833 616 147 283 465 

Std dev. 1.00 1.62 0.22 0.19 0.04 0.01 0.09 0.21 110 160 20 27 117 

 

Table B.5 – Groups formed with the bricks from Tomar. 

Tomar 

Specimens TO01, TO02, TO03, TO04, TO05, TO06, TO07, TO08, TO09, TO10, TO11, TO12, TO13, TO14, TO15, TO16 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 60.80 21.40 6.94 3.57 0.44 0.79 3.72 2.23 411 117 40 139 338 

Std dev. 2.34 2.10 0.59 0.83 0.10 0.09 3.09 0.30 59 42 11 15 88 
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Table B.6 – Groups formed with the bricks from Salzedas. 

Salzedas 

Specimens 
SA01, SA02, SA03, SA04, SA05, SA06, SA07, SA08, SA09, SA10, SA11, SA12, SA15, SA16, SA17, SA18, SA19, 

SA20, SA21, SA22, SA23, SA24, SA25, SA26 

Element SiO2 Al2O3 Fe2O3 K2O Na2O TiO2 CaO MgO Ba Zr Sr Rb Mn 

Average 54.88 32.51 3.41 5.23 2.12 0.22 0.72 0.80 303 86 89 329 283 

Std dev. 1.60 2.27 0.96 0.71 0.60 0.11 0.33 0.14 116 46 49 47 71 

 

Table B.7 – Non-grouped brick specimens. 

Specimens 
OU05, OU08, OU10, PO17, PO20, PO25, PO30, PO32, TA06, TA20, TA22, TA27, TI01, TI14, TI16, TI17, TI23, 

SA13, SA14, SA27 
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Annex C: Basic signal pos-processing of GPR data 

The following annex provides a short description of the basic signal processing techniques in 

use in this research work during the processing of 2D radargrams. The objective is to explain 

the reader with the most important terms and techniques used in this research wok. Signal 

pos-processing addresses the fundamental manipulations and enhancements applied to GPR 

data in order to make it more acceptable for initial interpretation and data evaluation. 

Figure C.1 gives an overview of the most important pos-processing steps. Additional insight 

in this topic can be found in Annan (1999b), Conyers (2004) and Daniels (2004). 

 

 

Figure C.1 – General overview of GPR pos-processing data flow. After Annan (1999b). 

 

The first steps include the initial data compilation and general editing requirements of data. 

The following steps are constituted by the processing of the data acquired during the survey. 

Although the techniques described hereafter are rather usual in GPR processing software, 

their application or implementation can differ greatly. Thus, the description will be focussed 

in the application GPR2D, developed by Prof. Luigi Zanzi (Polytechnic of Milan). 

The initial filtering processing step is usually constituted by temporal filtering with the aim of 

removing very low frequency components and the DC component from the data, as well as 

unwanted frequencies from the traces. In GPR2D, this step is carried out by applying to the 

data a band pass filter in the frequency domain, as illustrated in Figure C.2. Additionally, the 
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band pass filter improves the Signal to Noise Ration (SNR) by removing the out band noise 

components. A zero-phase band pass filter is designed in the frequency domain with the 

amplitude according to the lower and upper truncation and cut frequencies entered previously 

by the user The Figure C.3 shows the radargrams before and after applying band pass 

filtering. Additional averaging filters offer powerful data “clean-up” filters for noise spikes, 

and can be applied in both time and space domain. 

 

        

                                                 (a)                                                                               (b) 

 

                                                                                         (a) 

Figure C.2 – Applying a band pass filter in frequency domain. (a) Low-truncation, low-cut, high-cut and high-

truncation frequencies. (b) Zero-phase band-pass filter. (c) Final filtered frequency spectrum. 

 

        

                                                 (a)                                                                           (b) 

Figure C.3 – Examples of radargrams showing the effect of a band pass filter. (a) Before and (b) after applying 

the filter. Note the position of the horizontal axis. 
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Then, the next step is usually to select a time gain for the data set in order to compensate the 

attenuation of the signal as it penetrates into the soil. Generally, the main issue that apply here 

is whether or not one wants to maintain some sort of amplitude fidelity or whether one only 

wants to display all of the signals in the data. In the first case, physical phenomenon based 

systematic gains attempt to emulate the variation of signal amplitude (loss of energy) as it 

propagates in the ground such as spherical and exponential compensation gain filter. SEC 

amplifies each sample along the time window using an exponential expression to compensate 

the geometrical spreading attenuation of the electromagnetic signal, and given by  

tv
etv

.... α  (C.1) 

where v represents the radiowave’s velocity of propagation (cm/ns), t the time (ns) and α the 

attenuation coefficient (dB/m). In the second case, when showing all the information is more 

important than amplitude fidelity, a continuously adaptive gain such as AGC (Automatic Gain 

Control) is used. This filter tries to adjust the gain of each trace by equalizing the mean 

amplitudes observed in a sliding time window. Figure C.4 illustrates two examples of the 

previous radargram (Figure C.3b), one after applying SEC and the second one after an AGC. 

 

        

                                                 (a)                                                                           (b) 

Figure C.4 – Radargrams showing the effect of (a) SEC (v = 12 cm/ns and α = 0.02 dB/m) and AGC gain (10 ns 

window) filter. 

 

More advanced data processing addresses the type of processing that require a certain amount 

of operator experience to be applied and which generally results in data that is significantly 

different from the raw input information. Some examples of advanced signal processing 

techniques included in the GPR2D package are: background subtraction and F-K filtering. 

The most important advantage of these processing techniques is that they focus in making 

weaker signals visible and enhance specific components of the data, among others. 
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The most common in GPR processing, and the only one used successfully within this research 

work, was background subtraction. The background subtraction works generally by removing 

the direct wave and its reverberations (antenna ringing). This operation is performed by 

subtracting the average trace after time and amplitude corrections. Background subtraction 

enhances diffractions and dip events while removing all horizontal events. Figure C.5 

illustrates the application of the background subtraction (original radargram in Figure C.3b). 

 

 

Figure C.2 – Applying the background subtraction. 

 

Great care must be taken when using background subtraction due to the frequent creation of 

artefacts in areas where there are no responses from the ground giving rise to inaccurate 

interpretations. This technique should also be avoided in cases where horizontal events 

represent the objective of the acquisitions. 


