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ABSTRACT. The Second International Mortar Dating Intercomparison Study (MODIS2) took place in 2020. Three
mortar samples from different sites and chronologies were distributed among various research groups in form of bulk
mortar and grain fraction smaller than 150 pm. This is the first time the Zagreb Radiocarbon Laboratory, with support
of the Center of Applied Isotope Studies, University of Georgia, took part in the international mortar intercomparison.
The initial approach of the Laboratory to mortar dating was to separate 32-63 pm grain fraction and collect three CO,
gas portions by sequential dissolution with acid. After checking the '*C date trends of the gas portions, which should be
ascending with later fractions, the one for the first and shortest gas portion was reported as the age of the mortar.
However, the first gas portion might not be true age of the mortar, since it still might contain some “dead” carbon.
Therefore, data extrapolation from the first two initial CO, portions was also conducted on the results, but not reported
to the intercomparison. Though in general, all the intercomparison reported dates fit the expected historical ages, for
one sample, the extrapolated result showed a better match to the historical data.

KEYWORDS: '*C, data extrapolation, MODIS2, mortar dating intercomparison, sequential dissolution, Zagreb
Radiocarbon Laboratory.

INTRODUCTION

Mortar dating is of interest for many archeological and art historian studies. Radiocarbon
dating of mortar binder is especially interesting, however prone to many obstacles. Though the
idea of *C dating mortar binder appeared almost at the dawn of the radiocarbon method
(Labeyrie and Delibrias 1964; Stuiver and Smith 1965; Baxter and Walton 1970), only since the
development of the accelerator mass spectrometry this possibility was researched more
extensively (Van Strydonck et al. 1992; Heinemeier et al. 1997).

As mortar is heterogeneous and inconsistent matrix, there are different approaches to date, so
the method for radiocarbon mortar dating needs systematization and verification. Therefore,
the first Mortar Dating Intercomparison Study (MODIS) was conducted (Hayen et al. 2016,
2017; Hajdas et al. 2017; Michalska et al. 2017). The intercomparison showed high agreement
of results among the laboratories for non-hydraulic mortars and the general conclusion was
that the dating success depended on the mortar quality.

The second mortar dating intercomparison MODIS2 was conducted in 2020. Three non-
hydraulic mortar samples were distributed as a 1-cm’-piece and as <150 pm grain-size
fraction. The first sample (MODIS2.1) was from AD 14th century tower of the church of
Saltvik on the Aland Islands, Finland, in the central part of the Baltic Sea. The church has a
dendrochronological date of AD 1381 (date also provided by the organizers), which was
confirmed by mortar '*C dates (Heinemeier et al. 2010; Ringbom 2011a). The second
sample (MODIS2.2) was collected from the attic of the chancel of the church of Hamra
located on the southernmost tip of the Swedish island of Gotland. The date of the mortar
should be after 1300 AD, when the church was rebuilt (Roosval 1911) but no later than AD
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1361, since the island suffered from depression after the plague during the 1350s and the
invasion by the Danish king Valdemar Atterdag in 1361. The mortar from the church was
also previously dated to cal AD 1310-1360 (Ranta et al. 2009). The third sample
(MODIS2.3) is from the early Christian Basilica of Santa Eulalia in Mérida, western Spain.
The sample is from the basement in the inner corner of the north/northwest wall of the
shrine erected in honor of Santa Eulalia that died in AD 304. Since on top of it a basilica
was built in her honor in AD 570 (Mateos Cruz 1999; Pereira 2015) the sample should be
dated to AD 304-570. The main focus on this intercomparison was to evaluate
reproducibility of the mortar radiocarbon dating laboratories.

The Zagreb Radiocarbon Laboratory approach to mortar dating was to select and analyze lime
Iumps (Sironi¢ et al. 2019). Although often reliable (Lindroos et al. 2018), lime lumps can also
yield too young dates (Nawrocka et al. 2009), and not all mortars contain lime lumps. Current
approach involves extraction of the “middle” grain fraction (MGF, 32-63 pm), sequential
dissolution with orthophosphoric acid and collection of CO, gas portions (e.g. Lindroos and
von Konow 1997; Heinemeier et al. 2010; Michalska 2019; Barret et al. 2020). According to
Sonningen and Jungner (2001), the MGF is the best grain size span for discrimination between
geogenic and anthropogenic carbonate using chemical (hydrolysis) reactivity.

For the MODIS2, the dates of the first gas portions for the samples were reported as the
intercomparison result. The first gas portion was collected so that the amount of produced CO,
was maximum 20% of the amount of total CO, (Ringbom et al. 2011Db).

Since the first gas portion (no matter how small) can still contain a portion of “dead carbon,”
here we also use extrapolation of the data principle (based on Folk and Valastro 1976, similar
to one described in Van Strydonck et al. 1986, 2015) and report the extrapolated results as well.
We used first two gas portions for obtaining extrapolated result. They were collected so they
conformed to conditions established experimentally (Sironi¢ et al. 2023). The conditions were
derived from the MGF hydrolysis kinetics in a way that is described in the Methods section. We
also used the last (third) CO, gas portion to evaluate geogenic carbon influence and, in
comparison with the first two gas portions, to indicate presence of recrystallization, shown as
significantly '“C younger fractions.

An array of analysis can be used for characterization of mortar matrix (Daugbjerg et al.
2020 and references therein). For the prescreening/characterization of the samples we use
carbonate content expressed as CaCQOs;, kinetics curve of mortar hydrolysis with H3POy,
and FTIR. Some authors (Toffolo et al. 2019; Calandra et al. 2022) use FTIR also for
determination of the extracted binder carbonate purity of the grain fraction used for '*C
dating. The shape of '*C content vs. CO,-gas amount curve (e.g. Lindroos et al. 2018) in
case of sequential dissolution also gives insight into possible problems with recrystallization
and amount of “dead carbon” content in analyzed grain fraction (Daugbjerg et al. 2020).

Here we compare our reported and extrapolated results to the known dendrodated and
historical data provided by the intercomparison organizers, and not to the results obtained
from the other radiocarbon laboratories that took part in the MODIS2. We use the method
applied in the Zagreb Radiocarbon Laboratory that we find to be most cost and time
effective.
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METHODS

Sample Preparation

The obtained samples in form of <150 um particle size fraction were sieved and 32-63 pm
particle size (MGF) was used for further processing. The MGF was analyzed by Fourier-
transform infrared attenuated total reflection (FTIR-ATR) for purity, and also for carbonate
content expressed as CaCOs.

For the method used for reporting the results, MGF was reacted with 85% H3;PO,, at room
temperature (23-27°C) on vacuum unit. Three successively formed gas portions of CO, were
collected using liquid nitrogen in 0-3 s, 315 s and from 15 s until the end of the reaction. Each
CO, gas portion was split for 8'3C analysis and graphitized for *C AMS analysis. The first gas
portion were reported as the true age taking into account the course of reaction of sequential
dissolution (Figure 2).

Extra steps were performed for the method using extrapolation principle. Hydrolysis kinetic
curve of MGF with H3PO, (85%) was created by monitoring pressure increase in time during
reaction of sample conducted at 25°C or with reaction vessel immersed in ice cold water. The
cumulative CO, yield (pc/pio, pc—cumulative pressure at time point, py,—total pressure when the
whole batch of sample is reacted) at which the curve changes slope (starts to stagnate) (pc/piori)
was determined. The time span for the collection of the first gas portion was selected so that the
amount of produced CO, is <25% pc/pior-x and, for the sum of the first and second CO, portion,
<100% pc/piorx. If the time span for collecting first gas portion was considered to be too short at
25°C (< 2 s for the first portion), it could be extended by performing the reaction with vessel
immersed in ice water. The third gas portion (until the end of the reaction) was also collected. All
collected gas portions were prepared for '*C and '*C analyses. For '“C analysis graphites were
prepared by using Zn reduction on Fe (Krajcar Broni¢ et al. 2010; Sironi¢ et al. 2013).

FTIR Analysis

FTIR-ATR spectra were recorded using a PerkinElmer UATR Two spectrometer in the range
450 cm! to 4000 cm !, with a spectral resolution of 4 cm™! and total of 8 scans accumulated.
Automatic ATR correction algorithm was applied to account for relative intensity shift in the
collected FTIR spectra. The v»/v, peak intensity ratio of the out-of-plane bending (v, = 873 cm™)
and in-plane bending (v4 = 712 cm™') 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).

4C and 3C Analysis

Carbon isotope analysis of CO, gas (8'°C) and of graphites ('*C/'3C ratio) were performed at
the Center for Applied Isotope Studies, Georgia (CAIS). The §!3C values, measured on Isotope
Ratio Mass Spectrometer (IRMS), are expressed in per mill relative to Vienna Pee Dee
Belemnite (Brand et al. 2014) and have uncertainty of 0.1%o that was calculated based on
multiple measurements of the secondary standards. '*C/'3C values were measured on 0.5 MeV
accelerator mass spectrometer (AMS) at the CAIS (Cherkinsky et al. 2010). '*C values are
normalized to 8'3C of —25%o and expressed as fraction modern (F'“C) and as age before present
(BP; Stuiver and Polach 1977; Mook and van der Plicht 1999). '“C conventional ages were
calibrated by OxCal 4.4 software (Bronk Ramsey 2009; Bronk Ramsey and Lee 2013) and
IntCal20 calibration curves (Reimer et al. 2020).

https://doi.org/10.1017/RDC.2024.75 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2024.75

4 A Sironi¢ et al.

Principle of Date Extrapolation from Sequential Dissolution Gas Portions

Here we use idea of linear extrapolation, and it should also be pointed out that there could also
be used exponential model (the Texas method, Folk and Valastro 1976; Van Strydonck et al.
1992; Lindroos et al. 2007). The ages using this principle should be considered as the
minimal ages.

In order to create curve expressing changes in F'*C with increase in CO, pressure in each point,
cumulative values should be calculated, because the measured vales (for F*4C and amount of
CO,) correspond only to certain extracted portion of CO, gas. Cumulative F'*C¢ and pc/piog
values at the end of each collected gas portions were calculated using:

pC/ptot,n = ZP/Ptotﬁi (1
i=1
n 14 .. .
F14CC.n — i:lF Cl P/Ptot,l (2)

pC/ptot,n

where F'4C; is fraction modern of each collected CO- portion and Dlpori are yields of each of
those portions up to the n" one, while F'*C¢, is cumulative activity for each CO, portion from
zero point to the end point of that portion and p/p; are corresponding cumulative yields. If it
is assumed that with reaction development (with time and increase in pc/py) produced
CO, contains more geogenic (“dead”) carbon, it can be deduced that a theoretical initial point
contains pure anthropogenic CO, at time t=0 s, i.e. pc/pi=0. To extrapolate the
radiocarbon result pc/pio; vs F'Ce correlation was used. The extrapolated F'4Cc value
(at pc/por = 0) was calculated as an intercept of linear equation defined by the pc/po and
F“Cc values only for the first two cumulative portions, points (pc/pior1, F*Cc,i.) and
(PcIpiotar FH*Cc). This principle of extrapolation is valid only for conditions: pc/pier < 25%
Pclpork and, pclpors <100% polpork (Sironi¢ et al. 2023). The uncertainty for the
extrapolated value was assessed from uncertainty propagation of the same two points.

RESULTS
Characterization

Characterization of the samples was performed by means of FTIR analysis (Figure 1, Table 1),
carbonate yields (Table 1), hydrolysis kinetics curves (Figure 2) and cumulative radiocarbon
results, i.e. curve pc/pio vs F*Ce. (Figure 3).

The FTIR analysis is used since it can provide qualitative data in a simple, fast and reliable
manner. For the more detailed mineralogical analysis, providing information about
recrystallization (which can give both too old and too young results) or magnesite (in a
case of dolomitic lime mortars, giving too young result) presence in mortar, petrography, XRD
or SEM analysis should be used (Daugbjerg et al. 2020). The carbonate yield can imply if the
mortar is non-hydraulic or hydraulic. The hydrolysis kinetic curves are mainly used for
determining the time periods for collecting desired portions, however, higher pc/po..x values
imply higher portion of anthropogenic (binder) carbonate.

The final characterization of the mortars is also checked with the cumulative radiocarbon
results, i.e. curve pc/pio vs. F14Ce, which should generally be descending with later portions
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Figure I FTIR-ATR analysis of mortar samples with particle size of 32-63 um: (c) calcite, (k) kaolinite, (g) gypsum

and (q) quartz. Strong absorption signals of kaolinite in MODIS2.3 confirmed low carbonate content in the sample.
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Table 1

Results of carbonate content (calculated as CaCOs3) of 32-63 pm grain fraction (sieved from fraction <150 pm) and FTIR

qualitative mineral analysis for each MODIS2 sample and §'3C and radiocarbon dates of each CO, sequential dissolution gas portions of the
three MODIS2 samples: sample ID and laboratory numbers (Z—sample id, A—graphite ID number, Zagreb Laboratory and UGAMS—
graphite ID number, CAIS), step hydrolysis time fraction, msp—mass of sieved fraction for sequential dissolution, n(Cy,) —mass of carbon
in each CO, portion, p/p., —percentage of carbon in each individual gas portion compared to total carbon content for sequential dissolution,
F'*C—fraction modern, 8'3C (with 0.1%o uncertainty) and '*C date of each collected CO, portion.

Carbonate p/
yield (as Laboratory msp M(Cr)  Prot sBC  18C age
Sample 1D CaCO3) FTIR analysis number Step (mg) (mg) (%) F4C (%o) (BP)
MODIS2.1 78% Calcite, kaolinite, Z-7176; A1989; 0-3s 101 1.5 20.1 0.9236 + 0.0025 nm 638 + 21
Z-7093 quartz UGAMS45016
Z-7177; A1988; 3-15s 3.8 52.0 0.9189 £ 0.0024 -10.1 679 £ 20
UGAMS45015
Z-7178; A1987, 15 s—end 2.0 28.0 09106 + 0.0024 -10.0 752 + 21
UGAMS45014
MODIS2.2 95% Calcite small amount Z-7185; A2010; 0-3s 110 1.2 13.6 0.9204 £ 0.0025 -15.2 666 + 21
Z-7094 of quartz, gypsum UGAMS45627
Z-7186; A2011; 3-15s 2.2 252 0.8862 + 0.0024 -9.9 970 + 21
UGAMS45628
Z-7187; A2012; 15 s—end 5.3 61.2 0.8014 + 0.0023 -8.8 1778 + 23
UGAMS45629
MODIS2.3 46% Kaolinite, quartz, Z-7188; A2024; 0-3s 103 0.5 9.0 0.8043 £ 0.0022 nm 1749 + 21
Z-7095 calcite UGAMS45635
Z-7189; A2025; 3-15s 2.2 409 0.7895 + 0.0022 -21.8 1898 + 22
UGAMS45636
Z-7190; A2026; 15 s—end 2.7 50.1 0.7757 +£ 0.0021 -21.4 2040 + 21
UGAMS45637
Z-8173; A2805; Ice* 0-15s 205 0.6 5.3 0.8030 = 0.0023 -31.5 1762 + 23
UGAMS59884
7-8174; A2806; Ice* 15-20s 04 3.6 0.8000 = 0.0025 —24.7 1793 + 25
UGAMSS59885

*Reaction conducted with reaction vessel immersed in ice cold water, nm—not measured.

w10 QoS Y9


https://doi.org/10.1017/RDC.2024.75

80 T

MODIS? Intercomparison from Zagreb '*C Lab 7

60 - -

pc"ptm (0/0)

Hydrolysis curves

=— MODIS2.1
MODIS2.1, ice
MODIS2.2
MODIS2.3
MODIS2.3, ice

> e 0

“|Reconstructed from

sequential dissolution
[ mobis2.1
MODIS2.2

Ll 1 MODIS2.3
* 45 MODIS2.3, ice

20 +

20 25 30

time (s)

Figure 2 Hydrolysis kinetics curves for MODIS2 and points reconstructed form amount of CO, portions in time
obtained during sequential dissolution.
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Figure 3 Cumulative F**C¢ vs pc/poc for all MODIS2 samples (Table S1, Supplementary data), and extrapolated
result (in the black rectangle) obtained from the first two CO, portions. All results are obtained at 25°C, and
“MODIS2.3-repeated, ice” was obtained with reaction vessel immersed in ice cold water.

(e.g. Heinemeier et al. 2010). If changes in the trends are observed, e.g. to higher F'*C¢, or there
is a steep fall of F'4C, recrystallization is suspected making the initial portion unreliable.
Otherwise, the F'*C of the first portion (amount of CO, portion < 20% of the amount of total
CO,, Ringbom et al. 2011b) or the extrapolated value (Sironi¢ et al. 2023) provide the best
estimated date of the mortar.
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An initial screening of MODIS2 samples by FTIR showed qualitative differences among them.
The most prominent features in all FTIR-ATR spectra of analyzed mortars were absorption
bands of calcite as a major component, found at 712, 873, 1408, 1796, and 2513 cm™! (Chu et al.
2008; Poduska et al. 2012). Mineralogical analysis also revealed that all MODIS2 samples
contained a small amount of quartz based on the presence of signals at 695, 779, 798, and
1163 cm™!. Characteristic absorption signals at 3526, 3400, 1622, 1107, 1006, 667, and 599 cm™!
clearly correlated with gypsum as the third component in MODIS2.2 sample. However, in
comparison with MODIS2.1 where kaolinite clay constitutes the rest of the composition,
MODIS2.2 appeared to have the highest carbonate content in semi-quantitative terms. On the
other hand, MODIS2.3 sample was made up of a substantial amount of kaolinite clay as
indicated by typical absorption bands at 3670-3695 cm ™! and 1640 cm™!, as well as a strong
signal at 1009-1023 cm™!, with expected low levels of carbonate content. These findings were
later supported by carbonate yield (as CaCOs3) analysis (Table 1).

An anthropogenic portion of the analyzed MODIS2 samples was evaluated through
calculation of the v,/v, ratio (at 873 and 712 cm!, respectively) of the corresponding
CaCOj vibration intensities in the collected FTIR-ATR spectra. The v,/v, ratio values were
consistently found in the range from 5.0-5.9, as opposed to pure geogenic calcite for which a
value of 2.3 or similar would be expected (Chu et al. 2008).

Hydrolysis kinetics curves (pc/pio: vs. time, Figure 2) were obtained for all the MODIS2
samples at room temperature and for samples MODIS2.1 and MODIS2.3 also in ice water.
The points reconstructed from the amount of CO, portions collected in time for '*C analysis
during sequential dissolution for all the samples at the room temperature and for MODIS2.3 in
ice water are shown in Figure 2.

It can be observed that the steepness (change in p/p. in time) for the kinetics curves depended
on the temperature of samples, largely slowing down the reaction in ice water compared to
room temperature. The first two CO, portions from sequential dissolution fitted the desired gas
portion (<25% pclpox for the first and <100% pc/piork for the first and the second CO,
portion) of the total yielded CO, for all the three samples. For the sample MODIS2.3, points
reconstructed from the sequential dissolution in ice water did not coincide with curve obtained
from hydrolysis kinetics obtained with the same conditions. This was probably due some error
in manual measurement of time during collection of gas portions from sequential dissolution.

Carbon lotopes and Radiocarbon Age Results

Carbonate content (calculated as CaCOs) of all MODIS2 samples 32-63 pm grain fraction, as
well as carbonate content in grain fraction, CO, yield of each gas portion (p/py), carbon
isotope data and radiocarbon date results for all sequential dissolution CO, portions are
presented in Table 1. The dates for each sample that were reported to the MODIS?2 organizers
as the age of the mortar were all 0-3 s gas portions (first gas portions) conducted at the room
temperatures (Z-7176, Z-7185 and Z-7188 for MODIS2.1, MODIS2.2 and MODIS2.3,
respectively).

The curve displaying relation of cumulative pc/pi; vs. F'Cce (Figure 3, Table SI,
Supplementary data) shows steady decrease of F'*C for later portions for all the samples.
This is generally expected behavior for samples without recrystallized carbon (Heinemeier et al.
2010; Lindroos 2018), implying that the first portion contains only anthropogenic carbon.
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Extrapolated values, because of uncertainty propagation, have almost twice the uncertainty of
the reported values.

All the extrapolated results are higher than for the corresponding first portions. Results for
repeated analysis of MODIS2.3 sample conducted at lower temperature (reaction vessel
immersed in ice cold water) agree very well to the analysis at the room temperature (Table 2).

813C values for all the portions increase with later CO, portions for all the samples, which is
usually observed due to kinetic effect (Nawrocka et al. 2009; Heinemeier et al. 2010), but can
also be influenced by increase in amount of the dead carbon.

DISCUSSION

Radiocarbon ages and corresponding calibrated dates for reported and extrapolated values
for each sample (Table 2 and Figure 4) are compared to the expected dates. Calibrated ages
are given with 68.3% probability. Radiocarbon ages are not rounded according to the
convention.

Sample MODIS2.1 for both the reported and extrapolated calibrated dates agrees very well
with the dendro-dated wood. Also, the whole span of both results fit into the expectation that
the building belongs to the 14th century. The influence of the geogenic carbon is very low
(Figure 3) and accounts to about 0.9% (calculated from F'*Cc, Table S1, Supplementary data),
so the difference between the first and the final gas portion is only 100 '*C years. This is the
main reason that the reported and extrapolated result fit one another.

The reported date for the MODIS2.2 sample in the 68.3% posterior probability does not
overlap with the expected historical span of dates. With 95.4% (2c0) probability calibrated dates
for reported value are cal AD 1281-1319 (49.5%) and cal AD 1359-1389 (45.9%) overlapping
the historical dates in period AD 1300-1319 and AD 1359-1361. Higher probability range
(99.7%, 30) (calibrated dates are cal AD 1276-1327 (51.8%) and cal AD 1351-1395 (47.9%))
overlap the historical dates in periods AD 1300-1327 and AD 1351-1361. However, by moving
about 100 years later, with extrapolation, extrapolated dates fit completely with 68.3% (1o)
probability, yielding overlapping date span AD 1321-1358. The difference between the
extrapolated and the F'*C of the complete CO, portion is 0.09, which would approximate to
about 10% of the geogenic component (Table S1, Supplementary data), making the difference
between the reported and extrapolated result significant for dating. The stable isotope data are
influenced mainly by the kinetic effect, which is particularly emphasized in very low value
(-31.5%0) for the first CO, portion in ice of MODIS2.3. However, the highest §3C of
the MODIS2.2 value (-8.8%o) for the last CO, portion compared to the other samples, and the
biggest difference between its first and the last CO, portions (from —15%o to —8.8%o) implies
largest influence of the geogenic/dead carbon contamination in the last portion.

The historical date span for the MODIS2.3 sample is quite wide; 266 years. Both reported and
extrapolated dates (in 68.3% probability) overlap in about one third of the older part of the
historical date span. If both dates are considered, when dating the event of erection of the
St. Eulalia shrine, the date range can be shortened to from AD 305 to cal AD 375 (reported date)
or to cal AD 430 (extrapolated date), both for 94.5% posterior probability. We cannot assume
normal probability distribution of the true age between the set historical range AD 304-570. It
would be more probable that the shrine was erected closer to the time of death of St. Eulalia,
which is here implied by the reported and extrapolated results for the sample MODIS2.3.
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Table 2 Reported and extrapolated radiocarbon ages and corresponding calibrated dates for 68.3% probability compared to the expected
age. Ranges marked gray fit/overlap with the expected date.

Sample

Reported

Extrapolated

14C age (BP)

Calibrated date

14C age (BP)

Calibrated date

Expected date

MODIS2.1

MODIS2.2

MODIS2.3

638 + 21

666 + 21

1749 + 21

Cal AD 13001320 (29.6%)
Cal AD 1358-1389 (38.7%)

Cal AD 1286-1305 (34.2%)
Cal AD 1365-1383 (34.0%)
Cal AD 250-263 (12.8%)
Cal AD 275-295 (19.8%)
Cal AD 310-346 (35.7%)

617 + 43

566 * 43
1722 + 51

1742 + 50*

Cal AD 13031328, (25.5%)
Cal AD 1339-1368, (27.1%)
Cal AD 1380-1396, (15.7%)
Cal AD 1321-1358, (38.2%)
Cal AD 1390-1420, (30.0%)
Cal AD 254-286 (19.2%)
Cal AD 324-404 (49.1%)
Cal AD 248297 (28.9%)
Cal AD 308-375 (39.4%)

Dendro date
1381 AD

AD 1300-1361

AD 304-570

*Repeated reaction with vessel immersed in ice cold water, shaded calibrated dates overlap with expected ranges).
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OxCal v4.4.4 Bronk Ramsey (2021); r:5 Atmospheric data from Reimer et al (2020)

| AD 1381
R_Date MODIS2.1 reported A— N
R_Date MODIS2 .1—extrapo43(ed—*-—
TU7180 1200 1250 1300 1350 1400 1450 1500
OxCal v4.4.4 Bronk Ramsey (2021); r:5 Atmospheric data from Reimer et al (2020)
AD 1300 AD 1361
R_Date MODIS2|2 reported o p—
—_ —_—
R _Date MODIS2|2 extrapolated A&
1000 1100 200 1300 300 500
OxCal v4.4.4 Bronk Ramsey (2021); r:5 Atmospheric data from Reimer et al (2020)
AD|305 AD 570
R_Date MOPIS2.3 reported é&b‘*
—
R_Date MODIS2.3 extrapolates —‘__,_~
R_Date MODIS2.3 extrap ice “,
300 200 1001calBC/1calAD101 201 301 401 501 601

Calibrated date (calBC/calAD)

Figure 4 Calibration curves of the reported and extrapolated results for MODIS2 samples in comparison to the
expected dendrodated and historical dates (blue line and rectangles, respectively).

Similar to MODIS2.1 sample, the amount of geogenic carbon of MODIS2.3 is low, 2.9%
and 2.6% at the room temperature and in ice-water, respectively (Table S1), and so the
difference between the reported and extrapolated values is not crucial. The difference of this
sample compared to the samples MODIS2.1 and MODIS2.2 is visible in the carbonate
content (which is only 46%) and in amount of other material present as visible in FTIR

spectra.
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Another feature that makes the extrapolated values more reliable than the reported ones is
wider uncertainty that considers both information from the first and the second gas portion.

CONCLUSION

We present the Zagreb Radiocarbon Laboratory, Zagreb, Croatia and Center for Applied
Isotope Studies, University of Georgia, USA, radiocarbon results of the three mortar samples
from the second international mortar dating intercomparison MODIS2. We compared our
results to the expected historical age spans provided by the organizer.

The characterization of the samples was performed by FTIR, carbonate composition,
hydrolysis kinetic curve of the 32—-63 pm grain fraction and trend of radiocarbon results of three
successive CO, portions obtained by sequential dissolution of 32-63 pum grain fraction by
phosphoric acid. We reported the date of the first CO, portion as the date of mortar. All
reported results for all three MODIS2 samples fitted the expected historical and dendrodated
results. We also used the MODIS2 samples to test the principle of extrapolating results
obtained from sequential dissolution. This approach is currently applied for mortar dating in
the Zagreb Radiocarbon Laboratory. All the extrapolated results also fitted the expected
historical ranges, and in case of sample MODIS2.2 the overlapping in calibrated extrapolated
calendar dates with the historical period was better than for the reported one. This implied that
the extrapolation principle can be used for eliminating dead carbon contamination in samples
with higher contribution of geogenic carbonate.

The reported approach for radiocarbon mortar dating works for non-hydraulic mortars
without recrystallization. Although the trend in radiocarbon activities for collected successive
CO, portions implied no presence of recrystallization, only three gas portions are not enough as
definite proof, and, in the future, use of petrography and XRD analysis will be required prior to
dating.

ACKNOWLEDGMENTS
FTIR-ATR was acquired through the Croatian Science Foundation (grant no. 9310).

SUPPLEMENTARY MATERIAL
To view supplementary material for this article, please visit https://doi.org/10.1017/RDC.

2024.75

REFERENCES

Barrett GT, Donnelly C, Reimer PJ. 2020. Bronk Ramsey C. 2009. Bayesian analysis of
Radiocarbon dating mortar: the identification radiocarbon dates. Radiocarbon 51(1):337-360.
of a Medieval Irish round tower using a multi- Bronk Ramsey C. 2021. OxCal v4.4.4 r:5. The Oxford
method inter-comparative approach. Journal of Radiocarbon Accelerator Unit, University of
Archaeological Science: Reports 33. doi: 10.1016/ Oxford, available at: https://cl4.arch.ox.ac.uk/
j-jasrep.2020.102538 oxcal/OxCal.html.

Baxter MS, Walton A. 1970. Radiocarbon dating of Bronk Ramsey C, Lee S. 2013. Recent and planned
mortars. Nature 225(5236):937-938. developments of the program  OxCal.

Brand W, Coplen A, Tyler B, Vogl J, Rosner M, Radiocarbon 55(2-3):720-730.
Prohaska T. 2014. Assessment of international Calandra S, Cantisani E, Salvadori B, Barone S,
reference materials for isotoperatio analysis Liccioli L, Fedi M, Garzonio CA. 2022.
(IUPAC Technical Report). Pure. Appl. Chem. Evaluation of ATR-FTIR spectroscopy for
86(3):425-467. distinguish anthropogenic and geogenic calcite.

https://doi.org/10.1017/RDC.2024.75 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2024.75
https://doi.org/10.1017/RDC.2024.75
https://c14.arch.ox.ac.uk/oxcal/OxCal.html
https://c14.arch.ox.ac.uk/oxcal/OxCal.html
https://doi.org/10.1017/RDC.2024.75

MODIS?2 Intercomparison from Zagreb '*C Lab 13

Journal of Physics: Conference  Series
2204(1):012048.

Cherkinsky A, Culp RA, Dvoracek DK, Noakes JE.
2010. Status of the AMS facility at the University
of Georgia. Nucl. Instrum. Meth. Phys. Res. B
268:867-870.

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.

Daugbjerg TS, Lindroos A, Heinemeier J, Ringbom
A, Barrett GT, Michalska D, Hajdas I, Raja R,
Olsen J. 2020. A field guide to mortar sampling
for  radiocarbon  dating. Archaeometry
63(5):1121-1140.

Folk RL, Valastro SJr. 1976. Successful technique for
dating of lime mortars by carbon-14. Journal of
Field Archaeology 3:203-208.

Hajdas I, Lindroos A, Heinemeier J, Ringbom A,
Marzaioli F, Terrasi F, Passariello I, Capano M,
Artioli G, Addis A, et al. 2017. Preparation and
dating of mortar samples—Mortar Dating Inter-
Comparison Study (MODIS). Radiocarbon
59(6):1845-1858. doi: 10.1017/RDC.2017.112

Hayen R, Van Strydonck M, Boaretto E, Lindroos A,
Heinemeier J, Ringbom A, Hueglin S, Michalska
D, Hajdas I, Marzaoili F, et al. 2016. Analysis
and characterisation of historic mortars for
absolute dating. In: Proceedings of the 4th
Historic Mortars Conference (HMC 2016). p.
656-667.

Hayen R, Van Strydonck M, Fontaine L, Boudin M,
Lindroos A, Heinemeier J, Ringbom A,
Michalska D, Hajdas I, Hueglin S, et al. 2017.
Mortar dating methodology: assessing recurrent
issues and needs for future research. Radiocarbon
59(6):1859-1871.

Heinemeier J, Jungner H, Lindroos A, Ringbom A, von
Konow T, Rud N. 1997. AMS 'C dating of lime
mortar. Nucl. Instr. and Methods B 123:487-495.

Heinemeier J, Ringbom A, Lindroos A,
Sveinbjornsdottir AE. 2010. Successful AMS
4C dating of non-hydraulic lime mortars from
the medieval churches of the Aland Islands,
Finland. Radiocarbon 52(1):171-204.

Krajcar Broni¢ I, Horvatinci¢ N, Sironi¢ A, Obeli¢ B,
Baresic J, Felja I. 2010. A new graphite
preparation line for AMS !#C dating in the
Zagreb Radiocarbon Laboratory. Nucl. Instrum.
Meth. Phys. Res. B 268 (7/8):943-946.

Labeyrie J, Delibrias G. 1964. Dating of old mortars
by the carbon-14 method. Nature 201(4920):742.

Lindroos A, Heinemeier J, Ringbom A, Brasken M,
Sveinbjornsdottir A. 2007. Mortar dating using
AMS C-14 and sequential dissolution: Examples
from medieval, non-hydraulic lime mortars from
the Aland Islands, SW Finland. Radiocarbon
49(1):47-67.

Lindroos A, Ringbom A, Heinemeier J, Hodgins G,
Sonck-Koota P, Sjoberg P, Lancaster L, Kaisti R,

https://doi.org/10.1017/RDC.2024.75 Published online by Cambridge University Press

Brock F, Ranta H, Caroselli M, Lugli S. 2018.
Radiocarbon dating historical mortars: Lime
lumps and/or binder carbonate. Radiocarbon
60(3):875-899.

Lindroos A, von Konow T. 1997. C dating of lime
mortar - preparation of the sample, a challenge
for the geologist and the mineral chemist. Vol. 11
(1997): Proceedings of the VII Nordic Conference
on the Application of Scientific Methods in
Archaeology, Savonlinna, Finland, 7-11
September 1996.

Mateos Cruz P. 1999. La basilica de Santa Eulalia de
Mérida. Anejos de Archivo Espafiol de
Arqueologia XIX, Madrid.

Michalska D. 2019. Influence of different
pretreatments on mortar dating results. Nuclear
Instruments and Methods in Physics Research
Section B 456:236-246.

Michalska D, Czernik J, Goslar T. 2017.
Methodological aspect of mortars dating
(Poznan, Poland, MODIS), Radiocarbon
59(6):1891-1906.

Mook WG, van der Plicht J. 1999. Reporting '“C
activities and concentrations. Radiocarbon
41(3):227-239.

Nawrocka D, Czernik J, Goslar T. 2009. 4C Dating
of carbonate mortars from Polish and Israeli
Sites. Radiocarbon 51(2):857-866.

Pereira, C. 2015. About the oldest known Christian
Buildings in the extreme south of Lusitania: The
Case of Quinta De Marim (Olhdo, Algarve,
Portugal). Archaeopress Publishing Ltd Gordon
House 276 Banbury Road Oxford OX2 7ED. 22 p.

Poduska KM, Regev L, Berna F, Mintz E, Milevski I,
Kahalaily H, Weiner S, Boaretto E. 2012. Plaster
characterization at the PPNB site of Yiftahael
(Israel) including the use of '*C: implication for
plaster production, preservation, and dating.
Radiocarbon 54(3-4):887-896.

Ranta H, Hansson J, Lindroos A, Ringbom A,
Heinemeier J, Brock F, Hodgins G. 2009. Om
dateringen av Gotlands medeltida kyrkor. Hikuin
36:85-100.

Reimer PJ, Austin WEN, Bard E, Bayliss A,
Blackwell PG, Bronk Ramsey C, Butzin M,
Cheng H, Edwards RL, Friedrich M, et al. 2020.
The IntCal20 Northern Hemisphere radiocarbon
age calibration curve (0-55 cal kBP).
Radiocarbon 62(4):725-757.

Ringbom A. 2011a. The voice of the Aland churches.
New light on medieval art, architecture and
history. Aland’s Museum.

Ringbom A, Heinemeier J, Lindroos A, Brock F.
2011b. Mortar dating and Roman pozzolana,
results and interpretations. Comm. Hum. Litt.
128:187-208.

Roosval J. 1911. Die Kirchen Gotlands. Ein Beitrag
zur mittelalterlichen Kunstgeschichte Schwedens.
Nordstets. 231 p.

Sironi¢ A, Borkovi¢ D, Baresi¢ J, Krajcar Broni¢ I,
Cherkinsky A, Kitanovska L, Strukil V,


https://doi.org/10.1017/RDC.2017.112
https://doi.org/10.1017/RDC.2024.75

14 A Sironié¢ et al.

Cukovska L. 2019. Radiocarbon Dating of
Mortar from the Aqueduct in Skopje.
Radiocarbon 61(5):1239-1251.

Sironi¢ A, Cherkinsky A, Borkovi¢ D, Damiani S,
Baresic J, Viskovi¢ E, Krajcar Broni¢ 1. 2023. A
new approach on data extrapolation for mortar
dating in the Zagreb Radiocarbon Laboratory.
Nucl. Instrum. Meth. Phys. Res. B 537:119-124.

Sironi¢ A, Krajcar Broni¢ I, Horvatin¢i¢ N, Baresic J,
Obelic B, Felja I. 2013. Status report on the
Zagreb radiocarbon laboratory—AMS and LSC
results of VIRI intercomparison samples. Nucl.
Instrum. Meth. Phys. Res. B 294:185-188. doi:
10.1016/j.nimb.2012.01.048

Sonninen E, Jungner H. 2001. An improvement in
preparation of mortar for radiocarbon dating.
Radiocarbon 43(2A):271-273. doi: 10.1017/
S0033822200038108

Stuiver M, Polach HA. 1977. Discussion: reporting of
14C data. Radiocarbon 19(2):355-363.

Stuiver M, Smith CS. 1965. 6th International
Conference on Radiocarbon and Tritium
Dating, Pullman, WA. p. 338-363.

https://doi.org/10.1017/RDC.2024.75 Published online by Cambridge University Press

Toffolo MB, Regev L, Dubernet S, Lefrais Y,
Boaretto E. 2019. FTIR-based crystallinity
assessment of aragonite-calcite mixtures in
archaeological lime binders altered by
diagenesis. Minerals 9(2):121. https://doi.org/10.
3390/min9020121

Van Strydonck M, Dupas M, Dauchot-Dehon M,
Pachiaudi C, Marechal J. 1986. The influence of
contaminating (fossil) carbonate and the
variations of &3 C in mortar dating.
Radiocarbon 28(2A):702-710. doi: 10.1017/
S003382220000792X

Van Strydonck M, Hayen R, Boudin M, Van den
Brande T, Burguera M, Ramis D, De Mulder G.
2015. '4C dating of the lime burial of Cova de Na
Dent (Mallorca, Spain): optimization of the
sample preparation and limitations of the
method. Radiocarbon 57(1):161-171. doi: 10.
2458/azu_rc.57.18195

Van Strydonck M, Van Der Borg K, De Jong A,
Keppens E. 1992. Radiocarbon dating of lime
fractions and organic material from buildings.
Radiocarbon 34(3):873-879.


https://doi.org/10.1016/j.nimb.2012.01.048
https://doi.org/10.1017/S0033822200038108
https://doi.org/10.1017/S0033822200038108
https://doi.org/10.3390/min9020121
https://doi.org/10.3390/min9020121
https://doi.org/10.1017/S003382220000792X
https://doi.org/10.1017/S003382220000792X
https://doi.org/10.2458/azu_rc.57.18195
https://doi.org/10.2458/azu_rc.57.18195
https://doi.org/10.1017/RDC.2024.75

	RADIOCARBON MORTAR DATING INTERCOMPARISON MODIS2-APPROACH FROM THE ZAGREB RADIOCARBON LABORATORY, CROATIA
	INTRODUCTION
	METHODS
	Sample Preparation
	FTIR Analysis
	14C and 13C Analysis

	Principle of Date Extrapolation from Sequential Dissolution Gas Portions

	RESULTS
	Characterization
	Carbon Iotopes and Radiocarbon Age Results

	DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	Supplementary material
	REFERENCES


