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Abstract: Historical lime mortars provide valuable information on the construction phases of build-

ings and allow reconstruction of the chronology of the historical structures. The City Wall of Burgos 

and the Mudejar Arch of San Martin were declared an Asset of Cultural Interest and have been 

protected since 1949. Several restorations at the end of the 20th century altered the original appear-

ance of the wall and the current gate, making it difficult to establish stratigraphic relationships be-

tween the two structures. Given the scarcity of information on the construction phases of the wall 

and the uncertainty of the historical dates, a mineralogical and chemical characterization of the mor-

tars was carried out, and the suitability of the binder for radiocarbon dating was assessed. The pet-

rographic, mineralogical and chemical analyses of the lime mortars from the Arc of San Matin show 

distinctive characteristics, suggesting different construction periods and production processes, 

where the selection of raw materials and production methods was conducted according to the con-

struction requirements. Moreover, the presence of contaminant phases and microparticles of char-

coal in the binder fraction led to discard all the samples for mortar radiocarbon dating. 
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1. Introduction 

One of the main goals of architectural archaeology with regard to historic buildings 

is to provide information on construction phases and to reconstruct the chronology of 

buildings (e.g., [1–8]). However, this information is not always easy to obtain, as usually 

the construction information is scarce or historical documents are not available. 

The archaeometric study of mortars provides information that allows us to under-

stand the technologies used to make mortars in the past, to identify the raw materials and 

their provenance issues and to recognize the construction phases of a building [4,9–12]. 

The study of old mortars also has an important role in formulating compatible mortars 

for restoration works [13–18]. 

To establish the chronology of the construction phases of the buildings. absolute da-

ting of the lime mortars is mainly used. In radiocarbon dating of mortars, the charcoal 

embedded in the mortar (e.g., [19–27]) or the lime binder (e.g., [28–34]) are used. Never-

theless, the use of charcoal fragments should be used with caution due to the effects of 

old wood [35]. The lime mortar dating method consists of isolating the high-purity binder 

fraction by extracting specific grain size fractions from the mortar, avoiding contaminants. 

Geological carbonates and the newly formed carbonated mineral phases during the man-

ufacture of mortars are the most common contaminants, leading to overestimating 
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radiocarbon dates. Secondary carbonates formed during alteration processes also lead to 

underestimation of the radiocarbon ages [31,36,37]. To avoid contaminants, several tech-

niques are proposed to separate the pure binder fraction, including mechanical 

[30,31,34,38] and chemical separation methods [29,39–41]. Thus, an appropriate chemical 

and mineralogical characterization of both the bulk mortar and the isolated binder frac-

tion greatly enhances the understanding of mortar features and allows a reliable prelimi-

nary assessment of the binder for radiocarbon dating. 

The City Wall of Burgos (Spain) is classified as an Asset of Cultural Interest in the 

category of Castle, under the protection of the General Declaration of the Decree of 22nd 

April 1949 (B.O.E. No. 125, of 5th May 1949 and Law 16/1985 on the Spanish Historical 

Heritage). This decree applies to all castles in Spain, regardless of their state of conserva-

tion, and prevents any intervention that could alter them or lead to their collapse. Since 

2014, the Wall of Burgos has been a structure with integral protection in the General Urban 

Development Plan of the city of Burgos under the category of “Historic-Artistic Site”. 

The construction of the medieval Wall of Burgos dates back to the reign of Alfonso X 

(1252–1284), although earlier documents mention a fence from dating from the end of the 

11th century. However, the dates are imprecise, and not all the fabrics are homogeneous 

in terms of construction, nor necessarily contemporary. The construction of the Arch of 

San Martin dates back to 1375, although in 1740 partial demolition was reported. The rel-

evance of the Arch of San Martín lies in the fact that until the 16th century, it was the main 

entrance to the city of Burgos. It takes its name from the nearby church of San Martín, 

which is no longer present. This gate is a Mudejar-style horseshoe arch flanked by two 

sturdy semi-circular cubes, which differ in appearance between the north and south cubes, 

with the la�er being heavily modified at the base. The current gate underwent several 

restorations at the end of the 20th century, changing its original appearance. 

The city walls are complex historical constructions, characterized by the overlapping 

of different types of masonry, due to the addition of structural elements and refurbish-

ment works over time. The aims of the present work are to determine the construction 

phases close to the Arch of San Martin in the city wall of Burgos on the basis of the min-

eralogical and chemical characterization of the lime mortars and also to evaluate the suit-

ability of the lime mortars for radiocarbon dating. 

2. Materials and Methods 

2.1. Materials 

The city Wall of Burgos is classified as an Asset of Cultural Interest, and therefore the 

mortar sampling was limited. The mortar samples were carefully selected based on the 

interpretation of the architectural sequence, since the exact dates of the constructive 

phases were unknown. Thus, three samples were collected (Table 1, Figure 1). Sample 

ARC-1 (11th century) corresponds to a whitish mortar joining eroded and broken sand-

stone ashlars from the foundations of a circular cube. Sample ARC-2 (first half of the 13th 

century) corresponds to the foundation of a quadrangular cube built over the circular cube 

and joins squared ashlars of sandstone and limestone. Sample ARC-3 (second half of the 

13th century) corresponds to the intrados of the Mudejar arch. 

In order to assess the suitability of the lime mortars for radiocarbon dating, a binder 

fraction of each sample was characterized. The lime binder fraction was extracted by set-

tling following the procedure described by [30,31]. To characterize the binder, the binder 

fractions with particle size <20 µm and <2 µm were considered. 
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Table 1. Sample location. 

Sample SU Structure Broad Age Range 

ARC-1 UE213 Foundation of the circular cube 11th century 

ARC-2 UE210 
Quadrangular foundation, covering 

the circular cube foundation 
First half of the 13th century 

ARC-3 - Intrados of the Mudejar arch Second half of the 13th century 

SU: Stratigraphic Unit. 

 

Figure 1. Sample location at the Arch of San Martin (Burgos, Spain). Arrows indicate sampling sites. 

Currently the ARC-1 and ARC-2 sampling site is covered. 

2.2. Methods 

The microtexture and mineralogical nature of the mortar components were deter-

mined on polished thin sections using a Nikon Eclipse LV100POL optical polarizing mi-

croscope equipped with DS F-I1 digital camera and a DS L-2 control unit, in both trans-

mi�ed and reflected polarized light modes. A comparison chart for visual percentage es-

timation was used to define the mortar binder/aggregate ratios at the Laboratory of the 

Department of Geology, University of the Basque Country (UPV/EHU). Binder/aggregate 

ratios were defined using a comparison chart for visual percentage estimation [42]. 

Mineralogical analyses were performed using X-ray diffraction (XRD) analysis of 

powder samples using a Philips X’Pert diffractometer (Malvern PANalytical, Almelo, The 

Netherlands) equipped with a monochromatic Cu-kα1 X-radiation operating at 40 kV and 

20 mA. The data collection on the powder sample was performed by a continuous scan in 

the range 5–70 °2θ, at an acquisition rate of 0.02 grade per second 2θ. Interpretation of 

diffraction pa�erns and semi-quantitative calculations were performed with X’Pert 

HighScore Plus 3.0 software by PANalytical (Malvern PANalytical, Almelo, The Nether-

lands), on the basis of the characteristic space of each mineral, reconstructing the mineral 

profiles of the compounds and comparing the experimental peaks with experimental pat-

terns of ICDD and ICSD diffraction databases. 

The elemental chemical composition of major elements of mortars was determined 

by means of X-ray Fluorescence (XRF) using a Wavelength Dispersive X-ray Fluorescence 

(WDXRF) PANalytical Axios Advanced PW4400 XRF spectrometer with 4 kW Rh anode 

SST-mAX X-ray tube with a detection limit of 0.01 wt%. Fused beads were obtained by 

melting the powder bulk mortar sample with lithium borate flux (Spectromelt A12, Merck, 

Darmstadt, Germany) in 20:1 proportion at 1200 °C for 3 min in Pt/Au crucibles using a 

PANalytical Perl’X3. The loss on ignition (LOI) was calculated after heating the powder 

bulk mortar sample at 1050 °C for one hour. 

The binder fractions were also analyzed by Scanning Electron Microscopy (SEM) for 

micromorphological analysis using a JEOL JSM-6400 (JEOL, Tokyo, Japan) equipped with 
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an INCA EDX detector X-sight Series Si (Li) Oxford pentaFET microanalysis system. The 

samples were coated with carbon before analyses. 

Thermogravimetric analysis (TGA) was performed using a TA SDT 2960 TG-DSC 

simultaneous instrument. Pt crucibles containing 5–7 mg of the sample were heated at 2 

°C min−1 from room temperature to 1000 °C under a dry oxidizing atmosphere. 

In addition, Micro-Raman analysis was carried out by means of a Renishaw inVia 

confocal microRaman spectrometer (Renishaw, Gloucestershire, UK) coupled to a DMLM 

Leica microscope provided with 5×, 20×, 50× and 100× long working distance lenses using 

a 785 nm (NIR) excitation laser. The laser was set at low power (not more than 1 mW at 

the sample) in order to avoid thermal photodecomposition. Data acquisition was carried 

out using Renishaw’s WireTM 3.2 software package. The interpretation of Raman results 

was carried out by comparison of acquired Raman spectra with Raman spectra of pure 

standard compounds collected in the e-VISNICH dispersive Raman database. 

Finally, Fourier transform infrared (ATR FT-IR) spectroscopy was carried out to de-

termine the phase nature of the binder using an Agilent 4300 Handheld FTIR Spectrometer 

(Agilent, Santa Clara, CA, United States) with the diamond a�enuated total reflectance 

(ATR) sampling module and acquiring spectra in the absorbance mode between 650 and 

4000 cm−1. Sixty-four scans per spectrum were collected using a resolution of 4 cm−1. 

The pore size distribution and the open porosity (PMIP) were determined by mer-

cury intrusion porosimetry (MIP) using a Poremaster-60 GT porosimeter (Quantachrome 

Instruments, Boynton Beach, FL, United States), measuring the pore diameter in a range 

of 0.003 µm to 100 µm. Mortar fragments of ca. 1 cm3 were oven-dried for 24 h at 60 °C 

before the analysis. 

The aesthetic compatibility of a repair mortar with the original is an important re-

quirement in the restoration of historic buildings [43,44]. The color of samples was meas-

ured by spectrophotometry according to the CIELAB (CIE 1976 L*a*b*) color space system 

proposed by the International Commission on Illumination (CIE) following the UNE-EN 

15,886 standard [45]. The lightness (L*) and chromatic (a* and b*) parameters were ob-

tained using a Konica-Minolta CR-400 portable Chroma Meter (Konica Minolta Inc, 

Osaka, Japan) on an area 8 mm in diameter, viewing vertically under 0°, using D65 stand-

ard illuminant, with SCI mode and a 400–700 nm wavelength range. Color measurements 

were performed at ten different points of each mortar sample, and the mean value was 

calculated. 

3. Results 

3.1. Textural Characterization 

Microscopically, all lime mortar samples show a heterogeneous binder matrix-sup-

ported microtexture, with siliceous aggregates of metamorphic a nature embedded in a 

micritic binder matrix. The mortars show different binder/aggregate ratios, ranging from 

1/3 to 1/2 in the mortars from the foundations (sample ARC-2 and sample ARC-1, respec-

tively) and 1/1 in the mortar from the intrados of the Mudejar arch (ARC-3) (Figure 2a–c). 

All mortars show heterometric lime lumps and some charcoal fragments dispersed in the 

binder matrix, mainly in sample ARC-1 (Figure 2d). However, textural differences be-

tween the mortars were observed. Sample ARC-1 shows sub-rounded quar� grains as 

aggregates, ranging from 0.1 mm up to 1.25 mm in size, and shows a deteriorated texture, 

with large secondary pores up to 1 mm coated with secondary calcite crystals (Figure 2a). 

Unlike sample ARC-1, the aggregates of sample ARC-2 are poorly sorted and consist of 

larger sub-rounded quar� grains up to 2 mm in size and sub-rounded quar�ite rock frag-

ments up to 2.5 mm in size. Pyrite and phyllosilicate crystals were also observed dispersed 

in the binder matrix. Similarly, sample ARC-3 consists of sub-rounded quar� and quar�-

ite rock fragment aggregates, but smaller in size, with quar� grains and quar�ite rock 

fragments up to 1 mm. 
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Figure 2. Photomicrographs of the lime mortars from the Arch of San Martin. (a) ARC-1 mortar, (b) 

ARC-2 mortar, (c) ARC-3 showing a heterogeneous binder matrix-supported texture with silicate 

aggregates embedded in a micritic calcite matrix (XPL). (d) Charcoal fragments dispersed in the 

matrix (PPL). Abbreviations: Q�: quar�ite; Qz: quar�; L: lime lump; Cal: calcite; C: charcoal; P: 

pore; SP: secondary porosity; PPL: plane-polarized light; XPL: cross-polarized light. 

3.2. Mineralogical and Chemical Characterization 

The bulk fraction (BF) of all mortar samples is mainly composed of calcite and quar�, 

with varying proportions among the samples (Table 2). A minor amount of potassium 

feldspar was also detected in sample ARC-1, and muscovite-like phyllosilicates in sample 

ARC-2. The sample ARC-3 mortar is the richest in calcite, with minor amounts of potas-

sium feldspar, muscovite-like phyllosilicates and gypsum. 

Table 2. Mineralogy of the bulk and extracted binder fractions of the Arch of San Martin lime mor-

tars. 

Sample Calcite Quar� K-Feldspar Phyllosilicates Other Phases 

ARC-1 BF ** **** tr   

ARC-2 BF * ****  tr  

ARC-3 BF **** **** tr tr tr (gypsum) 

Binder      

ARC-1 < 20 µm **** *  tr  

ARC-2 < 20 µm **** *  * tr (dolomite) tr (amesite) 

ARC-3 < 20 µm **** tr    

ARC-1 < 2 µm **** tr  tr  

ARC-2 < 2 µm **** tr  * tr (amesite) 

ARC-3 < 2 µm ****    tr (gypsum) 

****: very abundant; **: low abundance; *: very low abundance; tr: trace amount. 

As expected, the extracted binder fractions are mainly composed of calcite, with mi-

nor amounts of quar� and traces of phyllosilicates from aggregates (Table 2). The minor 
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mineral content decreases or even disappears as the particle grain size decreases. In the 

fraction < 20 µm of sample ARC-2, traces of dolomite and amesite were also detected (Fig-

ure 3). In binder fraction < 2 µm, amesite was also detected in sample ARC-2, whereas in 

sample ARC-3, traces of gypsum were detected. Amesite, a phyllosilicate-like magnesium 

aluminosilicate (M-A-S-H) phase with the general formula Mg2Al2SiO5OH4, was identified 

according to broad peaks at ∼12.5 °2θ and ∼25 °2θ, and the XDR pa�ern suggests a low 

degree of crystallinity. The SEM image of the ARC-3 sample shows the characteristic tex-

ture of gypsum crystals (Figure 4a), whereas in the SEM image of the ARC-2 sample (Fig-

ure 4b), the amesite is characterized by the lacy forms of magnesium-aluminum hydrate 

silicates; the main chemical composition is determined by EDS analysis. 

 

Figure 3. XRD spectra showing the mineralogy of the binder fractions of the Arch of San Martin 

mortars. The binder fraction < 2 µm is shown in blue (bo�om), and the binder fraction < 20 µm is 

shown in black (top) Abbreviations: Ilt: Illite; Qz: Quar�; Cal: Calcite; Dol: Dolomite; Ame: Ameste; 

Gy; Gypsum. 

 

Figure 4. Scanning electron microscopy image: (a) gypsum crystals in sample ARC-3; (b) lacy 

amesite crystals in sample ARC-2 and EDS analysis. Circles mark EDS analysis point. 
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Chemical analyses were determined in the bulk mortar and in the binder fractions < 

20 µm and <2 µm (Table 3). The chemical composition is consistent with the mineral 

phases identified by XRD. High SiO2 values in the bulk fractions are related with silicates 

such as quar�, phyllosilicates and feldspars. In fact, mortar ARC-2 shows the highest SiO2 

value (74.4 wt%) corresponding to a quar�-enriched sample and the lowest CaO values 

(7.2 wt%). The Al2O3, MgO and TiO2 contents are related to the amounts of phyllosilicate 

and feldspar. On the contrary, mortar ARC-3 shows the lowest SiO2 value (29.9 wt%) and 

the highest CaO (35.7 wt%) and LOI (28.9 wt%) values, corresponding to a higher amount 

of calcite. 

The extraction processes of the different binder fractions involve the progressive re-

moval of the aggregate components of the mortar, thereby affecting the chemical compo-

sition of the fractions. Thus, the fractions < 20 µm show CaO contents ranging from 25.5 

wt% to 44.3 wt%, whereas the fractions < 2 µm show CaO contents ranging between 52.8 

wt% and 54.8 wt% due to the enrichment in calcite in the finer fraction. The SiO2, Al2O3 

and MgO contents are related to the amounts of phyllosilicate-like phases (i.e., illite and/or 

amesite). The 0.89 wt% SO3 content in the binder fraction of ARC-2 is related to the pres-

ence of gypsum. 

Table 3. Chemical composition of major elements of the bulk lime mortar and binder fractions ex-

pressed as oxides in wt %. 

 SiO2 Al2O3 Fe2O3 MgO CaO K2O TiO2 P2O5 SO3 LOI Total 

ARC-1 BF 55.48 0.98 0.28 0.41 19.33 0.44 0.08 0.18 0.31 20.03 97.52 

ARC-2 BF 74.35 1.97 0.48 1.31 7.22 0.56 0.18 0.05 0.13 10.2 96.45 

ARC-3 BF 29.9 0.88 0.29 0.47 35.67 0.34 0.08 0.06 0.8 28.94 97.43 

ARC1 < 20µm 13.77 4.4 1.41 2.49 35.17 0.91 0.18 0.41 0.49 39.67 98.9 

ARC2 < 20µm 23.2 4.22 1.31 7.44 25.47 0.74 0.14 0.28 0.82 35.33 98.95 

ARC3 < 20µm 3.23 0.96 0.4 0.82 44.26 0.23 0.04 0.09 0.29 48.98 99.3 

ARC-1 < 2µm 1.53 0.54 0.34 0.30 53.64 0.14 0.12 0.14 0.49 42.15 99.39 

ARC-2 < 2µm 2.52 0.57 0.23 0.84 52.76 0.12 0.21 0.23 0.20 41.46 99.15 

ARC-3 < 2µm 0.52 0.30 0.14 0.28 54.78 0.07 0.05 0.11 0.89 43.04 100.19 

LOI: loss on ignition (%). 

Thermal analysis (TGA) was performed to further characterize the binder. In general, 

the TGA analyses agree with the XRD results, showing an intense weight loss in the tem-

perature range 650–800 °C, a�ributed to the decarbonation of calcite (Figure 5). In partic-

ular, binder fractions of sample ARC-1 and sample ARC-2 show 3% and 7% weight loss 

at 120 °C, respectively, a�ributed to water desorption. The weight loss (ca. 6.5%) from 120 

°C to 600 °C is a�ributed to the dehydration of hydroxyl groups (OH−) of phyllosilicate 

phases (illite) and hydraulic components (amesite) as well as the decomposition of organic 

ma�er. The weight loss in the temperature range of 650–800 °C is 22% for sample ARC-1, 

9% for sample ARC-2 and 32% for sample ARC-3. 
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Figure 5. Thermogravimetric analyses of the binder fraction of lime mortar from the Arch of San 

Martin. 

Raman spectroscopy analyses of the binders allow characterization of the organic 

ma�er. The Raman spectra of the organic ma�er show two characteristic first-order bands 

at about 1350 cm−1 and 1600 cm−1, assigned to carbonaceous ma�er. Figure 6 shows the 

representative spectrum of each mortar. Two broad bands with intensity maxima at ap-

proximately 1590 cm−1 corresponding to band G and 1340 cm−1 corresponding to band D 

were observed. However, each spectrum showed distinctive features. The spectra of sam-

ple ARC-1 and sample ARC-2 show broad bands, whereas the spectrum of sample ARC-

3 shows narrow bands. The relative intensity and width of the bands are sensitive to the 

degree of disorder or crystallinity of the carbon materials and change significantly with 

temperature [46,47]. 

 

Figure 6. Micro-Raman spectra of organic ma�er in mortar from the Arch of San Martin. 

The ATR FT-IR spectra of the binders were very similar and correspond mainly to 

phyllosilicates and carbonate functional groups (Figure 7). All samples showed bands at 

around 713 cm−1, 875 cm−1 and 1425 cm−1, a�ributed to calcite. A band present in the binder 

of sample ARC-1 and sample ARC-3 around 1000 cm−1 was a�ributed to quar�. The band 

at approximately 980 cm−1 and a broad band between 3100 cm−1 and 3700 cm−1 in sample 

ARC-2 were a�ributed to the amesite phase. Similarly, although amesite was not deter-

mined by XRD, the presence of amesite in sample ARC-1 was confirmed on the basis of 

the broad band between 3100 cm−1 and 3700 cm−1. The detection limits of each analytical 

technique and the small amount of amesite in sample ARC-1 explain the difference 
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between the XRD and ATR FT-IR results. Gypsum in ARC-1 was also identified by weak 

bands at 1100 cm−1 and 3434 cm−1. 

 

Figure 7. FT-IR spectra of the binder fraction of Arch of San Martin mortar. 

3.3. Physical Characterization 

The highest porosity values obtained by mercury intrusion porosimetry (PMIP) were 

measured in sample ARC-1 and sample ARC-2 (48.94% and 45.42%, respectively), 

whereas the lowest value was measured in sample ARC-3 (44.86%). The pore size of mor-

tars shows a large volume of small pores (0.01 < r < 1 µm) connected to larger pores (1 < r 

< 10 µm), with a greater volume of pores in the range 0.1 < r < 1 µm. Sample ARC-1 shows 

a nearly unimodal pore size distribution, ranging between 0.01 µm and 1 µm and with a 

main peak at around 0.2 µm (Figure 8a). Sample ARC-2 shows a more heterogeneous pore 

size distribution, with three main peaks at around 0.03 µm, 0.4 µm and 7 µm, respectively 

(Figure 8b). Sample ARC-3 shows a nearly unimodal pore size distribution of large pores 

of between 0.01 and 1 µm, with a main peak at 0.4 µm, and a large tail of a second smaller 

family of pores ranging between 1 µm and 20 µm in size (Figure 8c). The pore size distri-

bution obtained for both sample ARC-2 and sample ARC-3 could indicate the presence of 

coarse quar�ite rock fragments in the measurement. 

 

Figure 8. Pore size distribution curves of lime mortars from the Arch of San Martin obtained by 

mercury intrusion porosimetry (MIP). 

The chromatic parameters of each mortar sample are summarized in Table 4. The 

lightness (L*) values around 80 and the values measured for the chromatic axes (a* and 

b*) indicated samples with a tendency toward the light grey field. The lower L* value and 

higher a* and b* values measured in sample ARC-2 were explained by the presence of 

phyllosilicate. 
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Table 4. Chromatic parameters of the lime mortars from the Arch of San Martin. 

Sample L* a* b* C* H 

ARC-1 81.14 3.08 7.83 8.41 68.53 

ARC-2 80.45 3.81 10.85 11.50 70.66 

ARC-3 84.50 1.54 8.77 8.90 80.37 

L*: Lightness; a* and b*: chromatic coordinates; C*: chroma; H: hue angle. 

4. Discussion 

The mineralogical and chemical characterization of the mortar provides information 

on the construction history of the building and gives clues as to the production of the 

historic mortars. In this respect, the foundation mortars show differences in both the na-

ture of the aggregates and the binder/aggregate ratios. In addition, the lime used in the 

manufacture of the foundation mortars was also different, as the chemical composition of 

the binder reflects.  

The amesite M-A-S-H phase detected in sample ARC-1 and sample ARC-2 point to 

the use of magnesium-rich limestones or impure limestones containing clay minerals or 

other silicates for mortar manufacturing. However, the higher amount of amesite in ARC-

2 and the presence of dolomite suggest the use of dolomitic limestone in the manufacture 

of mortar in the intermediate phase.  

Magnesium silicate hydrated phases are formed during the hydration of Mg-bearing 

lime by the reaction of silicates and dolomite in a chemical environment with available 

aluminum. However, this not only depends on the binder chemistry (i.e., magnesium li-

mes) but also on several factors triggering chemical reaction. Saltwater or other alkaline 

media and/or the presence of certain aggregates and clay minerals, usually stable under 

normal conditions, can develop para-pozzolanic phases [48,49]. Amesite constitutes a hy-

draulic phase, contributing to a decrease in the porosity and favoring the waterproofing 

behavior of mortar [50–56].  

A less porous material is more resistant to deterioration when exposed to groundwa-

ter. The variation in the mineralogical composition of the lime used in the manufacture of 

foundation mortars suggests a deliberate selection of the raw material according to the 

high-humidity conditions of the foundation environment. Thus, the differences between 

the foundation mortars suggest a technological improvement in the manufacture of mor-

tars according to the specific construction requirements. The mortars of the intrados of the 

Mudejar arch (Sample ARC-3) show a higher binder/aggregate ratio (1/1) than the mortars 

from the foundation. The absence of silicate phases in the mortar of the intrados indicates 

that the lime was produced from pure limestone. The presence of gypsum in sample ARC-

3 is due to the presence of sulphates from the urban air pollution, as the Arch of San Martin 

was until recently an area of road traffic. 

Chemical and mineralogical characterization of the binder fractions allowed deter-

mination of the most suitable sample for mortar radiocarbon dating. The dolomite identi-

fied in the binder of sample ARC-2 (Figure 3) could incorporate dead carbon into the sys-

tem, leading to an overestimation of the age; therefore, the sample is excluded from radi-

ocarbon dating. In sample ARC-1, secondary calcite coats the secondary porosity of the 

mortar (Figure 2a). Secondary carbonates are precipitated by the interaction with ground-

water or rainwater, containing variable amounts of dissolved inorganic and/or organic 

carbon, resulting in either underestimated ages or overestimated ages [57], making sam-

ple ARC-1 also unsuitable for radiocarbon dating. Although the binder of the sample 

ARC-3 is mainly composed of calcite, the presence of charcoal fragments (Figures 2d and 

6) also precludes this sample from radiocarbon dating. 

5. Conclusions 

The mineralogical and chemical characterization of the lime mortars studied reveals 

differences among the mortars from the foundation and the intrados of the Arch of San 
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Martin The differences are related to the nature of aggregates and the binder/aggregate 

ratio. The chemical composition of the binder of sample ARC-3 suggests pure limestone 

was used to produce the lime for the intrados mortar. In the foundation mortar, traces of 

amesite were identified, and the higher contents of alumina and magnesia in the binder 

suggest impure limestone was used for the lime of ARC-1 and ARC-2 mortars. 

The presence of microparticles of charcoal, dolomite and secondary calcite, consid-

ered contaminants in mortar radiocarbon dating, preclude the mortars from the Arch of 

San Martin from radiocarbon dating. 

The data obtained from this research provide only limited information on the build-

ing phases of the Arco de San Martín. In order to be�er understand the construction 

phases of the building and to obtain information on the raw materials used in the mixtures 

and the manufacturing technology of the mortars, more extensive sampling is required. 

Unfortunately, this is not easily feasible, considering that the monument is strictly pro-

tected as an Asset of Cultural Interest. 
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