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CDD, melted CCD with facing tissue and 
saturated solutions of consolidant in 
white spirit, shelsoll T and toluene were 
applied on glass slides with stone pow-
der. By visual observation and using a 
fingernail scratching test, it was possible 
to conclude that the best effect of conso-
lidation was obtained during the applica-
tion of hot melt CDD. After the lab tests, 
the technique of pre-consolidation with 
melted cyclododecane and facing tissue 
was used in situ. The extremely damaged 
sculpture of the Angel from Trogir Cathe-
dral was consolidated with melted CDD 
and cotton gauze. After the consolidati-
on, it was transported to the workshop 
of the Croatian Conservation Institute. 
During the intervention, a minimum of 
unstable material was lost.
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Abstract 

The case study of the St. Johannis 
church in Werben (Saxony-Anhalt) is one 
of those instances where conservators 
and restorers working in the field of buil-
ding heritage have to find sustainable 
solutions for a cultural heritage site af-
fected by high humidity levels and salt 
content for centuries. In the church of 
Werben, the ground floor of the steeple 
houses a remarkable collection of pre-
dominantly polychrome epitaphs from 
the 16th – 18th centuries. These epitaphs 
reflect in an unique way the story of im-
portant citizens of Werben and provide 
an extensive overview of the design and 
techniques used in the manufacturing 
of such monuments through various 
epochs. During an inventory of the epi-
taphs, several damages were attributed 
to salts and the high moisture content in 
the ground floor of the steeple. Salt ana-
lyses, climate measurements and calcu-
lations with the computer model ECOS/
RUNSALT were used to understand the 
damage processes of the epitaphs. The 
results provide the basis for applying 
appropriate conservation methods and 
materials pertaining to the room and the 
polychromic epitaphs. As a case study 
one epitaph was removed and preserved 
in the workshop of the conservation and 
restoration department in Potsdam. 

Keywords: Werben, polychromic epitaph, 
salt damage, climate, ECOS/RUNSALT, 
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1. Introduction

Werben is located in the northern 
part of Saxony-Anhalt at the river Elbe 
in the administrative district of Stendal 
between Magdeburg and Wittenberge. 
Because of the proximity to the river, the 
town was and is continuously threatened 
by floods, especially in the past when no 
adequate flood prevention was in place.

St. Johannis church was built with 
bricks in the 15th century but includes ol-
der parts from the Romanesque period 1. 
The church consists of a three axial nave 
with the choir in the East and a huge 
steeple in the West (Fig. 1). In this pa-
per, we focus on the ground floor of the 
steeple in the western part of the church 
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Figure 1: St. Johannis church in Werben, southwestern 
part with steeple
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with a floor area of 9,20 m x 4,20 m and 
a height of 4,82 m in the zenith of the 
barrel-vault. Today, the ground floor can 
only be reached through a wooden door 
from the nave (Fig. 2). The masonry of the 
ground floor consists of 1,50 m – 1,80 m 
thick walls made of bricks and mortar 
that today, contain only one window to 
the south leading to a moist and dark 
room. The walls were plastered with a 
lime mortar that is now partly damaged 
by moisture and salts.

Since 1868, the ground floor has been 
used as a depository for 18 stone epitaphs 
from the 16th – 18th centuries. These epi-
taphs reflect in a unique way the story of 
important citizens of Werben and provide 
an extensive overview of the design and 
techniques used in manufacturing the-
se monuments through various epochs. 
The epitaphs are partly polychrome and 
gilded and show the wealthy members of 
citizenry and clergy of the town (Fig. 3). It 
is not quite clear where the epitaphs were 
located before 1868 but it has to be assu-
med that they were placed somewhere in 
or around the church and the cemetery. 

Figure 2: Ground map of St. Johannis 1 containing the ground floor of the steeple (TE)

Figure 3: polychrome epitaphs at the southern wall and 
the only window in the ground floor, in the middle the 
epitaph of Leonhardt Kämpfe
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Permanent measurement of room tem-
perature, surface temperature and rela-
tive humidity was implemented using 
RH/T sensors and a data logger.

To investigate under which climatic 
conditions new salt crystallization ta-
kes place and what kind of damage they 
produce, a monitoring process was im-
plemented: Climate measurements were 
executed combined with the periodic ob-
servation of the crystallized salts at de-
fined surface areas.3  

The observations were compared using 
the computer model ECOS/RUNSALT 
in order to assess under which climate 
condition salts are crystallizing in the 
ground floor of the steeple.4, 5 

The reduction of the salt ion content 
through cellulose poultices from the epi-
taph of Leonhardt Kämpfe were verified 
by taking 5 x 5 cm sized poultice samples 
from the surface, extracting the ions by 
deionized water and measuring the elec-
trical conductivity which correlates to 
the total amount of extracted salt ions.

3. Damage

In the ground floor of the steeple a 
high rate of damage in bricks and plaster 
due to moisture and salts was discerned. 

At the masonry the plaster shows de-
teriorations like lacunas, cavities, bulges, 
and partly chalking6 whereas bricks part-
ly decay by flaking and granular disinte-
gration.

In sum, the strongest damages are vi-
sible up to a height of approximately 
1.5 m. Between heights of about 1.5 and 
3 m the damage is considerable but scat-
tered and above 3 m strong damages of 
the plaster mainly show at the western 
walls including salt efflorescences.
On the epitaphs the loss of paint by fla-
king and peeling7 is visible as well as the 
disintegration of the sandstone itself. 
Salt crystallization on the epitaphs can 
be observed in areas where the epitaphs 

Today, each epitaph stands on a ca. 40 cm 
high pedestal made of bricks that are 
plastered (Fig. 3). The epitaphs are fixated 
by iron anchors to the back. Additionally, 
bricks with mortars were applied irregu-
larly to support the backward connecti-
on of the epitaphs to the walls. Probably 
later grey cement mortars were used to 
reinforce the connection of the epitaphs 
to the back.   

In an inventory of the epitaphs made 
by students and in the M.A. thesis by 
Dörte Poerschke2, materials and dama-
ges of the epitaphs were determined and 
mapped showing advanced degradation 
of the stones and colored surfaces obvi-
ously caused by moisture, salt crystalli-
zation and microbiological impact. Thus, 
the aim of the investigation was to un-
derstand the damage processes in the 
ground floor and to find solutions for the 
conservation and restoration of the epi-
taphs as well as the masonry.

2. Analytical approach

To find an appropriate conservation 
concept for the ground floor of the stee-
ple as well as for the epitaphs the follo-
wing investigations were completed.

During the inventory the epitaphs and 
the damage of the walls and epitaphs 
were documented. Salt efflorescences 
and crusts were sampled from different 
surfaces and analyzed by polarizing 
microscopy, microchemistry and XRD 
(Siemens D5005, CuKα-radiation) to de-
tekt the crystallizing salts. 

Drill powder samples were taken to 
investigate the distribution of salt ions 
concentration in two vertical profiles 
and into the depth at the southern and 
western wall. 1 g of sample material was 
mixed with 100 ml distilled water for 
about 24 hours and then filtered before 
the analyses of Na+, K+, Ca2+, Mg2+, Cl-, NO3

- 
and SO4

2- were completed using ion chro-
matography (Dionex, IC90).
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are connected with the walls by bricks or 
mortar indicating the transport of ions 
through the pore system of the bricks 
and mortar into the epitaphs. 

Salts

On the wall surfaces, crystallized salts 
consist of niter (KNO3), epsomite (Mg-
SO4

.7H2O) hexahydrite (MgSO4
.6H2O) and 

gypsum (CaSO4
.2H2O).

The distribution of salt ions was analy-
sed in two vertical profiles at the western 
and at the southern wall. As an example, 
Fig. 4 demonstrates the distribution of 
ions at the western wall in the heights 
of 0.9, 1.4, 2.0, 3.0, 3.7 m. Table 1 shows 
the ion content (in weight percent) at 
each height and depth at the same wall. 
Although the distribution of salt ions in 
both walls is rather complex, some gene-
ral tendencies can be noted: 

-  Sulphate and calcium are always accu-
mulated in the first centimeter of each 
height, probably due to the conversion 

of calcite to gypsum and the low solubi-
lity of gypsum. 

-  Nitrate, sodium and potassium are dis-
tributed in all heights and depths espe-
cially above 2.0 m of height. The con-
centration of sodium compared with 
potassium is mainly twice as much, 
which was a little surprise at first becau-
se no crystallized sodium salts could be 
detected on the ground floor surfaces.

-  Slightly increased amounts of magnesi-
um can be found in the lower parts of 
the wall which correlates with the mag-
nesium sulfates found in this region of 
the walls.

Although hardly any tendency of en-
richment of salt ions can be observed 
in different heights and depths, there is 
no clear explanation why the salt ions 
spread in the wall as pointed out. The 
ions might have been transported partly 
by rising damp but not into the height 
of 3.7 m. The infiltration of water through 
defects in the masonry could be a pos-

Figure 4: Salt ion distribution in the western wall expressed in Equivalentconcentration (mEq/kg)

ween 75% and 95% resulting in a perma-
nently moist environment.

Simulation of the crystallization of 
salts using ECOS/RUNSALT

ECOS/RUNSALT is a computer model 
to predict the crystallization behavior 
of salts based on the thermodynamic 
model ECOS (Environmental Control of 
Salts).4, 5 For this purpose, a set of repre-
sentative salt ion contents is needed de-
rived from the first cm of the surface of 
a monument. Then, the data have to be 
simplified (even ionic balance, removal 
of gypsum) before the model is used to 
calculate which soluble salts will crystal-
lize under predetermined environmental 
conditions like temperature and relative 
humidity. Thus, the program makes it 
possible to predict under which environ-
mental conditions salts will probably da-
mage the surfaces of a monument. 

As an example, in Fig. 6 the data of 
sample 12 are calculated with ECOS/
RUNSALT assuming a room temperature 

sible explanation for the accumulation of 
water and ions in higher regions of the 
wall, but there is no evidence for that. 

Nevertheless, it can be concluded that 
the ground floor of the steeple is affected 
by an accumulation and complex distri-
bution of salt ions in the masonry consis-
ting mainly of Na+, K+, Ca2+, Mg2+, NO3

- and 
SO4

2-.

Climate

Permanent climate measurements of 
room temperatures, surface temperatu-
res and relative humidity in the ground 
floor started in 2013. Fig. 5 shows the 
daily average temperature and relative 
humidity from December 2013 until June 
2014 demonstrating that the relative hu-
midity in the ground floor consistently 
lies between 80 and 90% both in summer 
and in winter. After evaluation of the cli-
mate measurement results of two years 
it can be concluded that the temperature 
in the ground floor varies between 4°C 
and 18°C and the relative humidity bet-

sample height (cm) depth (cm) Ion concentration (wt%)

Cl- NO3
- SO4

2- Na+ K+ Mg2+ Ca2+

1  90 0- 1 0,09 0,48 0,57 0,09 0,05 0,07 0,37

2  90 1- 2 0,17 0,87 0,16 0,14 0,13 0,11 0,24

3  90 2- 4 0,16 0,84 0,10 0,16 0,18 0,09 0,26

4 140 0- 1 0,09 0,58 0,33 0,16 0,13 0,08 0,19

5 140 1- 2 0,12 0,66 0,07 0,21 0,18 0,06 0,10

6 140 2- 4 0,12 0,52 0,04 0,22 0,22 0,04 0,12

7 140 4- 7 0,08 0,31 0,04 0,16 0,18 0,03 0,10

8 200 0- 1 0,08 0,64 0,34 0,27 0,21 0,03 0,15

9  200 1- 2 0,19 1,11 0,27 0,49 0,32 0,06 0,11

10  200 2- 4 0,18 0,94 0,21 0,41 0,28 0,05 0,10

11 200 4- 7 0,17 0,76 0,13 0,38 0,28 0,05 0,10

12 300 0- 1 0,11 0,65 1,06 0,28 0,16 0,04 0,51

13 370 0- 1 0,16 0,62 0,37 0,24 0,09 0,07 0,23

Table 1: Salt ion distribution in the western wall expressed in weight percent (wt%)

S. Laue et al.
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of 10°C. It can be seen that the crystalliz-
ation of salts starts below 86% of relative 
humidity with the salt mirabilite (Na-
SO4.10H2O). Furthermore the chart de-
monstrates that the main crystallization 
of salts will be below a relative humidity 
of 70% mainly consisting of the sodium 

and magnesium sulfates and nitrates. In 
this area of the wall, efflorescences of ni-
ter (KNO3), but no mirabilite were deter-
mined. 

Further ECOS/RUNSALT calculations 
with data from other surface areas in 
the ground floor yielded similar results 

Figure 5: Daily average values of room temperatures (scale right) and relative humidity (scale left) in the ground floor

Figure 6: Image of ECOS/RUNSALT after calculation of sample 12 at 10°C showing the crystallized salt phases between 
50% and 90% of relative humidity

air exchange with the outdoor climate 
resulting in this quite stable humid en-
vironment. The environmental condition 
keeps most of the analyzed salt ions in 
solution, but enables biological growth. 
With higher air exchange rates between 
the climate in the ground floor and the 
outdoor climate the relative humidity le-
vel would probably be lower than 70% at 
certain times resulting in more damage 
due to salt crystallization. 

On the other hand, the high relative 
humidity levels produce damages to the 
painted epitaphs resulting especially in 
the degradation of the binder 8. The paint 
layers of the epitaphs show in parts ext-
reme damages like flaking. Keeping the 
epitaphs permanently in the ground 
floor, the polychromy of the epitaphs 
would be slowly destroyed forever.

Based on the climate situation in the 
ground floor today, it can be concluded 
that the high relative humidity levels are 

with regard to the crystallization process 
of salts presuming that crystallization 
mostly happens below a relative humidi-
ty of 70% with much damage to the walls 
and epitaphs. Thus, the calculations give 
an important hint for conservation mea-
sures: To avoid further damages in the 
ground floor through salt crystallization, 
the relative humidity should not fall be-
low 70% of relative humidity.

Conclusion of the weathering situation

In the ground floor of the steeple, the 
masonry and epitaphs suffer from high 
moisture content with a relative humi-
dity of predominantly above 80%. Mois-
ture sources are probably rising damp 
and infiltration from outside over the 
years. Only one door to the nave, which 
is mostly closed, and one little window 
to the south do not allow for enough 

Figure 7: Epitaph of Leonhardt Kämpfe in Werben before (left) and after conservation (right)

S. Laue et al.
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and epitaphs. Thus, the calculations give 
an important hint for conservation mea-
sures: To avoid further damages in the 
ground floor through salt crystallization, 
the relative humidity should not fall be-
low 70% of relative humidity.

Conclusion of the weathering situation

In the ground floor of the steeple, the 
masonry and epitaphs suffer from high 
moisture content with a relative humi-
dity of predominantly above 80%. Mois-
ture sources are probably rising damp 
and infiltration from outside over the 
years. Only one door to the nave, which 
is mostly closed, and one little window 
to the south do not allow for enough 

Figure 7: Epitaph of Leonhardt Kämpfe in Werben before (left) and after conservation (right)
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beneficial regarding salt damage but pro-
mote the decomposition of the paint lay-
ers on the epitaphs as well as biological 
growth everywhere in the room.  

Conservation of the epitaph of 
Leonhardt Kämpfe

After the awareness of the weathering 
situation in the ground floor, the decisi-
on was made that one epitaph should be 
removed and transported to the work-
shop in Potsdam where a conservation of 
the epitaph was to be completed as a case 
study. The option of working on the epi-
taph under stable and relatively dry en-
vironmental conditions in the workshop 
was a decisive factor for removing the ob-
ject from its original location where the 
preservation would have been more com-
plicated due to the humid environment.

We chose the epitaph of Leonhardt 
Kämpfe (Fig. 7) dated to the 17th century 
and located at the southern wall of the 
ground floor of the steeple. The original 
polychromy of the epitaph must have 
been outstanding9, but the polychromy 
now shows much damage and some 
parts are completely lost.2

The epitaph consists of four sandstone 
fragments which are piled up on top of 
each other. The stone fragments are also 
in a degraded condition showing nume-
rous cracks, delamination and partly gra-
nular disintegration.2

To minimize the risk of the transport, 
the surface of the front of the epitaph 
was temporary protected by cyclodo-
decane – a temporary measure of fixing 
the surface.10 

The application of poultices is a com-
mon measure of salt reduction.11 The-
refore, after arriving in the workshop, 
a moist cellulose poultice was applied 
on the back of the epitaph to avoid salt 
crystallization at the surface of the sto-
ne which was expected due to the ch-
ange to more arid climate conditions in 

the workshop. The front was still cover-
ed with cyclododecane; thus, no further 
damages or crystallization of salts to the 
polychromy were expected. 

Additionally, a salt ion reduction of the 
epitaph was realized by exchanging the 
poultice weekly until the salt ion load in 
the poultice was significantly reduced 
verified by electrical conductivity mea-
surements. Selected poultice samples 
were analysed by ion chromatography to 
determine which soluble ions could have 
been extracted. The results proved that 
nitrates together with chlorides, magne-
sium and sodium are the main extracted 
salt ions.12

After the salt reduction several con-
servation measures were implemented, 
among them dry cleaning with a paint-
brush, structural consolidation of the 
stone with silicic acid ester and fixing 
of the paint layers by using the aqueous 
consolidant JunFunori®. Additionally, 
cracks were filled and repair mortars 
were applied with silica sol as a binder.

Fig. 7 shows the epitaph of Leonhardt 
Kämpfe before and after conservation.

The investigation and conservation 
measures were completed during a peri-
od of about one year and a half before 
the epitaph was returned to the ground 
floor of the steeple. There, the epitaph 
was mounted in the same area, but in 
future no rising damp or capillary sucti-
on from the back of the walls is possible: 
to the ground, the epitaph was sealed up 
with lead, and to the back wall, a ventila-
ted space of 10 cm for air circulation was 
created. Thus, no salt ion transport into 
the epitaph by capillary uptake will take 
place.

Summary

The investigations in the ground floor 
of the steeple and the conservation of 
one epitaph as a case study could indicate 
how to preserve the epitaphs of St. Johan-

nis in Werben. The epitaphs as well as the 
masonry suffer from extreme humidity 
and high salt contents. The ventilation 
of the room would decrease the relative 
humidity which would cause more salt 
damages as demonstrated by the calcula-
tions with ECOS/RUNSALT. Therefore, we 
recommend to remove the epitaphs from 
the ground floor, and preserve them af-
ter salt reduction as shown in this paper. 
Of course, after a salt reduction and the 
completion of preservation measures the 
best solution for the epitaphs would be 
to find for them another location with 
moderate relative humidity around 50% 
or 60% and with low variation in relative  
humidity. But if they have to remain in 
the ground floor of the steeple, the pre-
served epitaphs should stand on plat-
forms as suggested so that no new salt 
ion can penetrate into the epitaphs. 

Additionally, sustainable measures for 
the whole church should be implemen-
ted, among them optimizing the water 
drain and removing salt ion sources like 
cement repair mortars.

However, in Werben, as in many other 
places, there is a lack of funding to rea-
lize the best possible solutions for the 
cultural heritage. Thus, step by step in-
terventions in the surroundings and the 
monument itself can often improve the 
condition of monuments resulting in less 
degradation in the future.
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Abstract 

The Mogao Grottoes, a World Heritage 
Site in northwest China, is known for 
its surviving 492 painted Buddhist cave 
temples. Commissioned over a thousand 
year period, from the fourth to the four-
teenth centuries, the caves were hewn 
into a 1.6 km long cliff face and the wall 
paintings executed on earthen plasters. 
Situated in a remote and arid desert 
landscape, these painted caves have 
endured throughout the centuries but 
many have also suffered from salt-rela-
ted deterioration. 

Repeat cycles of treatment for flaking 
on salt-damaged wall paintings have cau-
sed worsening of conditions resulting in 
significant loss of painted plaster. A re-
search project to study this intractable 
problem and to develop and implement 
improved treatment methods was under-
taken as part of a collaboration between 
the Getty Conservation Institute (GCI) 
and the Dunhuang Academy (DA) under 
China’s State Administration for Cultural 
Heritage (SACH). 

This case study looks at the activation 
mechanisms and deterioration processes 
of salt-induced flaking and highlights 
the development and implementation 
of remedial and preventive measures 
to prevent further loss from occurring. 
Topics investigated include the material 
composition of the paintings and plaster, 
previous treatments, salt identification 
and distribution, environmental condi-
tions and the impact of increased humi-
dity. Results show that past treatment of 
flaking wall painting with polyvinyl al-

cohol (PVA) and polyvinyl acetate (PVAc) 
created a film-like barrier that reduced 
permeability and trapped salts below 
the painted surface. This led to a build 
up of salts that when exposed to periods 
of high humidity caused disruption and 
powdering of the plaster from cycles of 
deliquescence and crystallization; the 
consolidated upper layer, then separated 
and lifted, in a new form of flaking, refer-
red to as exfoliation.  

The study also aimed to improve me-
thods of condition monitoring to better 
assess when change due to salt activity 
occurs and to implement findings from 
the Visitor Carrying Capacity Study for 
the site. This included identifying caves 
at risk of salt-related deterioration and 
closing them to visitation during periods 
of high humidity.

Keywords: Mogao Grottoes, Dunhuang, 
wall painting, flaking, salt deterioration, 
previous treatment

1. Introduction

Salt-induced flaking of wall paintings 
is a condition phenomenon afflicting ca-
ves at the Mogao Grottoes, a World Heri-
tage Site in northwest China, known for 
its 492 surviving painted Buddhist cave 
temples dating from the fourth to the fo-
urteenth centuries (Figure 1). Situated in 
a remote and arid desert landscape, the-
se caves have endured throughout the 
centuries but their wall paintings have 
been subject to a particular form of loss 
related to both soluble salt deterioration 
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