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ABSTRACT. Seven radiocarbon laboratories: Åbo/Aarhus, CIRCE, CIRCe, ETHZ, Poznań, RICH, and
Milano-Bicocca performed separation of carbonaceous fractions suitable for 14C dating of four mortar samples
selected for the MOrtar Dating Inter-comparison Study (MODIS). In addition, optically stimulated luminescence
(OSL) analyses were completed by Milano-Bicocca and IRAMAT-CRP2A Bordeaux. Each laboratory performed
separation according to laboratory protocol. Results of this first intercomparison show that even though
consistent 14C ages were obtained by different laboratories, two mortars yielded ages different than expected from the
archaeological context.

KEYWORDS: 14C, intercomparison, MODIS, mortar, OSL.

INTRODUCTION

The idea of performing this intercomparison is rooted in the decades of research conducted by
several groups in the field of chronological studies. The very first attempts to date mortars were
made soon after the method was established (for example Delibrias and Labeyrie 1964; Stuiver
and Smith 1965; Folk and Valastro 1976). However, it was only a few decades later that Van
Strydonck et al. (1983a,b), Ringbom and Remmer (1995), and Heinemeier et al. (1997) pro-
posed a more systematic approach to radiocarbon (14C) dating of mortars. Following this,
different methodological developments were undertaken: first by Nawrocka et al. (2005) with
cryo-breaking of mortars prior to dissolution and later by Lindroos et al. (2007, 2011) with
sequential dissolution of mortars. Thanks to the Mortar Dating Project (www.mortardating.
com) the 14C dating of mortar became more popular with other laboratories, and new or
modified protocols of mortar preparation have appeared (Nawrocka et al. 2009;Marzaioli et al.
2011; Hajdas et al. 2012; Hodgins et al. 2011; Marzaioli et al. 2013; Michalska et al. 2013).

Separation of the carbonate fraction that would only contain carbon fixed in mortar at the time
of binding (i.e. the binder) is the main goal of the procedure. This can be achieved by physical
means such as sieving (dry or wet) or suspension (density separation) and chemical selection of
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more reactive anthropogenic fraction. A combination of these two methods has been realized
differently by the seven 14C laboratories participating in the intercomparison. However,
different procedures distinguish the laboratory protocols; for example by the type of acids
applied (i.e. hydrochloric versus orthophosphoric) to produce CO2 fractions for the separation
principles (i.e. mostly physical versus mostly chemical) and data analyses (14C age profiles
versus single fraction ages).

Recently, another approach to dating mortar by optically stimulated luminescence
(OSL) has been established. After the first tests on archaeological mortars performed by
standard multigrain techniques (Zacharias et al. 2002; Goedicke 2003, 2011; Panzeri 2013),
advanced developments by “single grain OSL” technique (SG-OSL), consisting in measure-
ments of luminescence signal of each grain individually, have been carried out (Urbanová et al.
2015, 2016; Urbanová and Guibert 2017a). The methodology consists of systematically
combining single grain OSL analyses followed by rigorous statistical data treatment with
characterization of microdosimetric properties by SEM-EDX carthography and beta auto-
radiography (see Urbanová and Guibert 2017a for details and other references). Such dating
procedure results in larger uncertainties (5–10%) but allows to overcome the problems
of heterogeneous bleaching. This approach has recently been successfully integrated in
several archaeological studies providing chronological classification of building phases for
Early Medieval monuments such as Saint Seurin basilica in Bordeaux (Urbanová and
Guibert 2017b).

The main goal of the intercomparison was to compare results obtained on the same material.
Ideally, such samples should be of known age and consist of homogenous material. As
discussed below only two samples fulfilled these conditions. Nevertheless, our study allows us
to draw some conclusions and provides insights into future developments of the methods.

SAMPLES

Four mortar samples were selected for MODIS project included Medieval, Roman
and prehistoric lime burial: The first sample, a wall’s bedding mortar from the church of Nagu
in the Åboland archipelago (Finland) (Sample 1), was available as fine fraction 45–72 μm and
original pieces. A lime conglomerate from a burial of Cova S’Estora (Son Pellisser) on the
island of Mallorca (Spain) (Sample 2), which was described by Van Strydonck et al. (2017), was
provided as <500 μm fraction and original pieces of lime. The remains of a medieval mortar
mixer from Basel Cathedral Hill (Switzerland) (Sample 3) and a rendering from a Roman wall
excavated in the city of Tongeren (Belgium) (Sample 4) were available as original pieces.
Figure 1 a–e shows pictures of the MODIS samples documented at ETH laboratory. Hayen
et al. (2017, 2016), describe details of petrographic investigations of samples and their arche-
ological context.

METHODS

In the following preparations methods used by each laboratory (ABO, CIRCE, CIRCe, ETHZ,
POZN, RICH, MIL, and IRAMAT-CRP2A Bordeaux) are introduced.

Preparation of Mortar Åbo/Aarhus Team (ABO, Finland/Denmark)

The principles of the procedure are described in detail in Lindroos et al. (2007), Heinemeier
et al. (2010), and Lichtenberger et al. (2015). Wet sieving was applied to the most fine-grained
material after crushing the samples with pliers. The 46–75 μm fraction is usually selected for the
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hydrolysis. Cathodoluminescence (CL) might be used to cross check for purity (presence of
natural carbonates) showing presence of unburnt limestone (Lindroos et al. 2007). Coarser
grain size fractions (e.g. 300–500 μm) were checked for alkalinity with phenolphthalein
dissolved in alcohol. The hydrolysis was performed with an excess of orthophosphoric acid
(H3PO4). In this step about 3mL of 85% acid (water solution) was added from a burette onto
the dry sample under vacuum. A typical sample size is around 100mg of sample powder, but
small, crushed lime lumps weighing down to 10mg have been successfully prepared with the
same set up. Several CO2 fractions can be isolated from each sample and usually the first three
are collected and dated. To minimize the amount of CO2 from slowly dissolving natural
carbonates the first fraction was typically collected as rapidly as possible i.e., after the first
3–10 s and the second one in the following 20–30 s. The third fraction is usually collected in
60–90 s. The amount of CO2 in each fraction corresponds to 0.2–1.1mg carbon. Fractions
containing >0.6mg carbon were split into two vials, one for 14C and the other for stable carbon
and oxygen isotope measurements. The vials containing the CO2 gas were submitted to the
accelerator mass spectrometry (AMS) 14C Dating Centre at Aarhus University for graphiti-
zation and AMS 14C measurements (Vogel et al. 1984). δ13C and δ18O values were measured
using a GV Instruments Isoprime stable isotope mass spectrometer in dual inlet mode to a
precision of 0.15‰. The final 14C age of the mortar is defined (a) by the plateau of ages of the
first fractions (at least two consecutive) or (b) if the first fractions of three different samples from
the same building unit agree between each other.

Preparation of Mortar at CIRCE/Università della Campania “Luigi Vanvitelli” (Italy)

The initial CryoSoniC procedure (Marzaioli et al. 2011), which was developed at CIRCE
(Centre for Isotopic Research on Cultural and Environmental heritage), was modified after

Figure 1 Pictures of MODIS samples distributed among the laboratories: (a) Sample 1—Finnish mortar; (b)
Sample 2—Mallorca lime burial f< 500 µm; (c) Sample 2—Mallorca lime burial original (F); (d) Sample 3—Basel
mortar; (e) Sample 4—Roman cocciopesto.
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Marzaioli et al. (2013) to Cryo2SoniC in order to increase efficiency of dead carbon suppres-
sion. This revised method includes the following steps:

1. Wet (in deionized water) sieving at 500 μm, which is following up to 3 cycles of wet freezing
and thawing aimed to break mortars (i.e. cryo-breaking).

2. The homogenous powder produced undergoes a first ultra-sonication of the homogenous
powder for 10min with complete water removal to produce a fraction labeled SAND;

3. The residual powder undergoes an extra 30min ultra-sonication with not-complete
suspension removal (labeled the SUSP fraction).

The centrifuged (at centrifuge acceleration of 7874 times the gravity acceleration for 5min)
fractions (SAND and SUSP) are dried (80°C overnight) and digested under vacuum with 85%
H3PO4 to completely evolve CO2 (McCrea 1950). Collected CO2 is graphitized (Marzaioli et al.
2008) and measured by the AMS CIRCE System (Terrasi et al. 2008). The 14C ages for both
SAND and SUSP fractions are analyzed with the SUSP fraction considered most suitable
(Marzaioli et al. 2013; Nonni et al. 2013).

Preparation of Mortar at CIRCe Università di Padova (Italy)

As described by Addis et al. (2016), the mortar samples underwent manual cleaning and gentle
disaggregation followed by two ultrasonic baths in ultra-pure water for 60min, each time
sampling the suspended fraction. Then, the suspended fraction was centrifuged three times at
6000 rpm for 30min, each time the solution was replaced with ultra-pure water. In the next step,
the fraction was dispersed inside a graduated cylinder with 500mL of ultra-pure water for 20 hr
in order to obtain dimensional separation of the particles according to Stokes’ Law. At the end
of the sedimentation time, the uppermost emulsion containing particles with a size less than
2 μm was pipetted and filtered by using a vacuum pump system and 0.1 μm filters.

Before the 14C dating, the dried fraction was analyzed by isotope ratio mass spectrometry,
coupled with X-ray powder diffraction and cathodoluminescence spectroscopy. The 14C ana-
lyses were performed at CIRCE/Università della Campania “Luigi Vanvitelli”.

Preparation of Mortar at ETH Zurich (Switzerland)

A modification of method described by Hajdas et al. (2012) involved testing additional grain
size fractions. The original method was based on ages of <32 μm. However, following the
discussion at the workshop dedicated to MODIS1, modification has been introduced after
Sample 4 was already prepared using only a finest <32 μm fraction. In addition to this, a
fraction of 32–63 μm was separated by dry sieving. In case of samples 2 and 3 only fraction of
45–63 μm was targeted, which is similar to what Åbo and Poznań laboratories use. Sample 1
was already pre-sieved to 46–75 μm therefore, there was no sieving applied. The separated fine
fractions were then dissolved in 85% H3PO4. Four time intervals were chosen for collecting
CO2: 0–3 s, 4–6 s, 7–9 s, 10–12 s. Fractions were collected by sequential freezing of CO2, which
was evolving in a continuously running reaction, into four separate vials. Typically, the amount
of carbon of the first and second fractions are lower than 200 μg, therefore samples are frozen
into the 4-mm-diameter tubes for direct AMS analyses on CO2.

1Age of anthropogenic carbonates: radiocarbon dating of mortars, limes and stucco. International Workshop on
Mortar Dating, Zurich, 9–11 September 2015.
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The collected CO2 (50–100 μg C) is analyzed using gas ion source interface for AMS analysis
(Fahrni et al. 2010). In an ideal case, the 14C ages of four fractions are expected to form a
plateau of ages. However, this is rarely the case and for most of the samples the final age is based
on the youngest 14C age or if an agreement (within 2σ) between fractions is achieved, these are
used to calculate mean value for the mortar age. In the case of Sample 4, two fractions (<32 and
45–63 μm) were analyzed and showed an agreement within the measurement uncertainty, in
effect the results were used to build the mean value, which gives the age of the mortar sample
(see Table S1 in supplementary information).

Preparation of Mortar at Poznań Institute of Geology and Poznań Radiocarbon Laboratory
(Poland)

The preparation protocol of mortar at Poznań laboratory described in Michalska et al. (2017
this volume; Nawrocka-Michalska et al. 2007) has been developed based on experience of
different scientific groups (Folk and Valastro 1979; Van Strydonck et al. 1986; Heinemeier et al.
1997; Lindroos et al. 2007; Goslar et al. 2009; Nawrocka et al. 2009; Marzaioli et al. 2013;
Nonni et al. 2013; Ringbom et al. 2014; Hayen et al. 2016).

Samples were prepared only after the detailed characterization i.e., petrography, a scanning
electron microscope observation (SEM) and chemical analyses using electron dispersive spec-
trometer (EDS) (Hayen et al. 2016; Michalska et al. 2017 this volume) were completed. These
analyses provided information about the mortars components and allowed to design the sample
specific preparation steps namely number of fractions needed to be collected for 14C analysis.

In the next step samples 1 and 2 were gently crushed into smaller pieces and dry sieved into grain
fractions (40–63μm, 63–71μm, 63–80μm, 71–80μm, 80–100μm). Samples 3 and 4were prepared
by both methods: dry sieved to obtain appropriate grain fraction and by application of cryo-
breaking procedure i.e., repeated freezing and thawing of sample to disintegrate its structure and
to separate components (Michalska et al. 2017, this volume). Additionally, samples from sus-
pension were also sieved. Sieving was followed by dissolution in 90-95% H3PO4 in 80°C.

In order to choose an appropriate grain fraction and time interval for the gas collection during
hydrolysis, tests of the leaching reaction in orthophosphoric acid were performed (Figure 2; for
more details see Michalska et al. 2017 in this volume). Depending on the mortar components,
the reaction kinetics influence the percentage of carbonates originating from the binder in a first
gas portion (Nawrocka et al. 2009a; Michalska and Czernik 2015). The course and rate of
leaching reactions reflect the mortars’ components.

Petrographic composition of the first two samples MDIC1 and MDC2, i.e., Finnish and
Mallorca samples, indicated that two dissolution fractions are sufficient for 14C analysis. This
included a fraction from the shortest time of the gas collection during leaching reaction, which is
known to provide the most reliable material for dating, and gas collected during a longer
dissolution time interval, using the last as a control sample.

Samples such as the cocciopesto MDIC 4 and the mortar mixer MDIC 3 (Hayen et al. 2016;
Michalska et al. 2017 this volume), were considered to be difficult materials for dating, due to
the presence of ceramic dust or different pozzolanic components (Binda and Baronio 1988;
Ringbom et al. 2011). These two samples were prepared as suspension and grain fractions. The
dissolution time was minimized and CO2 was collected for dating in very short time intervals
(first 1–2 s of leaching reactions). To see the influence of mortar components on the dating
results, also a gas portion collected in longer time interval was dated (14 s).

Preparation and Dating of Mortar (MODIS) 5
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Following these preparatory steps, after dissolution with H3PO4 of selected fractions, the time
intervals for collecting gas samples were chosen (first 1, 2 s, 2–5 s, 5–10 s, 14 s, 25 s). The
collected CO2 was then graphitized for AMS analysis. The age of the mortar was based on the
age of the fraction collected in the shortest time (first 1, 2 s in case of Sample 1-Finnish mortar
and Sample 2-Mallorca burial lime). The longer time intervals of gas collecting (e.g. 14 s)
provided an additional indicator of carbonate content from another source than the binder
(Goslar et al. 2009; Ringbom et al. 2014).

Preparation of Mortar at RICH Laboratory (Brussels, Belgium)

The method applied at RICH laboratory is described in detail by Van Strydonck et al. 2009.
Samples were dry sieved to the fractions: <38 µm, 38–75 µm, or 75–125 µm. The HCl titration
was applied to obtain the CO2. The 38–75 µm fractions were used for the preparation. The total
CO2-yield of the sample was determined by complete acid hydrolysis. Based on the total yield,
the CO2-release was divided into a number of fractions. The corresponding amounts of
hydrochloric acid were applied by titration according to the desired subdivision in fractions.
Numerous fractions, if possible 7, were analyzed. The final age of mortar are reported as the
extrapolated age of the fraction 0.

Preparation of Mortar at Milano-Bicocca Laboratory (Italy)

Physical procedures applied to separate appropriate material involved: crushing,
extraction of lumps and wet sieving to select grains <500 μm. The chemical extraction was
done by

∙ Acid digestion (H3PO4 85%) of 50-100mg of the grain fraction with a granulometry below
500 µm (selected by wet sieving);

∙ Acid digestion (H3PO4 85%) of 30-40mg of the lumps with a granulometry above 500 µm
(selected from all the collected lumps by dry sieving).

Figure 2 The exemplary course of carbonates decomposition in orthophosphoric acid, in function of time;
MDIC 1—the wall’s bedding mortar from the church of Nagu (Finland); MDIC 2—lime conglomerate
from Cova S’Estora (Mallorca, Spain); MDIC 3—the medieval mortar mixer from Basel Cathedral Hill
(Switzerland); MDIC 4—the Roman cocciopesto mortar from Tongeren (Belgium); tot_ka—fragment of bulk
mortar without any additional preparation; the ordinate p/ptot represents the proportion of pressure of CO2

collected after time t to the pressure of the whole collected CO2. The more irregular decomposition takes place in
Roman cocciopesto mortars, which is connected with finely grained ceramic dust, clay minerals mixed in the binder
structure.
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In both cases, CO2 produced during the first 15 s of the reaction is collected and graphitized and
transferred for AMS analyses at CIRCE AMS facility (Caserta, Italy).

For OSL dating, the outer part of the samples was removed in order to eliminate the grains that
were exposed to daylight. The quartz fraction was selected under dim red light. All these
samples have been crushed and sieved to select grains <500 μm. Some physical and chemical
treatments were performed following these steps:

∙ HCl 37% since reaction stopped

∙ H202 36% vol

∙ Sieving 125–250 μm

∙ Mineral separation with sodium polytungstate solution at 2.67 g/cm3

∙ HF 40% for 40min

∙ HCl 20% for 15min

Because no detectable luminescence signal from single grains of quartz was observed, a multi-
grain aliquot were analyzed. The samples were fixed with silicon oil on stainless-steel discs.

The measurements were performed following the single-aliquot regeneration (SAR) dating
protocol (Murray and Wintle 2000) using an automated luminescence system (Risø
TL/OSLDA-20) equipped with a 90Sr/90Y beta source delivering 0.108 Gy/s (±3%) to the
sample position. Quartz OSL was stimulated by an array of blue LEDs (470± 30 nm) and OSL
shine-down curves were detected using a photon counting technique with an EMI 9635QB
photomultiplier tube coupled to a 7.5-mmHoya U-340 filter. The samples were checked for the
absence of feldspar contamination using IR stimulation (830 ± 10 nm) on irradiated samples.
OSL measurements (40 s) were made at 125°C, after preheating aliquots for 10 s at 260°C.
A cut-heat of 160°C was applied to each aliquot before the test dose measurement.

In order to calculate the annual dose rate, the Th and U concentrations of the mortars were
measured with total alpha counting using ZnS scintillator discs (Aitken 1985). 40K content was
deduced from the total concentration of K, obtained by flame photometry. Attenuation of the
beta dose was taken into account (Bell 1979). The cosmic ray contribution to the final dose rate
was based on Prescott and Hutton (1994). Finally, for each sample the saturated water content
was derived from the total porosity of the sample and a reconstructed value of the mean water
content was calculated for each mortar sample.

Preparation of Mortar for OSL Analysis IRAMAT-CRP2A Bordeaux

The preparation of mortar for luminescence dating involved crushing and sieving of inner parts
of the samples under dim red light. The size fraction 200–250 µm underwent the following
chemical treatments:

∙ HCl 37 % (dissolution of carbonates)

∙ H2O2 15 % (if present, dissolution of organic residues)

∙ mixture of H2SiF6 with HNO3 in ratio 9:1 (dissolution of feldspars)

Extracted quartz grains of size fraction 200–250 µmwere fixed on stainless steel discs. The total
dissolution of feldspar in the etched fractions from mortars was verified before starting the
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dating procedure by IRSL test. All OSL measurements were performed using a TL/OSL DA20
Risø reader using the single aliquot regeneration (SAR) protocol (Murray and Wintle 2000)
applying preheat and cut-heat temperatures of 190°C and 160°C, respectively, regeneration
doses of 1.4; 2.8; 5.6; 11,2; 0; 1.4 Gy and a test dose 2.8 Gy.

Since the single grain OSL measurements did not give any detectable signal, a standard
multigrain technique was applied and several tens of grains are analyzed together. In this case,
all the grains contribute to the final OSL signal, which results in a measurable OSL response
for weakly luminescent mortars, however, some averaging effect due to the presence of
well-bleached and poorly bleached grains on the same disc can occur.

The contribution to the annual dose rate arising from mortar matrix (alpha and
beta emissions) was evaluated by low background gamma spectrometry (Guibert and
Schwoerer 1991; Urbanová et al. 2015). The gamma and cosmic contributions to the annual
dose rate could not have been measured in situ (excavations were completed long time ago) and
they were therefore assessed using the contents of radioelements K, U, and Th determined by
low background gamma spectrometry, adding the value of 0.23 ± 0.03mGy/yr for cosmic
contribution.

According to petrographic, cathodoluminescence, and SEM-EDX observations, the sample did
not contain coarse potassium feldspars. This indicates that the annual dose rate is not affected
by significant microdosimetric variations, which could complicate the dating process (Guérin
et al. 2015; Martin et al. 2015; Urbanová et al. 2015).

RESULTS AND DISCUSSION

Results of all the analyses performed on the mortar that was distributed as a part ofMODIS are
summarized in Table 1. All the data are reported in the supplementary Table S1 and discussed
by Hayen et al. (2017 this volume).

Table 1 Summary of results obtained for MODIS samples. Independent age control
is given as 14C ages of material found in mortar samples. Minimum and maximum
ages give the ranges of all 14C ages measured in this intercomparison. OSL ages are recalculated
to 14C ages.

MODIS
nr Description

Independent
14C age BP

MODIS
MinAge

MODIS
MaxAge

Mean value/
criteria χ2-test

1 Finnish mortar 515± 9
(wood)

159± 75 1040± 70 505± 8
(<550 BP)

df= 16
T= 20.6
(5% 26.3)

2 Mallorca lime
burial

2336± 30
(charcoal)

2345± 144 4110± 32 2376± 22
(<2500 BP)

df= 3
T= 0.1
(5% 7.8)

3 Basel mortar 1324± 18*
(charcoal)

1491± 50 8240± 51 — —

4 Roman
cocciopesto

1739± 30
(charcoal)

712± 25 2650± 150 — —

*Mean value of two samples (ETHZ_charcoal: 1313± 22 BP and POZN_charcoal: 1345± 30 BP) results in 14C age of
1324± 18 BP (χ2-test: df= 1 T= 0.7 [5% 3.8]).
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Discussion: Sample 1—Finnish Mortar

Results obtained by all the laboratories for the medieval Finnish church (Sample 1) are sum-
marized in Figure 3. With an exception of the Poznań laboratory, which received original
fragments of mortar, others obtained pre-sieved fraction 45–72 µm of this sample. The 14C ages
appear consistent for most of the laboratories and close to the independent measurement on
wood, which should give a maximum age for the building. If samples older than 600 BP
(fractions that contain old component) and the one too young sample of MIL_C14 are not
included in the combined 14C age, the resulting age of 505± 8 BP (χ2-test: df= 16 T= 20.6
[5% 26.3]) is comparable to the 14C age of wood 515± 9 BP, calibrated 1410–1432 AD
(95.4% conf. level).

Discussion: Sample 2—Mallorca Burial Lime

Figure 4 shows results of dating Mallorca burial lime. Two samples were distributed: fine
fraction <500 µm and original lime (F). The age of the burial is considered to be close to the
measurement on charcoal and bone (RICH_charcoal and RICH_bone: 2336± 30 and
2442± 30 BP, respectively). 14C ages of the fast dissolving component obtained on fraction with
grain size smaller than 100 µm (ABO_2.1: 46–75 µm; 2 s; ETHZ_2a.1&2: 45–63 µm; 1–3 and
4–6 s, POZN_2: 80–100 µm; 2 s) yields youngest ages (see Figure 4). The combined radiocarbon
age of these samples is 2377 ± 22 BP (χ2-test: df= 3 T= 0.1[5% 7.8]), calibrated 515–396 BC
(95.4% conf. level), which is very close to the age of the charcoal (2366 ± 30 BP) obtained by
RICH laboratory. The bone is only slightly older (2442 ± 30 BP) excluding older ages of mortar
which were obtained on fraction with grain size <500 µm. At ETH laboratory too old ages were
obtained for first and second fast dissolution product for the whole <500 µm fraction (Figure 4).
Similar results, which gave ages that were older than expected, were obtained by other

Figure 3 Sample of Finish mortar—the independent age was obtained on wood ABO_wood 512± 9 BP. Additional
notes: L-lump, fractions of different dissolution steps (supplementary Table S1) are shown as LAB_1.2, LAB_1.3,
etc. Results of each laboratory are shown in different colors (ordered as in Table 1; refer to online version for colors).
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laboratories. These results show that the only effective separation involved both methods: fine
grain size and fast dissolution.

Discussion: Sample 3—Basel Mortar

Figure 5 shows that independently of the dating method (OSL or 14C), the preparation method
or grain-size, all analyses resulted in ages older than the charcoal found in mortar. The com-
bined age of two charcoal samples (ETHZ_charcoal: 1313 ± 22 BP and POZN_charcoal:
1345± 30 BP) results in 14C age of 1324± 18 BP (χ2-test: df= 1 T= 0.7 [5% 3.8]) (Table 1),
calibrated 655–764 AD (95.4% conf. level). The difference between mortar and charcoal is even
larger when two 14C ages: 1055± 45 BP and 1105± 40 BP, which were obtained on charcoal
prior to the MODIS (Hayen et al. 2017 this volume), are considered. The picture is even more
complicated by the age of a bone: 1625± 55 BP (Hayen et al. 2017 this volume). This scatter of
14C ages suggests that this sample of mortar is highly heterogeneous. The presence of an old
component (Table 1; sample RICH_3a.5: 8240± 51 BP) might well explain too old radiocarbon
age (Roman instead of Medieval), however it does not explain the scatter of ages observed for
charcoal and bone. This complicated picture points to a mixed source of sample material.

Discussion: Sample 4—Roman Cocciopesto

As can be seen from Figure 6, results obtained by all the laboratories are consistently younger
than the expected Roman age (1739± 32 BP; RICH_charcoal). With an exception of the two
oldest fraction (POZN_4.3: 2650± 150 BP and RICH_4.7: 1540 ± 34 BP) most of the results
range from 700 to 1300 BP. Although difficulty in dating cocciopesto has been known from

Figure 4 Sample 2_Mallorca lime burial. Additional notes: Fractions of different dissolution steps (see
supplementary Table S1) are shown as LAB_2.1, LAB_2.2 etc. ETHZ: 3 sets of analyses: a, b, c. RICH: 3 sets of
analyses: a (HCl-4), b (HCl-7), c (HCl-4). Results of each laboratory are shown in different colors (ordered as in
Table 1; refer to online version for colors).
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previous studies (Hodgins et al. 2011; Ringbom et al. 2011, 2014; Michalska et al. this volume)
consistently too young ages, as compared to the expected one, can probably be explained by
processes such as the delayed hardening of mortar that was sampled from deep inside the wall

Figure 5 Sample 3 Basel mortar: This sample was previously dated as discussed by Hayen et al. (2016, 2017).
14C age of charcoal found in the mortar of MODIS is 1313± 22 BP (ETHZ_charcoal).

Figure 6 Sample 4 Roman coccipesto: Charcoal from this mortar was previously dated at RICH laboratory (Hayen
et al. 2016, 2017). 14C age of charcoal was 1739± 32 BP (RICH_charcoal).
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(Hayen et al. 2017). In this case, nearly coherent ages of the first fractions (Figure 6) obtained by
the laboratories date the time of hardening, probably delayed by the impermeability of cocci-
pesto as well as the sample depth (Heinemeier et al. 1997, 2010).

SUMMARY

Two OSL laboratories and seven 14C laboratories performed analysis on mortar of MODIS
study by applying various procedures.

The following common points for 14C preparation protocols are based on the MODIS com-
parison study:

∙ Prescreening of samples

∙ Particle size (by sieving or suspended fractions centrifuge/gravity)

∙ Dissolution (% of the total or the time of dissolution)

∙ All 14C laboratories apply more than one 14C analysis per sample

Both OSL laboratories based the dating process on the analyses of coarse quartz fractions
measured by the multigrain technique. The OSL dating results obtained by multigrain techni-
que from the Basel mortar, which contained enough quartz fraction for OSL analysis, showed
general agreement both between OSL laboratories and with 14C dating results.

Overall, the results of this first intercomparison provide important observations for a choice of
material and prospects for a successful mortar dating. The two homogeneous samples: Sam-
ple_1 (Finnish Mortar) and Sample_2 (Mallorca Burial Lime) were successfully dated. How-
ever, the complicated material such as Sample 3 (Basel Mortar) and Sample 4 (Roman
Cocciopesto) gave coherent results but different from expected ages. These results highlight the
complexity of 14C dating of mortars indicating the potential but also its limits. Moreover, the
exchange of knowledge between laboratories and observations made during this study are an
important factor for understanding the results of dating mortars.
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