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ABSTRACT. The Aqueduct is one of the city landmarks of Skopje, Republic of North Macedonia. It was part of a
water-supply system, with a total original length of about 10 km, while its surface remains are about 385 m long. The
age of the Aqueduct is not known—several hypotheses place it to periods between the 6th and 16th centuries. Six
mortar samples from different positions of the eastern façade were taken for radiocarbon (14C) dating. In order to
extract only the carbon associated to the time of building, three strategies for sample preparation were used: (1)
mechanical separation of lime lumps formed during mortar hardening (2) selection on the basis of particle size and
the ability to suspend in water induced by ultrasonic shock, and (3) collection of two gas CO2 fractions produced
from the same bulk in reaction with acid. Characterization of fractions was performed by isotopic carbon
composition and FTIR-ATR analyses. The most plausible results were obtained from lime lump fractions that
were dated in the timeframe of 15th to 17th century.
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INTRODUCTION

The Aqueduct is one of the Landmarks of Skopje, located in the northwestern part of Skopje, the
capital of the Republic of North Macedonia. Originally part of a water-supply system (in use
until 1915), with a total length of about 10 km, in general NE to SW direction, the
monument as it stands today is more than 380 m long, with two access ramparts, 53 pillars,
54 base vaults, and 42 smaller vaults above the pillars. It is the only preserved monument of
this type in Macedonia.

The historical development of the Aqueduct cannot be traced with certainty. There are three
hypotheses about the timing of its construction. (1) The Aqueduct was built during the
urbanization of Skopje (527–554 AD) by the Byzantine Emperor Justinian I, who was born in
the vicinity of Skopje. This is supported by the notes of Procopius Caesariensis (a 6th-century
historian), who wrote that along the beautiful buildings, castles, etc., a water supply system
for the town of Justiniana Prima was built. (2) The Aqueduct was built in the 15th century
(Kumbaradži-Bogojević 1998) by Mustafa Pasha who was responsible for a few other
buildings in Skopje. (3) It was built in the 16th century (Balabanov et al. 1980; Petrv 1998) as
a part of Isa-Beg’s water supply system.

In 2014, a comprehensive study of the Aqueduct was undertaken, and among other physico-
chemical analyses, 6 mortar samples were submitted for radiocarbon (14C) dating. The analyses
would hopefully resolve the question of the timing of the Aqueduct construction, or various
phases of its construction.

Absolute mortar dating is often needed in archeological studies, and attempts to date mortar by
14C are as old as the radiocarbon dating itself (Labeyrie and Delibrias 1964; Baxter and Walton
1970; a review paper Hale et al. 2003). Mortar can be 14C-dated by isolating the atmospheric
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carbon fixed in mortar binder at the time the mortar was applied. However, results often are
compromised with dead carbon contamination originating from unreacted limestone during
the preparation of quick lime or as a part of the aggregate. Also, a sample can be
contaminated with secondary carbonates from the environment (Lindroos et al. 2007; Nonni
et al. 2018) and crystallization connected with capillary rise from ground water or rain water
through older limestone leading to the recrystallization (Michalska and Czernik 2015), with
atmospheric carbon which was introduced later, due to later fire events (Lindroos et al. 2012),
or delayed/stopped and re-started carbonization (e.g. Van Balen 2005; Hajdas et al. 2017). It
can take decades for the hardening process to end (Sonninen et al. 1989; Van Strydonck and
Dupas 1991; Michalska et al. 2017). Due to these problems, several fractions need to be
analyzed, making mortar dating economically challenging. Instructions on the optimal
fraction selection and data interpretations are discussed in Lindroos et al. (2018).
Characterization of mortar is often applied, usually with basic petrographic, SEM, XRD,
TGA, FTIR, EPR, and elemental analyses (Nawrocka et al. 2005; Chu et al. 2008; Ortega et
al. 2008, 2012; Szczepaniak et al. 2008; Goslar et al. 2009; Nawrocka et al. 2009; Poduska et
al. 2012; Nonni et al. 2013; Fabbri et al. 2014; Kabacińska et al. 2014; Hayen et al. 2016,
2017) as well as δ13C and δ18O composition of carbonate aggregates (Van Strydonk et al.
1986, 1989; Michalska et al. 2015).

Lime lumps are homogenous white spots of varying size that may form upon mortar
production or before the mortar is mixed with an aggregate and used (Lindroos et al.
2007). Lime lumps can be used for dating either in whole, after sequential dissolution, or
treated with ultrasonic shock (Pesce et al. 2009; Pesce and Ball 2012; Lindroos et al. 2014,
2018; Ringbom et al. 2014; Carmine et al. 2015).

If lime lumps are not available, selections of fractions based on grain size are applied
(e.g. Michalska Nawrocka et al. 2007; Heinemeier et al. 2010; Ortega et al. 2012),
sometimes combined with the rate of hydrolyses decomposition/leaching reactions of each
fraction (Michalska and Czernik 2015; Michalska et al. 2017). Further, the CryoSonic/
Cryo2Sonic procedure selects the portion that forms flocculates during treatment in
ultrasonic water-bath (Nawrocka et al. 2005; Marzaioli et al. 2013; Nonni et al. 2013, 2018).

In this first attempt to absolutely date the construction of the Aqueduct in Skopje, we combined
two methods for mortar dating: lime lumps and the CryoSonic procedure combined with acid
leaching.

MATERIALS AND METHODS

Sampling Locations

Sampling was conducted on July 28, 2017, at the site of the monument (Figure 1) near Skopje
(Cfa climate type, average annual temperature 13ºC, summer 24ºC, and winter 2ºC). The
sample locations were previously selected with the intention of comparing the mortar used
in the foundation of the monument with the mortar used in the other constructive parts of
the Aqueduct. Such a sampling strategy was based on the hypothesis that the foundation
mortar is an original or the oldest mortar. For that purpose, a total of 6 samples
were collected from different locations of the Aqueduct, which are demonstrated in
Table 1 and Figure 1. The weight of each sample was 150–200 g.
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Figure 1 Sampling locations and macrophotographs of samples: (A) a drawing of the overall length
(387.98 m) of the Aqueduct and the distance between the sampling locations, along the monument
with location of the Aqueduct (drop-like symbol) in Macedonia and location of Macedonia in
Europe (inset figure); (B) part of the northern rampart and details of the sampling positions: Aq1
foundation mortar and Aq2 plumbing channel; (C) the ruined Pillar S48 and detail of the
sampling position: Aq3-mortar core from the walled opening between the arches; (D) Pillar S38
and details of the sampling positions: Aq4-mortar joint between the bricks (inner layer),
Aq5-mortar joint between brick (external layer) and Aq6-mortar joint between the stones/bricks,
taken from the surface (external layer); (E) macrophotographs of samples.
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Sample Preparation and Analyses

Mortar samples had a negative reaction when tested on pH with phenolphthalein solution, i.e.,
their pH was lower than 8 (Ringbom et al. 2008). The surface of the samples was grey, and a few
millimeters beneath the surface the samples were white, apart from sample Aq2, which was brick-
brown-red throughout. The surface of Aq4 sample had a dark coating. All the samples had a
white binder, visible carbonaceous lime lumps, and coarse aggregate, with some limestone
aggregate, apart from Aq2, which had much finer aggregate, brick-red filler with some visible
white lime lumps (Figure 1E). Lime lumps were macroscopically well-defined in all the
samples. Since the size of the aggregates were coarse, and some carbonaceous (limestone)
aggregates were found in the samples, implying that for the aggregates were not finely
crushed during the mortar production, the possibility of dead carbon inside the Lime finding
as initial precipitating particle was considered to be minimal and the Lime lumps were found
to be the most reliable part for dating. In the Laboratory the mortars were subsampled by
use of chisel and hammer: 2–3 cm below the surface to obtain 10–15 g of the subsample.

The CryoSonic method was applied for all samples to mechanically select mortar fractions on
the basis of particle size (Nawrocka et al. 2005; Marzaioli et al. 2013; Michalska et al. 2017).

Part of subsamples (∼5 g) was broken cryogenically by alternate cooling (dipping into liquid
nitrogen) and heating (in the oven at 80ºC, for 20 min), for at least 4 cycles, and then gently
crushed with a hammer. Samples were wet-filtered with ultrapure water (UPW) on a 450-μm
sieve. Portions larger than 450 μm were optically inspected for lime lumps and two fractions
were separated: Lime lumps—white powdery lumps assigned to the time to the building (Pesce
and Ball 2012), and Rest—all other. After the cryobreaking, the Lime lumps were found in
samples Aq3 to Aq6. They ranged in size from 1 mm (Aq3) to 5 mm (Aq5 and Aq6) in diameter.

Portions finer than 450 μm were treated in UPW in ultrasonic bath for 30 min. Immediately
after ultrasonification, suspended fractions (Susp) were decanted and centrifuged at 2662 g for
5 min and along with the precipitated fraction (Sediment) were oven dried at 80ºC over night.
All fractions were analyzed by FTIR-ATR.

Table 1 Sampling locations and positions.

Sample Sampling locations Sampling positions

Aq1 Eastern facade, the foundation of the
northern rampart

Mortar from the surface of the masonry
(external layer)

Aq2 Eastern façade, plumbing channel Mortar at a depth of about 10 cm (inner
layer)

Aq3 Eastern facade of the partly ruined
Pillar S48, walled openings between
the arches

Mortar core at a depth of about 15 cm
(inner layer, the surface was broken to
reach this part)

Aq4 Eastern facade, Pillar S38, at about
100 cm height

Mortar core of the bottom part; from a
hole about 30 cm deep, used to place a
wooden beam

Aq5 Eastern facade, southern side of the
arch of the relief opening in the upper
part of the Pillar S38

Mortar joint between bricks (external
layer)

Aq6 Southern face of the Pillar S38 bottom,
at about 40 cm height

Mortar joint between the stones/bricks,
taken from the surface (external layer)
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CO2 from mortar fractions of Rest, Lime lumps and Sediment was produced by 4 %HCl. From
Susp fractions 85 % H3PO4 at 25ºC was used, and CO2 was collected in two consecutive
fractions: Susp-1, the first 60 seconds of the reaction, and Susp-2, until the end of the
reaction. If there were not enough gas produced for the carbon isotope analyses, the two
CO2 fractions were merged into one: Susp-1� 2

A portion of obtained CO2 was sealed in a pyrex glass tube for δ13C analyses on Isotope ratio
mass spectrometer (IRMS), and another portion was Zn reduced to graphite for 14C
Accelerator mass spectrometer (AMS) analyses at the Ruđer Bošković Institute (RBI)
(Krajcar Bronić et al. 2010; Sironić et al. 2013). The IRMS and AMS 14C analyses were
done at the Center for Applied Isotope Studies (CAIS), Athens, GA, USA.

Samples Aq1 Susp-1� 2, Aq3 Susp-1� 2 and Aq3 Lime lump (Z-6510, Z-6516, and
Z-6731; Table 2) were prepared at CAIS as bulk CO2 produced by hydrolysis with 85 %
H3PO4 at 20ºC.

Measured δ13C values are expressed in per mil relative to VPDB and 14C values are normalized
to δ13C -25‰ and expressed as age before present (BP) or as a 14C in percent modern carbon
(pMC; Mook and van der Plicht 1999). 14C conventional ages were calibrated by OxCal v4.2.4
software (Bronk Ramsey 2016; OxCal v4.3.2, see Bronk Ramsey 2017; r:5) and IntCal13
calibration curves (Reimer et al. 2013).

Fourier-transform infrared attenuated total reflection (FTIR-ATR) spectra were recorded
using a PerkinElmer UATR Two spectrometer in the range 450 cm–1 to 4000 cm–1, with a
spectral resolution of 4 cm–1 and total of 8 scans accumulated. Automatic ATR correction
algorithm was applied to account for relative intensity shift in the collected FTIR spectra.
The ν2/ν4 peak intensity ratio corresponding to the out-of-plane bending (ν2= 873 cm–1)
and in-plane bending (ν4= 712 cm–1) of calcite was calculated by drawing the baseline
between the closest minima on the sides of these two peaks and reading the peak intensity
values (Chu et al. 2008).

A chi-square test was used to evaluate the difference between measured values with a declared
significance level α=0.05.

RESULTS

FTIR-ATR Analyses—Mortar Characterization

Qualitative FTIR-ATR analyses of all samples (Figure 2) confirmed the presence of calcite as
the major component, evidenced by the characteristic peaks positioned at 712, 873, 1408, 1796,
and 2513 cm–1 (Chu et al. 2008; Poduska et al. 2012). Quartz, clay (kaolinite) and/or gypsum
were also identified in most fractions (Figure 2). Based on the intensity of characteristic quartz
signals at 695, 779, 798, 1082, and 1163 cm–1, it was found in Aq1 and Aq4 Rest samples and
also in small amount in Aq1 and Aq2 Sediments. Absorption bands in Aq6 Rest fraction at
3526, 3400, 1622, 1107, 1006, 667, and 599 cm–1 indicate the presence of gypsum, which is
also found in Aq3 Rest fractions. Lime lump fractions Aq4-Aq6 seem to be made of pure
calcite while Aq3 Lime lump fraction also contains signals for kaolinite clay (broad
absorption at 1009–1023 and 3200–3600 cm–1). Kaolinite bands are present in all Aq1-Aq6
Sediment and Susp fractions as well, suggesting that the binders of analyzed mortars were
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made of carbonaceous clay-containing minerals. Overall, all four fractions of each mortar
appear as similar in their chemical composition, particularly Susp and Lime lump fractions.

The ν2/ν4 ratios (at 873 and 712 cm–1, respectively) of the corresponding CaCO3 vibration
intensities for different samples were found in the range from 4.4–5.3 for Sediment
fractions, 4.2–6.2 for Lime lump fractions, 5.0–6.6 for Susp fractions and 4.1–5.0 for Rest
fractions. In comparison with Carrara marble as the pure geogenic calcite with the ν2/ν4
ratio of 2.3, elevated ν2/ν4 values for the studied samples suggest their anthropogenic origin
(Chu et al. 2008).

Isotope 13C and 14C Analyses

The results of 14C and 13C measurements are presented in Table 2. δ13C values are similar
within different fractions of individual mortar sample. Samples Aq1 and Aq4 have the
most negative δ13C values, samples Aq2, Aq5, and Aq6 similar values and Aq3 has the
most positive δ13C values for Sediment and Susp fractions, but similar to Aq5 and Aq6 for
Lime lumps fraction. In each case where there were available both Susp-1 and Susp-2
fractions, δ13C for Susp-1 fraction is lower than for Susp-2 (Table 2). This is observed in
case of consecutive fractions and explained as a kinetic effect (Van Strydonck et al. 1986;
Lindroos et al. 2007): in the reaction with acid, the lighter carbon isotope reacts first, and
then the heavier. a14C values of Susp-1 and Susp-2 fraction of mortar Aq6 are statistically
the same which supports the presumption of the mentioned δ13C kinetic effect.

In general, for all samples with the exception of Aq4, the highest a14C values within each
sample were observed in Lime lumps (if available) followed by Susp-1 fractions, and the
lowest values in Rest. Only in the case of Aq3 the age of Susp fraction was in agreement
with the Lime lumps fraction. For two samples, Aq5 and A6, Susp fractions were ∼100 14C
yr older than Lime lumps, and for Aq4 ∼100 years younger. This leads to a conclusion that
the Susp fractions are not reliable in dating, but are not far from the true age.

DISCUSSION

Correlations of δ13C to a14C

a14C to δ13C correlations (Figure 3) pinpoint to the dead-carbon or to biogenic carbon
contamination. Dead carbon contamination would be visible as a trend toward lower a14C
and higher δ13C values. We assumed for the dead-carbon contamination to be minimal or
absent in Lime lumps, intermediate in Susp-1, Susp-2 and Sediment, and the most
contaminated part would be Rest. Trends for δ13C and a14C fractions of samples Aq1,
Aq2, and Aq5 (Figure 3) show such features pointing to dead carbon contamination.

Aq3 is the only sample where a14C for Susp and Lime lumps fractions are statistically the same.
The Sediment fraction has lower a14C than Lime lumps and Susp fractions indicating the dead-
carbon contamination in Sediment. Aq3 Sediment and Susp-1� 2 fractions δ13C are also
similar, while δ13C for Lime lumps is lower (–11.6‰). This could be associated with the
kinetic effect rather than with the influence of dead-carbon contamination. Longer slaking
process creating the lime putty (hydroxylation of quick lime) results in lower δ13C values of
precipitated carbonates (Ambers 1987). The lowest δ13C values for large Lime lumps can be
explained by their formation during delayed slaking. In contrast, Susp fraction consists of
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Figure 2 FTIR-ATR spectra for sample Aq5 Lime lump, Aq2 Sediment, Aq1 Rest, Aq4 Susp, Aq6 Rest,
Aq6 Sediment, Aq6 Susp, and Aq6 Lime lump fractions (from top to bottom): (c) calcite, (k) kaolinite,
(g) gypsum, (q) quartz; fractions: Rest-> 450 um-bulk; Sediment-< 450 μm, precipitate after
ultrasonification, Susp-< 450 μm, suspended part, (-1, CO2 extracted within 60’; -2, CO2 extracted till
the end of reaction; -1� 2, CO2 extracted as bulk); Susp and Lime lumps fractions of other samples are
similar to those presented here.
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flocculates formed on the surface, probably immediately after mortar application, and was
influenced by quicker slaking process and would express higher δ13C values.

Modern a14C value of the Aq4 Sediment fraction implies delayed/stopped and re-started
carbonization. All dated fractions show very low δ13C (–28‰ to –24‰) which could be
associated with: fire-damaged mortar (Lindroos et al. 2012) or to a long slaking process
(Ambers 1987). The sample Aq4 had dark coating on its surface, which was FTIR-ATR
analyzed showing absorption bands at 2915 and 2848 cm–1 characteristic of mineral tar,
suggesting that this mortar had been fire damaged. Since Lime lump has very low δ13C

Table 2 Measured a14C and δ13C for all analyzed fractions of mortar samples fromAq1 to Aq6:
Laboratory Z represents a sample identification number at RBI, UGAMS is a sample
identification number at CAIS, a14C expressed in pMC, conventional 14C age in BP, δ13C in
per mill with σ of 0.1‰; fractions: Rest-> 450 μm-bulk; Sediment-< 450 μm, precipitate after
ultrasonification, Susp-< 450 μm, suspended part, (-1, CO2 extracted within 60’, -2, CO2

extracted till the end of reaction:-1� 2, CO2 extracted as bulk), Lime lump-> 450 μm, white
powdery lumps.

Sample Name Z UGAMS a14C (pMC)
Conventional
14C age (BP) δ13C (‰)

Aq1 Rest 6511 31261 87.66 ± 0.23 1057 ± 21 –18.46
Sediment 6512 31262 90.26 ± 0.24 823 ± 21 –21.42
Susp-1 6510 31260 Sample lost on preparation –20.86
Susp-2 31280 Not available –19.94
Susp-1� 2 (CAIS) 6510 36912 92.98 ± 0.28 584 ± 24 –20.60
Lime lump Not found

Aq2 Rest Not measured
Sediment 6509 31259 92.48 ± 0.24 628 ± 20 –11.44
Susp-1 6508 31258 95.70 ± 0.26 353 ± 21 –12.73
Susp-2 Not available
Lime lump Not found

Aq3 Rest Not measured
Sediment 6517 36897 92.36 ± 0.23 638 ± 19 –7.88
Susp-1� 2 (CAIS) 6516 36913 93.47 ± 0.29 541 ± 24 –7.33
Lime lump (CAIS) 6731 36914 93.57 ± 0.25 534 ± 20 –11.55

Aq4 Rest Not measured
Sediment 6519 31265 109.30 ± 0.29 Modern sample –24.86
Susp-1 6518 31264 97.34 ± 0.26 216 ± 21 –25.74
Susp-2 Not available –23.66
Lime lump 6533 31274 94.02 ± 0.25 495 ± 21 –28.42

Aq5 Rest Not measured
Sediment 6529 31276 93.65 ± 0.26 527 ± 22 –10.22
Susp-1� 2 6531 31271 94.96 ± 0.26 415 ± 21 –9.96
Lime lump 6530 31270 95.71 ± 0.26 352 ± 21 –11.08

Aq6 Rest 6532 31272 91.69 ± 0.25 697 ± 21 –12.05
Sediment 6523 31268 93.69 ± 0.25 523 ± 21 –11.16
Susp-1 6520 32358 95.19 ± 0.29 395 ± 24 –11.34
Susp-2 6521 32352 94.99 ± 0.17 412 ± 22 –10.65
Lime lump 6522 31275 96.34 ± 0.26 299 ± 21 –10.78

(CAIS)=CO2 production and graphite preparation done at CAIS.
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values (–28‰) it can be assumed for this fraction to be dead-carbon free and to give the date of
a fire event. During delayed hardening process, after the fire, smaller particles could precipitate
and would be extracted as Susp and Sediment fractions.

Aq6 δ13C and a14C values do not indicate dead-carbon (limestone) contamination (Figure 3).
As previously shown (examples Aq1, Aq4 and Ambers [1987]; Kosednar-Legenstein et al.
[2008]), mortar carbonate can have a very low δ13C value. In this case, it can be presumed
that the building material for slaked lime was reused mortar, containing a mixture of non-
reacted limestone (a14C of 0 pMC and δ13C of 0‰) and anthropogenic carbonate (high
a14C and low δ13C≤ –20‰). The mortar produced in this way would have Lime lumps
reflecting the atmosphere (highest a14C and δ13C), while the Rest fraction would have lower
a14C and δ13C, similar to a reused mortar.

Since the samples are expected to be from the same age, the similar 14C dates are grouped
together, focusing on the ages of the Lime lumps. Two distinctive 14C age spans emerge:
first from 584 ± 24 BP to 495 ± 21 BP (Susp-1� 2 for Aq1 and Aq3 and Lime lumps for
Aq3 and Aq4) and the second one from 353 ± 21 BP to 299 ± 21 BP (Aq2 Susp-1 and Lime
lumps for Aq5 and Aq6).

Calibrating Dates of Mortar Samples

Calibrated ages for Susp-1� 2 fractions of Aq1 and Aq3, Susp-1 of Aq2 and all Lime lump
fractions of A3, Aq4, Aq5, and Aq6 are given in Figure 4. The assignment of the dates of
construction is based on the ages of Lime lump fractions of Aq3 to Aq6 samples, and the
ages of other fractions are associated based on the chi-square tests. Calibrated ages are
reported for one σ range. Note that for the calibration of the two distinctive 14C age spans,
for the Combine function (OxCal v4.3.2, see Bronk Ramsey 2017) only the Lime lumps

Figure 3 Relations between a14C and δ13C for all analyzed fractions
of each mortar sample. Insert shows enlarged area with data for
samples Aq2, Aq3, Aq5, and Aq6; fractions: Rest-> 450 um-bulk;
Sediment-< 450 μm, precipitate after ultrasonification, Susp-< 450
μm, suspended part, (-1, CO2 extracted within 60’; -2, CO2 extracted
till the end of reaction; -1� 2, CO2 extracted as bulk).
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fractions were considered, since the Susp fractions were found unreliable in the most samples
where it could be compared to Lime lumps.

Using the chi-square test, ages of Susp fractions of Aq1 and Aq3 and Aq3 Lime lumps are not
significantly different, implying that the ages of Aq1 and Aq3 are the same. Also, Lime lumps of
Aq3 and Aq4, are not significantly different, equaling the age of Aq4 to Aq3, i.e., to Aq1.
Combine function for Lime lumps fractions of Aq3 and Aq4 gives date cal AD 1414–1427
(Figure 4B).

Similarly, chi-square test for Susp Aq2 and Lime lumps Aq5 and Aq6 fractions shows that they
are not significantly different and the date for Aq2 can be associated with Aq5 and Aq6 dates.

Combine function for Aq5 and Aq6 Lime lumps fractions gives cal AD 1518–1529, 1544–1594,
and cal AD 1618–1634 (Figure 4C).

One group of assembled samples—Aq1, Aq3, Aq4—collected from the Aqueduct foundation
can all be dated to 15th century. Aq1 and Aq3 resembled on macroscopic morphology, also.
Another group, Aq2, Aq5, and Aq6 resembled on the aggregate size (smaller than for Aq1 and
Aq3), were all sampled from the non-degraded part of the Aqueduct and pointed to 16th and
the first half of 17th century. However, considering these were preliminary results of mortar
dating in the Zagreb Radiocarbon Laboratory and due to a low number of samples analyzed, it
can be concluded that these samples belong to the period between 15th and 17th century.

CONCLUSION

We described the first attempt to date the mortar at the Ruđer Bošković Institute (Croatia)
with the help from the Center for Applied Isotope Studies, University of Georgia, USA.

Figure 4 (A) Calibrated ages for Susp-1� 2 fractions of Aq1 and Aq3, Susp-1 of Aq2 and
Combine functions for Aq3 and Aq4 Lime lumps (with probability data in Figure 4B) and
for Aq5 and Aq6 Lime lumps (with probability data in Figure 4C); fractions: Susp-< 450
μm, suspended part, (-1, CO2 extracted within 60’; -2, CO2 extracted till the end of reaction;
1� 2, CO2 extracted in a bulk), Lime lump-> 450 μm, white powdery lumps.
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https://doi.org/10.1017/RDC.2019.66 Published online by Cambridge University Press

https://doi.org/10.1017/RDC.2019.66


Non-hydraulic mortar from the Aqueduct from Skopje was sampled at 6 locations. A number
of fractions were extracted using cryogenic breaking, lime lumps selection and
ultrasonification. FTIR-ATR was used to qualitatively determine the chemical composition
of fractions. The plausible dates were selected on the basis of 13C to 14C correlations and
coinciding 14C dates of the fractions predominantly based on the lime lump fractions. On
the basis of morphology, sampling positions and calibrated 14C ages, the samples were
divided into two groups and were dated to the period between the 15th and 17th century.
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for help with geological issues. We are especially thankful for the suggestions of the two
anonymous reviewers.

REFERENCES

Ambers J. 1987. Stable carbon isotope ratios and their
relevance to the determination of accurate
radiocarbon dates for lime mortars. Journal of
Archaeological Science 14:569–576.

Balabanov K, Kikolovski A, Kornakov D. 1980.
Spomenici na kulturata na Makedonija
[Monuments of culture in Macedonia]. Skopje,
Macedonia: Misla. p. 197. In Macedonian.

Baxter MS, Walton A. 1970. Radiocarbon dating of
mortars. Nature 225(5236):937–938.

Bronk Ramsey C. 2016. The OxCal program v 4.2.
The Oxford Radiocarbon Accelerator Unit,
University of Oxford. Available at: https://c14.
arch.ox.ac.uk/oxcal/OxCal.html.

Bronk Ramsey C. 2017. OxCal v4.3.2 r:5. The Oxford
Radiocarbon Accelerator Unit, University of
Oxford. Available at: https://c14.arch.ox.ac.uk/
oxcal/OxCal.html.

Carmine L, Caroselli M, Lugli S, Marzaioli F, Nonni
S, Marchetti S, Dori M, Terrasi F. 2015. AMS
radiocarbon dating of mortar: the case study of
the medieval UNESCO site of Modena.
Nuclear Instruments and Methods in Physics
Research B 361:614–619.

Chu V, Regev L, Weiner S, Boaretto E. 2008.
Differentiating between anthropogenic calcite in
plaster, ash and natural calcite using infrared
spectroscopy: implications in archaeology.
Journal of Archaeological Science 35:905–911.

Czernik J, Goslar T, Hayen R, Van Strydonck M,
Fontaine L, Boudin M, Maspero F, Panzeri L,
Galli A, Urbanova P, Guibert P. 2017.
Preparation and dating of mortar samples—
Mortar Dating Inter-comparison Study
(MODIS). Radiocarbon 59(6):1845–1858.

Fabbri B, Gualtieri S, Shoval S. 2014. The presence of
calcite in archeological ceramics. Journal of the
European Ceramic Society 34:1899–1911.

Goslar T, Nawrocka D, Czernik J. 2009.
Foraminiferous limestone in 14C dating of
mortar. Radiocarbon 51(3):987–993.

Hale J, Heinemeier J, Lancaster L, Lindroos A,
Ringbom Å. 2003. Dating ancient mortar.
American Scientist 91:130–137.

Hajdas I, Lindroos A, Heinemeier J, Ringbom Å,
Marzaioli F, Terrasi F, Passariello I, Capano
M, Artioli G, Addis A, Secco M, Michalska D,
Czernik J, Goslar T, Hayen R, Van Strydonck
M, Fontaine L, Boudin M, Maspero F, Panzeri
L, Galli A, Urbanova P, Guibert P. 2017.
Preparation and dating of mortar samples—
Mortar Dating Inter-comparison Study
(MODIS). Radiocarbon 59(6):1845–1858.

Hayen R, Van Strydonck M, Boaretto E, Lindross A,
Heinemeier J, Ringbom A, Hueglin S, Michalska
D, Hajdas I, Marzaoili F, Maspero F, Galli A,
Artioli G, Moreau Ch, Guibert P, Caroselli M.
2016. Absolute dating of mortars – integrating
chemical and physical techniques to characterize
and select the mortar samples. In: Papayianni I,
Stefanidou M, Pachta V, editors. HMC2016,
Greece. ISBN 978-960-99922-3-7. p. 656–667.

Hayen R, Van Strydonck M, Fontaine L, Boudin M,
Lindross A, Heinemeier J, RingbomA,Michalska
D, Hajdas I, Hueglin S, Marzaioli F, Terrasi F,
Passariello I, Capano M, Artioli G, Addis A,
Secco M, Maspero F, Panzeri L, Galli A,
Guibert P, Urbanová P, Czernik J, Goslar T,
Caroselli M. 2017. Mortar dating methodology:
assessing recurrent issues and needs for further
research. Radiocarbon 59(6):1859–1871.

Heinemeier J, Ringbom A, Lindroos A,
Sveinbjornsdottir A E. 2010. Successful AMS
14C dating of non-hydraulic lime mortars from
the medieval churches of the Aland Islands,
Finland. Radiocarbon 52(1):171–204.

Dating Mortar from the Skopje Aqueduct 1249

https://doi.org/10.1017/RDC.2019.66 Published online by Cambridge University Press

https://c14.arch.ox.ac.uk/oxcal/OxCal.html
https://c14.arch.ox.ac.uk/oxcal/OxCal.html
https://c14.arch.ox.ac.uk/oxcal/OxCal.html
https://c14.arch.ox.ac.uk/oxcal/OxCal.html
https://doi.org/10.1017/RDC.2019.66


Kabacińska Z, Krzyminiewski R, Michalska D,
Dobosz B. 2014. Investigation of lime mortars
and plasters from archaeological excavations in
Hippos (Israel) using electron paramagnetic
resonance. Geochronometria 41(2):112–120.

Kosednar-Legenstein B, Dietzel M, Leis A, Stingl K.
2008. Stable carbon and oxygen isotope
investigation in historical lime mortar and
plaster—results from field and experimental
study. Nuclear Instruments and Methods in
Physics Research B 331:220–224.
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Barešić J, Felja I. 2010. A new graphite
preparation line for AMS 14C dating in the
Zagreb Radiocarbon Laboratory. Nuclear
Instruments and Methods in Physics Research B
268 (7/8):943–946.

Kumbaradži‐Bogojević L. 1998. Osmanliski
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