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Abstract: 
Surface measurements of XVII century Georgian manuscripts on paper were made using Atomic Force Microscopy (AFM) and Ener-
gy-dispersive X-ray spectroscopy (EDS). From AFM data, the surface quantities (skewness, kurtosis, and average roughness) for red 
ink and its microcrystals were calculated on different areas of red ink manuscript. From EDS data, chemical element content on the 
surface of XVII century Georgian red ink manuscript samples were estimated. AFM data were collected from 9.5 µm², 30 µm², and 
100 µm² manuscript surface scan areas. EDS data were recorded out of 5 µm², 50 µm², 100 µm², 500 µm², 1 mm², and 2.5 mm² scan 
areas of manuscript. The angles of 5 microcrystals corresponding to ink surface plane were evaluated. All of them were approximately 
80˚. Analysis of both data indicate that on the surface of red ink the α-HgS trigonal microcrystals were formed. In particular, in HgS 
molecule, mercury content is 86% and sulfur is 14%, which is very close to our EDS data. These results approve that XVII century 
Georgian red ink manuscript contains HgS molecules rather mercury and sulfur atoms separately. The results indicate that the crystals 
presented on the surface of XVII century red ink manuscript have α-HgS nature.
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Introduction
Due to the rapid increase of historical manuscript deteri-
orations, study of ink’s decomposition mechanisms is very 
critical [1]. It is acknowledged that ink that its manuscripts 
decompose over time was widely used in XVII century 
Georgia; As a result, those ink manuscripts as the factual 
artefacts, crumble from the paper due to various chemical 
processes during centuries. These processes cause to the 
changes of manuscript’s physical properties, such as de-
crease in micro hardness and adhesion on paper surface. 
In order to create optimal and effective environment for 
manuscript conservation, which will provide its maximum 
chemical stability, it is important to study manuscript ag-
ing mechanisms in a detail.

Atomic force microscope (AFM) is a sufficiently convenient 
method to study solid state surfaces. AFM imaging has a 
capability of solid surface measurements at high resolu-
tion as hundredth of nanometers. AFM data also straight-
forwardly can be collected and stored in a computer which 
can be analyzed easily. In order to estimate chemical el-
ement content on solid surface, EDS (Energy-dispersive 
X-ray spectroscopy) techniques are widely used. EDS is 
very precise method to obtain measurements of compo-

sition of individual chemical elements in percentage over 
solid surface with high resolution. 

Dried ink on paper is an amorphous solid body [5]. Amor-
phous solid body has isotropic properties, which means 
that some physical quantity e.g. micro hardens or rough-
ness on surface does not depend on the direction [7]. It is 
homogeneously distributed over the whole surface. Atoms 
or molecules are chaotically arranged [8].  As for crystal-
line bodies, anisotropic properties dominate due to their 
regular, pattern like atomic structure. For example, surface 
roughness for crystals can be constant not for the whole 
surface, but for particular sides of crystal, which depends 
on crystal axis and directions. Cinnabar microcrystals in 
red ink solution act as polycrystals, which makes red man-
uscript as an amorphous material. Over time, cinnabar 
crystal structures change and start to grow more in size, 
which increases isotropic properties of dried red ink. 

Cinnabar had been widely used as red pigment for paint-
ings [28] and ancient Chinese red ink manuscript [29].  

In this research, using AFM and EDS methods, our aim is 
to identify α-HgS cinnabar microcrystals on 17th centu-
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ry Georgian red ink manuscript. Our research question is 
whether cinnabar crystals can be detected on an arbitrary 
ancient Georgian manuscript ink surface. In this research 
we studied ancient Georgian red ink, not paper. Red ink 
binding media has not been studied as well. 

The structure of α-HgS type of crystals are hexagonal or 
trigonal. Some types of ink, especially red ink, which was 
widely used in XVII century Georgia, represented vermil-
lion type. This category of ink contains cinnabar pigments, 
which are powdered mercury (II) sulfide crystals or mi-
crocrystals [27]. When dried ink loses water molecules, 
vermillion crystals can be seen through AFM or scanning 
electronic microscope.   

Methods 

Atomic Force Microscopy 
 The part of research was conducted using AFM, Bioscope 
2 (VECCO). Surface scanning was carried out in a contact 
mode, using DNP-20 type of cantilever (A and C tip). XVII 
century Georgian red ink manuscript specimens on paper 
which were provisionally imported from Georgian Nation-
al Center of Manuscripts, their surfaces were evaluated as 
an amorphous solid state. Distribution of measured height 
magnitudes on 100-micron scan area was recorded (Table 
1). With those magnitudes, as primary data, we calculated 
the following surface morphological quantities: skewness, 
kurtosis, and average roughness. 

Scan areas on the surface of red ink manuscript were 9.5, 
30, and 100 µm. Then AFM data was analyzed and calcu-
lated these surface parameters mentioned above from 
surfaces of microcrystals along with certain axis and sides 
(along certain 1D directions). The whole 2D surfaces were 
also calculated. AFM data analysis was performed using 
GWYDDION application. 

Surface roughness parameters were calculated using the 
following formulas:

 

Where Ra Is an average surface roughness, Rsk – Skew-
ness, and Rku – Kurtosis. Xi and Xaverage - absolute and 
mean values of heights (AFM data). 

Energy-dispersive X-ray spectroscopy (EDS) 
The chemical element percentage analysis of the surface 
of red ink manuscript specimen was conducted by a tech-
nique of atomic-resolution chemical mapping in scanning 
electron microscopy (SEM) based on energy-dispersive 
x-ray spectroscopy (Jeol Jsm-6510 Low Vacuum). The 
chemical spectral diagrams were made from of 5 µm², 50 
µm², 100 µm², 500 µm², 1 mm², and 2.5 mm² scan areas 
respectively.  

Results and discussion

Atomic Force Microscopy
On 100-micron scan area of red ink manuscript, microcrys-
tals were detected (Fig 1 –I).

 

Fig. 1 1: I, II, and III- AFM images of XVII century Georgian red ink man-
uscript.  IV- diagrams for 5 different crystal specimens from the surface 
of manuscript (not from I, II, and III).

In the Table 1 roughness parameters are presented in case 
of the whole surface. The kurtosis value is more than 3. 
It means the height values (from AFM data) on the sur-
face, including collective crystals on red ink manuscript 
are arbitrary. Poly-crystal surface in general represents 
isotropy, because those crystal orientations are chaotically 
arranged.    

As the next stage, the surface roughness quantities were 
calculated for whole surface of each crystal; the values are 
representing in the Table 2. In table 2 Rku values are less 
than 3. That makes the height distribution of each crys-
tals on the whole surface platykurtic. Platykurtic distribu-
tion of crystals should reflect their anisotropic nature. A 
microcrystal, which has faces, sides and corners, makes 
height distribution arranged on a non-random pattern. 
Such pattern depends on crystal’s certain directions. In 
other words, homogenous crystals have less rough surface 
than poly-crystals on crystal’s axis or face plane, but as for 
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whole surface, height distribution is inhomogeneous. As 
for skewness measurements, the quantities are positive, 
but less than 1 (Table 1). A positive skewness indicate that 
the surface is rough. However, it is less than 1. Therefore, 
according AFM data, the surface is moderately skewed. It 
explains why the surface, which comprises the poly crys-
tals is isotropic.  

 

Table 1. Roughness parameters from 100-micron ink surface Presented 
in fig 1-1 

Table 2: Roughness values for 20 crystal specimens presented on Fig. 
1-I  

On Fig 1-II two microcrystals are shown (scan area is 9.5 
micron). Calculating of roughness parameters were con-
ducted along axis sections. It is demonstrated on fig 1-II 
a-d and e-h, And Table 3, clearly indicates that the height 
distribution along crystal axis is leptokurtic (Rku>3), while 
along the crossing boundary of crystal facets it is platykur-
tic (Rku<3).  

Table 3.  Surface roughness parameters along the crystal axis (a-d) and 
along the crossing boundary of crystal facets (Fig 1-II).

Table 4: surface roughness parameters for 3 crystals from fig 1-IV

On Fig 1-III, the AFM image of manuscript surface is repre-
sented (scan area 30 micron). Each crystal’s height distri-
butions for whole surface is leptokurtic (Rku<3, Table 4). It 
also indicates to the anisotropy for each solid body repre-
sented on this figure.  

On Fig 1-IV, the diagram of five crystal profiles is presented. 
The angles of 5 microcrystals corresponding to ink surface 
plane were evaluated; all of them were approximately 80˚.  

Therefore, AFM analysis revealed, that solid bodies on the 
surface of red ink of XVII century Georgian manuscript are 
microcrystals.

Ra (nm)   682.8
Rsk 0.1172

Rku-3 0.09207

Ra 
(nm) 

Rsk Rku-3 

293.3 -0.2620 -0.8655 
211.3 -0.4598 -0.3931 
327.1 -0.6023 -0.1582 
353.2 -0.7338 -0.6916 
357.4 -0.6624 -0.4093 
195.9 -0.5573 -0.4968 
251.8 -0.1601 -1.038 
351.4 -0.1279 -1.242 
214.7 -0.4177 -0.4992 
348.6 -0.1936 -1.054 
225.1 -0.5237 -0.6296 
284.1 -0.4487 -0.8613 
195.5 -0.4898 -0.5065 
170.7 -0.4750 -0.4180 
203.9 -0.3198 -0.4792 
153.1 -1.059 0.6012 
236.8 0.1131 -0.8516 
137.1 -0.4077 0.2567 
311.8 -0.1858 -0.6063 
241.2 -0.5078 -0.7329 

Ra   (nm) 7.68513 
a Rsk: -0.0593478  

Rku:                    5.11424 
Ra   (nm) 6.19826 

b Rsk: -0.8166 
Rku:                    5.955 

Ra   (nm) 10.7 
c Rsk: -0.465 

Rku:                    4.017 
Ra   (nm) 7.724 

d Rsk: -0.292 
Rku:                    4.033 

Ra   (nm) 19.85 
e Rsk: -0.0932 

Rku:                    2.543 
Ra   (nm) 15.2842 

f Rsk: -0.186487 
Rku:                    2.12826 

Ra   (nm) 26.6495 
g Rsk: -0.301668 

Rku:                    1.91723 
Ra   (nm) 17.1270 

h Rsk: -0.186068 
Rku:                    2.48356 

Rku-3 Rsk Ra (nm) Size (µm) n 
-0.5918 -0.1957 286.9 3.52 1 
-0.7122 -0.1684 249.8 4.35 2 
-0.6904 -0.4033 131.9 3.22 3 
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Energy-dispersive X-ray spectroscopy (EDS) 
EDS spectroscopic diagrams of red ink on Georgian 17th 
century manuscript are represented on Fig 2. On Table 5, 
the data for Hg and S percentage content of red ink manu-
script are shown. It is especially notable that the percent-
ages of sulfur and mercury contents, with high proximity 
is equal to their percentage content in HgS molecule. In 
particular, in HgS molecule, mercury content is 86% and 
sulfur is 14%, which is very close to our EDS data (Table 5). 
These results approve that XVII century red ink manuscript 
contains HgS molecules rather mercury and sulfur atoms 
separately.

Conclusion 
The results indicate that the crystals presented on the 
surface of our sample XVII century red ink manuscript 
have α-HgS cinnabar nature. Identification of cinnabar 
microcrystals on red ink manuscript using AFM and EDS 
methods is our scientific finding and solution of our re-
search question. These findings will answer questions on 
what happens to durability of ancient manuscript during 
aging process and external circumstances such as: heat, 
temperature, humidity and lighting. That requires future 
research.   
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