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ABSTRACT. Electron paramagnetic resonance (EPR) spectroscopy is a well-established method of dating based on
trapped charges, applied to various crystalline materials, including carbonates, bones, and teeth. It provides a detailed
insight into the structure of radiation defects—paramagnetic centers generated by irradiation, without the need of a
painstaking sample preparation, often challenging in other methods. Using EPR we studied the effect of y radiation on
lime mortars and plasters from ancient settlement Hippos in Israel, in order to analyze the process of defect generation.
Analysis of the complex spectra revealed the presence of radiation-induced species, including CO,~, NOs>~ and organic
radical. Using an artificial UV source, we generated relatively strong signals of paramagnetic centers, analogous to
those created by v irradiation, reaching their maximum intensity after 5-6 hr of UV exposure. Our results confirm
the previous reports that radiation defects can also be generated, instead of bleached, in calcite by UV radiation,
which is crucial for identifying the issues related to light exposition, affecting the accuracy of age determinations in
trapped-charge dating methods.
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INTRODUCTION

Fast development in radiocarbon ('*C) and optically stimulated luminescence (OSL) mortar
dating naturally widens the scope of performed analysis (Panzeri 2013; Ringbom et al. 2014;
Hajdas et al. 2017; Michalska et al. 2017; Urbanova and Guibert 2017), and promotes the
search for different methods, which may shed some light on the previously unconsidered
aspects of mortar dating. In order to meet the growing need of understanding the complexity
of composition and gradual structural changes in this material, the insight in its physics
and chemistry is necessary. Electron paramagnetic resonance (EPR, also called electron
spin resonance—ESR) spectroscopy, with its high sensitivity and tremendous potential for
providing detailed structural information seems to be an ideal candidate for a new addition
to mortar analyses.

EPR is a well-established method of dating, applied to various crystalline materials, such as
calcium carbonate. It provides a detailed insight into the structure of radiation defects—
paramagnetic centers generated by irradiation, without the need of a painstaking sample
preparation, often challenging in other methods. EPR dating is built on the same principle
as the luminescence techniques—trapping of charges (electrons and holes). When high-energy
radiation (e.g. y, X-ray) irradiates a crystal, it excites an electron from the valence band to
the conduction band. The electron and hole then diffuse and become trapped in additional
energy levels in the forbidden band, typically caused by imperfections of the crystal lattice,
thus creating a paramagnetic center. These centers are detected in an EPR experiment, when
the sample is placed in a homogeneous magnetic field and irradiated by a continuous flow of
microwaves, which, when resonance condition is fulfilled, entails a transition between two
spin states. (Griin 1991; Ikeya 1993, 2004)
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Although the effects of y radiation on calcium carbonate, especially in the form of calcite, has
been investigated very thoroughly (Ikeya 1993, 2004; Bahain et al. 1994; Callens 1997; Callens
et al. 1998; Baietto et al. 1999; Polikreti et al. 2004; Wencka et al. 2005; Kabaciriska et al. 2017,
2019), to our knowledge only our group has analyzed it in lime mortars, first on samples from
Sveta Petka church in Budinjak, Croatia (Kabacinska et al. 2012), and later from ancient
settlement Hippos, Israel (Kabaciriska et al. 2014b). In these studies, we found several
signals generated in lime mortars by y radiation and examined the dose response curves.
Since those samples were not suitable for EPR dating, because of their relatively young (for
this technique) age, and the collection method (suitable for '*C, but not for trapped-change
dating), we focused only on their physicochemical properties, and not age determination
(**C dates can be found in Michalska 2019 and Michalska and Pawlyta 2019). Research
conducted during the last few years by the main author and coworkers (Kabaciriska et al.
2014a, 2017, 2019) as well as a few different groups (Bartoll et al. 2000; Sato et al. 2004;
Kundu et al. 2005) clearly show that radiation defects can also be generated in calcite,
instead of bleached, by UV radiation. Recently (Kabaciriska et al. 2017, 2019), we proposed
a mechanism of UV-induced generation of radiation defects in calcite, based on trapping
the “secondary electrons”—electrons freed from non-carbonate traps by the incident UV
radiation. These studies were conducted on high-purity calcite samples, which provoked the
need to investigate this phenomenon for carbonate materials containing more impurities,
occurring in archaeological and geological contexts. We have chosen the samples of mortars
and plasters from Hippos because their response to y irradiation has been previously studied
and therefore they provide a good basis for comparison. In this work we analyze the effect of
UV exposure on these materials by comparing the UV- and y-generated centers and provide
the additional interpretation of the signals reported in our previous work on Hippos samples.
Our results can lead to a deeper understanding of generation and bleaching mechanisms of
paramagnetic species, which is crucial for identifying the issues, especially related to light
exposition, affecting the accuracy and precision of mortar dating.

EXPERIMENTAL

Sample Collection

Our studies were conducted on lime mortars and plasters from the ancient settlement of Hippos
in Israel. Hippos (Sussita) was situated on the east shore of the Sea of Galilee. It was founded in
the 3rd century BC and functioned until 749 AD when it was destroyed by an earthquake.

Samples Hip 8 and Hip10 are pure lime plasters form the central apse (west wall) and the
southern aisle (by the balustrade, northern face) of the North-West church (NWC),
respectively. *C dating of the sample Hip 10 gave the age 1245 + 35 BP (AMS, Poz-7417)
and 1310 + 45 BP (GPC, Gd-12823) (Michalska Nawrocka et al. 2007), consistent with the
archeological estimations. Hip 61 it is a carbonate mortar with a carbonaceous-basaltic
aggregate, taken from the northern wall of the facade of the pastophorium, NWC. Few
samples (bulk material, grain fraction, suspension) of this mortar were '*C dated using
different pretreatment methods, giving the results: 1080 + 100 (Gd-18388), 1490 + 30
(Poz-16078) (Michalska Nawrocka et al. 2007; Michalska 2019), 7140 + 90 (Gd-12824)
(Michalska 2019; Michalska and Pawlyta 2019), 1795 + 30 (P0z-97829), and 1470 + 30 BP
(Poz-97862) (Michalska 2019).

Detailed information about the site, the precise location of sample collection points and the
applied '“C dating preparation technique can be found in Nawrocka et al. (2005, 2009);
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Michalska Nawrocka et al. (2007); Kabacinska et al. (2014b); Michalska (2019); Michalska and
Pawlyta (2019).

Sample Preparation and Irradiation

Samples for EPR measurements were gently crushed and fragments of aggregate bigger than 2
mm were removed under a stereomicroscope. Sample 61H is a sieved fraction 63-80 pm of
original sample Hip61, while samples Hip§ and Hipl0 were not sieved.

UV irradiation was performed under air conditions using medium pressure Hg lamp EMITA
VP - 60 (Farmed, LodZ, Poland) working at 180 W, used without a filter, and lasted from
30 min to 7.5 hr, divided in 4 series with a 1-10-week gap between them. The spectral output
of the lamp was in the 238-577 nm range, with main wavelengths 313 nm and 366 nm
(spectrum shown in Kabaciriska et al. 2019; see Supplementary Information). During UV
exposure, the samples were placed under the maximum irradiation point, 10.5 cm from the
source, and flattened to form a thin layer (~0.5 mm in thickness) covering the irradiated area.
The temperature under the lamp at the sample position did not exceed 65°C during irradiation.
All three samples were y-irradiated using ®’Co source with doses of 1, 10, 20, 50, 80, and 100
kGy at the Institute of Applied Radiation Chemistry, Technical University of £.6dz, and
sample 61H additionally with doses of 50, 100, 300, 500, 800, 2210, and 3000 Gy, at the
Institute of Molecular Physics, Polish Academy of Sciences in Poznar (see Kabaciriska et al. 2014b).

Characterization Techniques

The macroscopic fragments of samples as well as thin sections were examined with
stereomicroscope and polarizing light microscope Olympus AX 70-Prons. XRD analyses were
conducted on Thermo Electron ARL X’tra diffractometer, using Cu Ko radiation at scanning
speed 2Theta = 1.2°/min. Different mineralogical phases were identified using Win XRD software.

EPR measurements were performed at room temperature with an X-band Bruker spectrometer
(EMX type), working at 9 GHz, with ER 4102ST standard rectangular cavity (model TEq,).
Standard parameters for measurements in 15 mT scan range were: 10° receiver gain, 7.950 mW
microwave power, 0.05 mT modulation amplitude, 81.920 ms conversion time and time
constant, 100.00 kHz modulation frequency. The magnetic field was measured with a
gaussmeter and the frequency with a frequency counter (with accuracy + 0.001 G and +
0.001 GHz respectively). The g-factor was calculated from these values and verified by
measuring DPPH and weak pitch standard samples. The uncertainty of g-factor was
estimated as + 0.0003. Each sample weighted 100.0 + 0.5 mg. UV-irradiated samples were
put in an EPR tube and measured within 5 min from the end of exposure (with an
exception of the first measurement of each series, which did not involve an UV irradiation).
The WINEPR SimFonia 1.25 software (Bruker Analytische Messtechnik GmbH) with
powder model was used for the simulation of the EPR signals.

RESULTS AND DISCUSSION

Sample Characterization

All presented mortar samples had carbonaceous binders. Microscopic analysis of as-collected
samples Hip 8 and Hipl0 showed they are almost devoid of any aggregate, with only small
fragments of not totally burnt raw material and empty spaces left after straw present
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Figure I Macrophotographs of bulk samples, and XRD results of grain fraction 63-80
pm, of samples Hipl0 (a) and Hip6l (b). Samples Hip8 and Hipl0 had a similar
composition and XRD pattern, independently from a chosen fraction.

(Figure 1a). The mortar Hip61 contained different kinds of aggregate, mainly carbonaceous
and basaltic (Figure 1b). Petrography of the samples was previously described in
(Michalska Nawrocka et al. 2007; Kabacinska et al. 2014b; Michalska and Pawlyta 2019).
The raw material for their production was the rocks of the Hordos Formation, occurring in
the vicinity of Hippos (Michalska and Pawlyta 2019). XRD results showed homogeneous
structure of sample Hipl0 and Hip8 (Figure la) and different sources of carbonates,
namely CaCOj; and CaMgFeCOj;, and additionally the presence of quartz in mortar Hip61
(Figure 1b).

Identification of Paramagnetic Centers

Full-range EPR spectra (650 mT magnetic field sweep) of investigated samples were previously
shown and described in Kabaciriska et al. (2014b). They are characterized by a presence of
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Figure 2 EPR spectra of UV- and y-irradiated samples Hipl0 (a, b), Hip8 (c, d) and 61H (e, f), and
simulated signals present in those spectra (g). y dose for samples Hipl0 and Hip8 was 1 kGy, and 2.21
kGy for sample 61H. Spectra were normalized using Mn>* signal as a reference.

common impurities—iron (g-factor values g, =4.240 and g, =2.032) (Ikeya 1993; Polikreti
et al. 2004) and manganese ions (Ikeya 1993; Baietto et al. 1999; Polikreti et al. 2004).

Figure 2 and Figure S1 present the EPR spectra (15 mT range) of as-received and y- and UV-
irradiated samples Hip8, Hipl0 and 61H. Both y- and UV-irradiation induced two main
overlapping signals in Hippos samples, shown as simulated lines in Figure 2g—a triplet
resulting from hyperfine structure (/=1), with parameters g, =g, =2.0060, g.=2.0019,
A, = A,=340 mT, 4. = 6.80 mT, and an orthorhombic signal with g, = 2.0029,
g,=2.0014, g.=1.9971. While the latter is a well-known signal connected with CO,"
paramagnetic center (Ikeya 1993, 2004; Callens et al. 1998; Bartoll et al. 2000), the triplet
is assigned by several authors to NO3> ion (Eachus and Symons 1968; De Canniére et al.
1988; Sato et al. 2004; Kundu et al. 2005; Sadto et al. 2015). Additionally, a wide, isotropic,
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radiation-sensitive signal at g =2.0040 was revealed with an aid of simulations, resembling
the signal often referred to as an “organic radical” in carbonates (Griin and De Canniére
1984; Tkeya 1993, 2004; Callens et al. 1998; Kundu et al. 2005). As discussed by Callens
et al. (1998), CO™ species can at least partially contribute to this signal. An isotropic signal at
g ~ 2.0084, clearly visible in the spectra of y-irradiated samples, became noticeable in the
case of UV-exposed samples at higher UV doses. In tooth enamel a similar signal has been
identified as organic carbon (Oduwole and Sales 1994) and in burned bones as the carbon
radical (Wencka et al. 2005).

The presence of nitrates has been detected in some historical mortars and their possible sources
were attributed to biological decomposition of wooden elements, the use of nitrate-containing
additives in the production process to optimize the properties of the material, nitrate-producing
bacteria due to e.g. contamination with bird droppings (Middendorf and Knofel 2015),
agricultural waste (Oguz et al. 2014), and acid waters (Thomson et al. 2004). The existence
of nitrate deposits has been reported in some caves and deserts in hot and dry regions (De
Canniére et al. 1988; Ikeya 1993; Kundu et al. 2005). In the case of mortars and plasters
from Hippos the most likely explanation for the presence of nitrates is the decomposition
of organic matter, such as straw added during the manufacturing process and the
occurrence of nitrites in the desert evaporates. It is worth pointing out that nitrate
impurities are not uncommon even in high-purity CaCO;5; samples (Kabaciriska et al. 2019).

At least two more signals are present in the spectra of y-irradiated samples (Figure 2 b, d, f): a
narrow line at g = 2.0034 strongly overlapped by the orthorhombic CO,~ signal, and a weak
line at g = 2.0000. The first one is presumably connected with one of the carbonate species, such
as axial CO3;* with g =2.0033, g =2.0013 (Eachus and Symons 1968; Callens 1997; Baietto
et al. 1999; Sato and Ikeya 2005; Sadto et al. 2015; Kabacinska et al. 2019), or alternatively
with a SO5;— center with an axial (g=2.0034, g=2.0019) or isotropic (g =2.0031) symmetry
(Kai and Miki 1992; Tkeya 1993, 2004; Miki et al. 1993; Baietto et al. 1999; Bartoll et al.
2000; Kabaciriska et al. 2019). The signal at g=2.0000, is described in the literature as a
surface defect—electrons trapped at an COs> vacancy created by grinding (Griin 1991;
Bahain et al. 1994; Bartoll et al. 2000; Kabaciriska et al. 2017, 2019). However, as shown in
Kabaciriska et al. (2017, 2019), two kinds of this signal can be observed in calcite samples—
with isotropic and orthorhombic/axial symmetry, and while the former is observed only in
y-irradiated materials, the latter is clearly visible, and relatively strong both after y- and
UV-irradiation, which points towards their different origin.

Radiation Response Curves

We investigated the effect of extending the UV-exposure on the samples, starting from 30 min,
at which time the induced signals are already visible, and up to 7.5 hr of irradiation. The
intensities of the three main signals: orthorhombic CO,~, NO3> and organic radical were
calculated by double integration of their simulated signals, and later plotted versus the time
of UV-irradiation (Figure 3). Figure S2 shows an example of simulated spectrum and the
individual signals. To obtain radiation response curves (also known as the growth curves)
data were fitted with an exponential function following the equation: N = N,(1 — e~ %),
where: N — concentration of defects, N — saturation concentration, ¢ — time of UV exposure,
and a — the sensitivity coefficient, also understood as the probability of defect generation
(fraction of unfilled traps that capture electrons per dose/time unit) (Griin 1991; Tkeya 1993,
2004). Since the irradiation was not continuous, but divided into 4 series, separated by a
1-10-week gap, measurement data from each session were fitted individually. After each gap,
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Figure 3 Radiation response curves for the signals observed in UV-
irradiated samples Hipl0 (a) and 61H (b). Horizontal lines
correspond to intensities of y-induced signals (1 kGy).

a significant decrease in the intensities was observed in most cases, due to partial recombination
of generated paramagnetic species. However, the loss of intensity was quickly recovered in each
session, and from the extrapolation of the curves we can determine that saturation of the signals
would be reached generally after 5-6 hr of continuous irradiation.

Intensities of the signals induced by 1 kGy of y radiation were presented in Figure 3 as
horizontal lines. The radiation response curve for the orthorhombic CO,~ species in
y-irradiated sample 61H was presented in Kabaciriska et al. (2014b). It was shown therein
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that saturation was reached around 20 kGy and for low doses (up to around 3 kGy) a linear
function could describe the intensity growth. Comparing the intensities of y- and UV-induced
signals allows for estimation of an UV equivalent dose, understood as a dose reported in Gy
(1 Gy = 1 J/kg) numerically equal to the absorbed dose of radiation from %°Co source needed to
generate the same signal intensity as observed after UV irradiation (Sholom et al. 2010). For
the NO5s> species UV equivalent dose of 1 kGy would therefore correspond to ~2 hr and ~5 hr
of continuous UV exposure for samples Hipl0 and 61H respectively. The intensity of
orthorhombic CO,~ centers generated by 1 kGy of y radiation is close to the saturation
level of UV-induced signals, which can be observed after around 5 hr in both samples. For
organic radical (or CO™ center) in sample 61H the same equivalent dose is reached after
only 30 min of UV-irradiation, while for Hipl0 would be reached after 6-7 hr of continuous
irradiation, resulting in saturation of the signal.

It has to be borne in mind that due to a much smaller penetration depth of UV light compared
to y radiation (discussed in Kabaciriska et al. 2019), resulting in slightly inhomogeneous
irradiation of UV-exposed samples, the intensities observed in their cases can be
underestimated. Additional considerations, such as using a very thin layer of powder and
mixing it between irradiation sessions were included in order to minimize this effect, but
one can assume that in an ideal scenario of a homogeneous irradiation the effect of UV
light would be even more pronounced.

Stability of UV-Induced Centers

By analyzing the decrease in intensity of the signals between the irradiation sessions a few
observations regarding the decay of the paramagnetic centers can be made. Radiation
defects in sample HiplO are characterized by higher stability, showing only up to 30%
decrease, and in some cases (mainly orthorhombic CO,) no changes in intensity between
measurement sessions. Paramagnetic species in sample 61H display generally a 20-35%
decrease, but for the organic radical a 50% and 70% drop was recorded for longer gaps.
Stability of UV-induced signals in natural and synthetic high-purity calcite over an extended
period of time after UV exposure was investigated in Kabaciriska et al. 2019. While nitride
defects described therein displayed similar stability (~20% decrease in 3 months),
orthorhombic CO,~ defects decayed faster, reaching half of their initial concentration after
about a month from y-irradiation, and about 3 months from UV-exposure. Several authors
(Eachus and Symons 1968; De Canniere et al. 1988; Sato et al. 2004) determined the thermal
stability of the NOs> center to be significantly higher than for carbonate defects.

Mechanism

The presence of UV-induced signals in lime mortars confirms previous reports (Bartoll et al.
2000; Sato et al. 2004; Kundu et al. 2005; Kabaciriska et al. 2014a, 2017, 2019), showing that
radiation defects in carbonates can also be generated, instead of bleached by UV radiation.
From the physical point of view, the most intriguing aspect of this phenomenon is the
mechanism of their generation by UV light. It has to be borne in mind that in order to
create a paramagnetic center the radiation incident on a crystal must have sufficient energy,
which in case of calcite means higher than ~6 eV (band gap of calcite; Baer and Blanchard
1993). Since the UV radiation used in this study had lower energy, it could not directly
excite electrons of carbonate groups to create carbonate defects. In Kabacinska et al. (2017,
2019) a mechanism of UV-induced generation of carbonate paramagnetic species in calcite
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based on re-trapping the so-called “secondary electrons” from non-carbonate traps was
proposed. We use the term “secondary electrons” (with quotation marks), first used in this
context by Baran et al. (2011), to describe the electrons released by UV light, therefore they
should not be understood as electrons generated by ionization, which is the normal
definition of secondary electrons. Some of the non-carbonate electron traps can be formed
in the crystal prior to UV exposure, and others directly by UV irradiation, provided the
energy required for excitation is lower than calcite band gap. Moreover, specific impurities,
such as Mn, Zn, and Mg can enhance the trapping process, acting as activators and
sensitizers. This mechanism explains the saturation of UV-induced radiation defects at a
relatively low level (compared to y) by exhausting the supply of “secondary electrons”.

The efficiency of the generation process was shown to be strongly connected with the size and
morphology of calcite grains. Lime mortars, characterized by relatively big grains (sample 61H
is a sieved fraction 63-80 pm, Hip8 and Hipl0 were not sieved) with considerable amount of
impurities, resemble some of the samples described in Kabaciriska et al. (2019) (classified
therein as “Group II” samples) and a powdered natural single crystal of calcite investigated
in Kabaciniska et al. 2017. Their common feature is a relatively high sensitivity to UV
radiation (1 hr of UV exposure is equivalent to few hundreds Gy of y dose) and presence
of the same signals after UV- as after y-irradiation. It was postulated that a big grain size,
resulting in smaller specific surface area and therefore limiting the recombination of excited
electrons, facilitates diffusion of excited charges in the material, while the impurities provide
the “secondary electrons” and enhance the trapping process, leading to efficient creation of
carbonate paramagnetic centers. At the same time, the presence of NO5 ions in mortars
from Hippos is also the distinctive characteristic of three of the samples from Kabaciriska
et al. 2019, classified as “Group III”. Several authors, reported on NO3™ ions acting as very
efficient electron traps in irradiated calcite (Eachus and Symons 1968; De Cannic¢re et al.
1988; Sato et al. 2004; Kundu et al. 2005) and hydroxyapatite (Baran et al. 2011), nitrate
species can therefore be a good source of “secondary electrons” for carbonate centers.

Implication for Mortar Dating

Our results confirm that in lime mortars, like in other carbonate materials, various radiation
defects are generated when the material is subjected to irradiation. The fact that calcium
carbonate crystalizes during the hardening of a binder, at which point all the electron traps
are empty, means that, in theory, a well-chosen sample could give the age of a mortar
through EPR dating. However, too-young materials will not give a measurable EPR signal,
which has to be taken into account when selecting the samples. A detailed and systematic
investigation of the structure and dynamics of the paramagnetic centers in the binder and
the aggregate (in which the traps were not emptied during the manufacturing process) is
necessary for finding the radiation defects that best reflect the age of the mortar, without
the need of mechanically removing the aggregate. Despite the very preliminary status of
EPR application in mortar dating, we believe that its potential as another source of
valuable information is certainly worth further studies.

While the effects of sunlight and other weathering conditions on lime mortars and plasters are
the subject of thorough investigation, their influence has never been considered in terms of
generation of radiation defects in calcium carbonate. Our observations open a new
possibility of employing a well-established “clock™ based on trapped-charges to determine
the period of exposure of the material to sunlight instead of ionizing radiation. The fact
that UV light constitutes only a small portion of sunlight spectrum reaching the Earth’s
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surface would make the efficiency of defect generation much smaller, extending the time before
reaching saturation, hopefully to a period relevant for age determination. Naturally, partial
bleaching of newly created paramagnetic centers, and a number of other factors have to be
also considered before estimating the applicability of this approach. Studies of sunlight’s
effect on calcium carbonate, aided by the tremendous potential of EPR spectroscopy, are
vital to fully understand the physical mechanism of those processes, and consequently to
utilize the radiation defect-generating properties of UV light in mortar analysis.

SUMMARY

Using EPR spectroscopy we examined the effect of y and UV irradiation on lime mortars and
plasters from the ancient settlement Hippos in Israel. Using an artificial UV source we
generated relatively strong signals of paramagnetic centers, analogous to those created by y
irradiation, reaching their maximum intensity after 5-6 hr of UV exposure. Both types of
radiation induced the centers identified as CO,, NO;> and organic radical. Our
observations of UV-induced generation of carbonate paramagnetic species in lime mortars
can be explained using a mechanism based on re-trapping the “secondary electrons”, i.e.
the electrons released from non-carbonate traps by UV light. Big grain size and the high
amount of impurities in the material facilitate this process. Exhausting the supply of
“secondary electrons” explain the saturation of UV-induced signals at a relatively low level
compared to y-irradiation. Our results confirm that radiation defects can also be generated,
instead of bleached, in calcite by UV radiation, presenting new aspects of mortar research.
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