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1. Introduction 

Historical melee weapons are a source of objective and 
important information for reproducing the history of tech-
nological development of humankind, studying the military 
traditions of the peoples of the world. Historical melee 
weapons are an integral part of prestigious museum exhib-
its, they are a ceremonial symbol of prestige, social status, 
and a popular object for collecting. Cold weapons are also a 
commodity that is widely represented on the world markets 
of antiquities. Some samples are valued very expensively and 
are sold at auctions or in elite antique shops.

At the same time, historical cold weapons have always 
been an object for copying and forgery, and the available 
methods of examination, which have been constantly im-
proved, do not make it possible to fully solve the complex 

of questions related to their authenticity. Examination 
methods, in the vast majority, are based only on visual ob-
servations of typological and structural features, decoding of 
brands and trust in accompanying documents.

Therefore, the problem of confirming the authenticity 
of historical cold weapons is relevant in museum practice, 
collecting, and the field of practical expertise.

2. Literature review and problem statement 

Many fundamental studies consider the recrystallization 
of metals and the elimination of impurity ions from the sur-
face. In particular, work [1] analyzed the development of re-
fining technologies in the process of steel production during 
the last 60 years. A separate research issue is the prospects 
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Confirming the authenticity of historical cold 
weapons and determining their age is an urgent prob-
lem in practical examination. One of the promising 
directions for its solution is the experimental study of 
the process of elimination of impurity ions from iron, 
which occurs throughout the long history of life.

This paper describes a model that explains 
the sequence of elimination of impurity ions from 
near-surface parts of the metal. Deformation indi-
cators of the crystal lattice of iron were calculated 
and sorted in order of decreasing ionic radius of the 
impurity chemical element. A diagram of the defor-
mation effect of impurity chemical elements on the 
volume-centered crystal lattice of iron was construct-
ed. Ions that are larger in diameter are more actively 
eliminated from the surface layers of the metal, while 
ions that are smaller are removed to a lesser extent.

With the help of the authors’ methodology, a 
study of the chemical composition of the surface of 
collection samples of iron cold weapons of the 20th, 
19th and 18th centuries was carried out. It has been 
established that a metal alloy made in the recent 
past ‒ up to 100 years ‒ is characterized by a very 
active release of impurity chemical elements on the 
surface when it is heated. Iron weapons made up to 
200 years ago have a significantly lower ability to 
release chemical impurities because most of the lat-
ter have already been eliminated. At the same time, 
samples of cold weapons of this age already have 
microdefects in the form of cleavage cracks and cav-
erns, so their surface contains a significant number 
of compounds of eliminated chemical elements that 
have accumulated during the long history of their use. 
Older cold weapons, made 300 years ago or earlier, 
have impurity ions that are smaller than ferric ions, 
particularly silicon.

The results of the research are important for the 
identification and authentication of historical iron 
cold weapons
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of the industry with the aim of reducing processing costs and 
improving the quality of steel. However, this paper does not 
consider the issue of elimination of impurity ions from the 
surface of metal cultural monuments.

In work [2], the main issues of X-ray fluorescence anal-
ysis for both metals and food products are considered. The 
work also describes a method of non-destructive testing 
using a portable X-ray detector for museum artifacts made 
of wood and fabrics. However, the author does not consider 
X-ray fluorescence analysis for metal artifacts from different 
periods of history.

In [3], the characteristics and properties of cast, cut, and 
forged silver jewelry are considered. The authors have devel-
oped proprietary methods of determining the authenticity of 
jewelry. The methods are universal, show the peculiarities of 
the products of the studied region, but can be adapted to any 
region of the world. However, this analysis does not consider 
historical monuments made of iron, in particular cold weapons.

In work [4], the properties of cast and forged steel prod-
ucts are given, the composition contains impurity elements 
that reduce the quality of the final product. In order to 
reduce the content of impurity elements, the authors have 
developed several methods of refining molten metal.

However, historical melee weapons differ from objects 
manufactured in recent decades by the features of the 
production technology, which causes the release of various 
chemical elements on its surface over time and the influence 
of the environment. The experimental method can prove that 
impurity ions are eliminated on the surface during the pro-
cess of use and storage. In addition, the condition of the sur-
face and the number of chemical elements on the surface can 
be a criterion for the age of the sample and its authenticity. 

Work [5] investigated the process of vacuum casting 
of steel products, in which a patina is formed due to the 
contact of the steel with the spray limiter. Patina is a source 
of impurity ions that can affect the quality of finished prod-
ucts. However, this work does not mention the importance 
of impurity inclusions for determining the authenticity of 
historical metal artifacts and their age.

In paper [6], the authors suggest using an X-ray fluores-
cence analyzer (XRF) to study gold jewelry of ancient Egypt 
and Mesopotamia. The authors proposed dividing weapons 
and jewelry into groups according to the chemical compo-
sition of the metal. However, this study did not study the 
specifics of the chemical composition of cold weapons made 
of steel and other metal alloys.

The chemical composition and microstructure of cultural 
values made of various metals were studied. In particular, 
studies of natural patina on the surface of bronze artifacts 
are important [7]. The classification and characteristics of 
patina structures are also given for a deeper understanding 
of the mechanism of their formation. But the authors did not 
investigate the effect of temperature on patina and changes in 
the chemical composition of artifacts when they are heated.

The compositional and microstructural study of joining 
methods in archaeological gold objects of the pre-Roman 
era was studied by analytical methods [8]. The main goal of 
the study was to investigate their characteristics both at the 
compositional and microstructural levels (SEM–EDS, me-
tallography, μ-XRF and μ-PIXE). However, historical items 
of cold weapons made of iron differ in the course of crys-
tal-chemical transformation, so they require in-depth study.

One of the directions of the study of historical cold weap-
ons is the study of the phenomenon of elimination of ions of 

impurity chemical elements from the near-surface layers of 
metal with the help of specially developed methods of testing 
and studying the chemical composition with the help of an 
X-ray fluorescence analyzer [9]. At the same time, not only 
the chemical composition of impurity elements can be used 
as a criterion of authenticity. Information about the sequence 
of elimination of these ions in the process of heating the sur-
face is also of practical value.

All this allows us to state that it is appropriate to con-
duct a study on determining the sequence of the process of 
elimination of impurity ions, which occurs during the long 
history of living or during the heating of historical cold 
weapons made of iron.

3. The aim and objectives of the study

The purpose of this work is to determine the sequence 
of elimination of impurity ions from the surface of historical 
iron cold weapons. This will improve the methods of con-
firming the authenticity of cold weapons.

To achieve the goal, the following tasks should be solved:
‒ to build a theoretical model that explains the sequence 

of elimination of impurity ions from the near-surface parts of 
the metal when it is heated;

‒ to present the results obtained during the experimen-
tal study of a number of collection samples of cold weapons, 
which differ significantly in age. 

4. The study materials and methods

Collection samples of cold steel weapons of the 20th, 19th, 
and 18th centuries were selected for research. They were not 
restored or treated with special solutions for their preserva-
tion. Considering their different ages, it was assumed that 
as a result of the natural recrystallization of the metal in the 
near-surface layers, natural processes of extraction of impu-
rity ions, different in size and properties, take place. In addi-
tion, the process of self-cleaning of the metal as a result of the 
removal of impurity ions to the surface can be accelerated 
by heating the samples under investigation. The results of 
determining the chemical composition of the metal surface 
before and after heating are used to confirm the authenticity 
of samples of historical cold weapons.

The authors’ research method involves making three 
samples for chemical analysis by rubbing the metal surface. 
The first sample is made by rubbing the raw surface of the 
metal with an ashless swab, thereby removing mineral and 
organometallic substances from it. The second sample is 
made by rubbing the already cleaned metal surface with 
an ashless swab. It makes it possible to record the chemical 
composition of a cleaned surface or a partially cleaned sur-
face. The third sample is made by rubbing the same metal 
surface with an ashless swab after heating it with a technical 
hair dryer at an air temperature of 550–600 °C.

The three tampons obtained in this way were burned, and 
the chemical composition of the ash was determined using an 
X-ray fluorescence analyzer Expert Mobile (manufactured 
by INAM LLC, Kyiv). The device is equipped with an X-ray 
tube with direction/current parameters – 50 kV/0.1 mA, 
anode – titanium. Photon energy detector of fluorescence 
(secondary) extraction from the image is SDD. In air, it al-
lows the analysis of elements ranging from the 12th element 
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of the periodic table of magnesium to the 92nd element of the 
uranium. The accuracy of the device in terms of percentage 
of chemical element content is 0.05 %.

When making samples, the material is collected from a 
large surface, the area of which is at least 20,000 times larger 
than the area analyzed by the X-ray fluorescence device in 
the standard testing mode. Therefore, it becomes possible to 
identify the ions eliminated from the metal, present in the 
metal in very small concentrations.

5. Results of investigating the sequence of elimination of 
impurity ions from the surface of historical cold weapons 

made of iron

5. 1. Construction of a model that explains the se-
quence of elimination of impurity ions from near-surface 
parts of the metal during its heating

In the course of experimental studies of a representative 
number of artifacts, it was established that as a result of 
recrystallization, the surface of metals, and iron alloys in 
particular, self-cleanses by eliminating impurity chemical 
elements [10, 11]. The presence of impurity elements leads 
to deformation and even destruction of crystal lattices of 
metals. Moreover, the greater the difference in the sizes of 
impurity ions from the sizes of iron ions, the greater is the 
deformation of the crystal lattice, and the higher is the prob-
ability of their elimination during the long-term use of the 
metal product.

The level of local deformation of the crystal lattice 
caused by the presence of ions of different sizes can be es-
timated using the dimensionless indicator “D” [12], which 
takes values from zero to one:

( )
1 ,

m jR R
D

d

+
= −  				     (1)

where D is the local deformation index of the crystal lattice; 
Rm and Ri, respectively: radii of iron ions and impurity chem-
ical element according to Polling [13–15]; d is the interionic 
distance characteristic of the undeformed crystal lattice, i.e., 
the distance equal to 2Rm.

It is clear that the greater the concentration of impurity 
chemical elements in the metal, the greater is the overall 
deformation index of the crystal lattice. Also, the more ions 
will be removed from the metal to its surface during natural 
recrystallization or during heating. At the same time, it is 
important to note that in ancient iron products, ions with 
large sizes are not fixed due to the fact that they are removed 
during a fairly short period of time.

The corresponding “D” indicators are calculated using a 
list of chemical elements (mainly cations), which:

‒ are available for detection using an X-ray fluorescence 
analyzer;

‒ are nherent in iron alloys due to their mandatory pres-
ence in the composition of minerals of primary ores (Table 1).

Of course, the above calculations cannot be considered 
highly accurate and depend on the selected method of calculat-
ing ion radii. However, they accurately reflect the ratio of ion 
diameters, are indicative and sufficient for formulating tasks in 
experimental studies. The indicator of the minimum deforma-
tion of the crystal lattice is associated with trivalent iron ions, 
the outer shells of which play the role of “electron gas”.

Table 1 

Calculated parameters of the deformation of the crystal 
lattice of iron “D”, sorted in order of decreasing ionic radius 
of the impurity chemical element. The basis of the calculation 

is the ion of trivalent iron Fe+3

The name of the cat-
ion and its valence

Ion sizes accord-
ing to Polling, Ri

Deformation index of 
the crystal lattice “D”

Ba+2 0.138 0.52985

K 0.133 0.49254

Pb+2 0.126 0.4403

Hg+2 0.112 0.33582

Ca+2 0.104 0.27612

Cd+2 0.099 0.23881

Na 0.098 0.23134

Cu+ 0.098 0.23134

Mn+2 0.091 0.1791

Zn+2 0.083 0.1194

Cu+2 0.08 0.09701

Fe+2 0.08 0.09701

Pb+4 0.076 0.06716

Mg+2 0.074 0.05224

Mn+3 0.07 0.02239

Fe+3 0.067 0

Al+3 0.057 0.074627

Mn+4 0.052 0.11194

Mn+7 0.046 0.156716

Si+4 0.039 0.208955

S+6 0.029 0.283582

Fig. 1 shows a diagram where the calculated value of the 
deformation index of the iron crystal lattice “D” is described by 
the ordinate axis, and the impurity chemical elements are in the 
order given in Table 1, described on the abscissa axis. The verti-
cal dashed line separates chemical elements that have larger ion 
sizes than ferric ions (left) and have a greater deformation effect 
on the crystal lattice. To the right of the vertical dashed line 
are chemical elements that have smaller sizes and, accordingly, 
have less influence on the deformation of the crystal lattice of 
iron and, therefore, are removed from the metal more slowly. 
Chemical elements united by red lines indicate a significant 
age of the samples of cold weapons. The elements connected 
by a blue line indicate the recent manufacture of cold weapons.

It is clear that all ions that are significantly different in 
size from the trivalent iron ion cause large deformations of the 
crystal lattice [12]. It can also be assumed that ions that are 
larger in diameter are more actively eliminated from the sur-
face layers of the metal, and ions that are smaller are removed 
to a lesser extent. A corresponding conclusion should be made 
in relation to the indicators of the speed of their release.

This assumption allows us to say that the surface of older 
historical cold weapons will be characterized by a lower 
number of impurity chemical elements. Most of the elements 
will be represented by ions close to iron ions in size ‒ triva-
lent aluminum, tetravalent silicon, hexavalent and heptava-
lent manganese, and possibly hexavalent sulfur or elements 
with ion sizes much smaller than ferric iron. If the melee 
weapon is a copy made recently, ions with large dimensions 
will be detected on its surface. Such elements are lead, po-
tassium, calcium, sodium, phosphorus, and copper, i.e., those 
that, despite the high rate of elimination from the alloy, did 
not have time to leave the crystal lattice.
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Features of the extraction of ions of chemical elements 
from the crystal lattice of iron, which occur in a certain 
sequence, help solve the question of the authenticity of his-
torical cold weapons. Thus, historical weapons, which are 
accompanied by relevant documents indicating their age, 
can be verified for authenticity. Authenticity is established 
on the basis of the results of the analysis of the chemical 
composition of mineral and organometallic accretions on 
the surface of the artifact using an X-ray fluorescence an-
alyzer.

The graphic formalism of the diagram shown in Fig. 1 
is a crystal-chemical model that describes the system of 
mathematical ratios of ion radii and explains the reasons and 
sequence of the process of elimination of impurity chemical 
elements from the surface layers of the metal. It makes it 
possible to use the “D” parameter ‒ the ratio of the size of 
the impurity ions to the size of the trivalent iron ion ‒ as a 
criterion for confirming the authenticity of a cold weapon. If 
there are impurity chemical elements on the surface of the 
metal, for which D>0.3, cold weapons should be classified as 
modern products, and if D<0.3 ‒ as products manufactured 
in the past ‒ the age of which exceeds 100 years.

The sequence of elimination of impurity chemical ele-
ments from the crystal lattice is carried out in order from the 
largest D index and ionic radius to the smallest (from left to 
right). Moreover, the total concentration of impurity chem-
ical elements on the surface of the metal is higher if there 
were more of them in its composition from the beginning.

Older melee weapons show a higher level of surface 
self-cleaning. That is, only impurity ions for which D<0.2 
can be detected on the surface after heating. Moreover, the 
total concentration of impurity chemical elements released 
on the surface of the artifacts after its heating will be much 
lower.

Using the model described above, the age of histori-
cal cold weapons, given the presence of relevant impurity 
chemical elements on its surface, is determined as follows: 
with D>0.3, modern weapons and weapons of the 20th cen-
tury; at 0.15<D<0.3 ‒ a weapon of the 19th century; with 
D<0.15 ‒ weapons manufactured before the 19th century.

Therefore, in order to draw a reasonable conclusion about 
the authenticity of historical cold weapons, it is enough to 
conduct sampling according to the method described above, 
to identify chemical elements that are eliminated from the 
surface of the metal when heated, as well as their total number 
and their D coefficients.

5. 2. The results of an experimental study of 
a number of collectible samples of cold weapons, 
which differ significantly in age

To confirm the model, samples of cold weapons 
were selected, which were provided by the National 
Military Historical Museum (Ukraine) and are de-
scribed in Table 2.

It is important to note that the samples of cold 
weapons selected for the study were not restored or 
treated with special solutions for their preservation. 
This should be considered a prerequisite to ensure the 
purity of the experiment.

As a result of the study of a steel knife made in the 
20th century, it was established at the first stage that 
chemical compounds of phosphorus, zinc, and sulfur 
have accumulated on its surface. Their presence should 
be associated with interaction with the environment. 
Repeated rubbing (second stage) confirms the partial 
cleaning of the surface (Table 3).

The third stage of research involves studying the determi-
nation of the chemical composition of substances on the surface 
after its heating. At the same time, a significant number of ions 
of impurity chemical elements is released, especially those that 
were not detected in the first two stages of research (Table 3).

Table 2

Samples of cold weapons used in the study

Sample 
No.

Photograph Sample summary 

1
Twentieth century 
knife with wooden 

handle

2
Nineteenth-centu-
ry sabre (scabbard 
with metallic trim)

3
Steel dagger of the 
eighteenth century

Table 3

The results of a study of the chemical composition of the 
surface of an iron knife made in the 20th century

Exper-
iment 
phase

Fe, % Р, % Cu, % Zn, % Si, % S, % Ag, %
The sum of 

impurity 
elements, %

One 93.48 2.37 – 1.32 – 2.83 – 6.52

Two 96.94 – – 1.33 – 1.73 – 3.06

Three 51.25 2.57 2.19 12.24 8.63 21.62 1.5 48.75

The total number of impurity chemical elements and their 
compounds, which were released from the metal during its 
heating, is very high, as evidenced by the indicators of the sum 
of concentrations shown in Table 3. This indicates a low level 
of its recrystallization, a large number of ions of extraneous 
elements that have not yet been eliminated, and, accordingly, 
the relatively young age of the knife. When the surface of the 
object is heated, the gloss of its surface becomes cloudy.

Table 4 gives the results of an experimental study of sabers 
of the 19th century. The long history of use of this object led to 
the accumulation of a significant amount of patina secretions 
of mineral and mineral-organic composition on its surface. 
This was the result of the process of gradual natural recrys-
tallization of the metal with the release of impurity ions on its 
surface and their interaction with the environment.

Fig. 1. Diagram of the deformation effect of impurity chemical 
elements on the volume-centered crystal lattice of iron
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At the second stage (second tampon) of the experiment, 
only insignificant concentrations of zinc were recorded. 
Therefore, it can be assumed that all the substances that 
were observed at the first stage were removed earlier.

At the third stage of the experiment, the appearance of a 
significant number of chemical elements that were not inher-
ent to the surface at the first stage of the study is observed. 
At the same time, their total number is much smaller than 
for the subject of the 20th century, described in Table 3. This 
indicates significant self-cleaning of the metal surface as a 
result of its natural recrystallization ‒ “aging”.

Table 4

The results of a study of the chemical composition of the 
surface of an iron saber made in the 19th century

Exper-
iment 
phase

Fe, % Р, % Cu, % Zn, % Si, % S, % Au, %
The sum of 

impurity 
elements, %

One 82.28 – 3.1 2.1 7.31 5.21 – 17.72

Two 99.18 – – 0.82 – – – 0.82

Three 89.72 0.96 3.95 0.06 3.02 1.18 1.11 10.28

The last item described in Table 5 is up to 300 years old. 
It is clear that its surface has been repeatedly cleaned and 
therefore does not contain traces of many long-eliminated 
chemical elements. The presence of sulfur and phosphorus 
indicates the presence of organic compounds that at one time 
accumulated in microcaverns and microcracks associated 
with the intergranular interaction of iron crystals, which 
increased in size and became more complex in shape.

Rubbing the metal in the second stage reveals an in-
crease in sulfur on the surface, which can be explained by the 
release of organic compounds from microdefects with slight 
heating as a result of friction.

The third stage of the experiment allows diagnosing the 
process of elimination of a small amount of copper and a 
very large amount of silicon. This certainly indicates that 
the main part of impurity chemical elements that were pres-
ent in the primary alloy has already been released from the 
near-surface layer of iron into the environment. However, 
ions approaching the size of ferric iron are still present and 
continue to be released. Silicon, the ion radius of which is 
smaller than the radius of trivalent iron, is stored in the 
near-surface parts of the metal in a significant amount, and 
its release occurs only under the influence of heating.

It should also be noted that the concentrations given in 
Table 5 are normalized at the level of 100 %, therefore they 
do not reflect the indicators of absolute concentrations of 
chemical elements in the studied samples. If necessary, the 
effect of normalization can be taken into account. To this 
end, it is necessary to analyze the emission spectra and reach 
similar conclusions based on the determination of the alti-
tudes of the corresponding spectral lines.

Table 5

The results of investigating the chemical composition of the 
surface of an iron dagger made in the 18th century

Experiment 
phase

Fe, % Р, % Cu, % Si, % S, %
The sum of impuri-

ty elements, %

One 85.86 3.37 – – 10.77 14.14

Two 96.27 – – – 3.73 3.73

Three 67.68 3.43 3.42 16.94 8.53 32.32

6. Discussion of the results of investigating the sequence 
of elimination of impurity ions from the surface of 

historical cold weapons made of iron

It should be noted that the iron alloys used to create 
cold weapons in the past and in the present differ not only 
in that they have different levels of purity and different 
chemical impurities. The difference is that their surface is 
in a different physical state, which is described by the phe-
nomenon of gradual natural recrystallization (or “aging”). 
This process is characterized by an increase in the size of 
crystalline grains (or the transformation of individual indi-
viduals into so-called mosaic aggregates), the destruction of 
grain boundaries, and the release of chemical elements and 
impurities.

In contrast to [9], where there were no studies with the 
effect of different temperatures, this study is based on the 
temperature effect on the surface of samples of historical 
cold weapons of different ages.

Comparing the results of the research on the chemical 
composition of the ash residue of tampons for the above-men-
tioned samples of cold weapons, it is important to note that 
the metal alloy produced in the recent past ‒ up to 100 years 
ago ‒ is characterized by a very active release of impurity 
chemical elements (Table 3). This is well diagnosed when it 
is heated on emission spectra and in the results of recalcula-
tion of relative concentrations.

Iron weapons manufactured up to 200 years ago are char-
acterized by a significantly lower ability to extract impurity 
chemical elements because most of the latter have already been 
eliminated (Table 4). At the same time, samples of cold weap-
ons of this age already have microdefects in the form of cleavage 
cracks and caverns. Therefore, their surface (if it has not been 
intensively cleaned) contains a significant number of com-
pounds of eliminated chemical elements that have accumulated 
during the long history of their life. Moreover, the correspond-
ing chemical elements – zinc, gold, and others – are contrasting 
in relation to iron, that is, they have much larger ion sizes.

For older cold weapons, manufactured 300 years ago or 
earlier, impurity ions are characteristic, the sizes of which 
are smaller than the sizes of trivalent iron ions, in particular 
silicon (Table 5). The absence of chemical elements with 
ionic radii significantly larger than the size of trivalent iron, 
as well as the presence of active elimination of silicon ions, 
is a sign of the manufacture of the object in the distant past.

The results of the research are important for the identi-
fication and authentication of historical iron cold weapons.

The study of artifacts of different ages allows us to divide 
the time of the manufacture of cold weapons into three pe-
riods. The first is a weapon manufactured within a period of 
up to 100 years. The second is a weapon manufactured with-
in the framework of a two-hundred-year history. The third is 
a melee weapon made more than 300 years ago.

A limitation of this study may be that the tests were con-
ducted on samples not older than 300 years.

The prospect of future research may be the use of more 
powerful equipment (industrial dryer and RFA) and the imple-
mentation of a larger number of surface rubs. This will make it 
possible to observe the process of elimination of impurity ions 
from the surface of historical cold weapons in dynamics.

In the case of using newer equipment, for example with a 
wave converter, the results will be even more thorough due 
to the potential possibility of determining the valence of the 
corresponding ions.
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7. Conclusions 

1. A model was built that explains the sequence of 
elimination of impurity ions from the near-surface parts of 
the metal when it is heated or during the long history of 
the object’s existence. The model makes it possible to use 
parameter “D” ‒ the ratio of the size of impurity ions to the 
size of the trivalent iron ion as a criterion for confirming the 
authenticity of a cold weapon. If there are impurity chemical 
elements on the surface of the metal, for which D>0.3, cold 
weapons should be classified as modern products, and if 
D<0.3 ‒ as products manufactured in the past ‒ the age of 
which exceeds 100 years.

2. With the help of the authors’ methodology, a study of 
the chemical composition of the surface of collection samples 
of iron cold weapons of the 20th, 19th, and 18th centuries 
was carried out. The results confirm that the rate of release 
of impurity chemical elements depends on their ionic sizes 
and, accordingly, on the level of deformation of the crystal 
lattices of iron in which they are located. Verification of 
the model on real objects of historical cold weapons made 
it possible to determine their age based on the criterion of 

the presence of relevant impurity chemical elements on its 
surface: with D>0.3, the weapon was assigned to modern 
and 20th century; at 0.15<D<0.3 ‒ to the 19th century; with 
D<0.15 ‒ to the 19th century.
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