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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 1.6km 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-
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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,
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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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Figure 1: Cave 85, one of the 492 painted Buddhist cave temples at the Mogao Grottoes, was selected as the test cave for
this project. Its wall paintings which date from the ninth century suffer from salt-induced flaking.

and paint flaking, known as exfoliation
(Figure 2). Repeat cycles of treatment in
past decades have played a role in cau-
sing and exacerbating the deterioration
phenomena, resulting in significant loss
of the cave wall paintings. A joint rese-
arch project to study this problem was
undertaken as part of a collaboration
between the Getty Conservation Institu-
te (GCI) and the Dunhuang Academy (DA)
under China’s State Administration for
Cultural Heritage (SACH) with the aim of
developing and implementing improved
treatment methods as well as measures
to prevent this condition from recurring.
Improvements in documentation and
condition monitoring methods were also
undertaken to better assess when chan-
ges to the wall paintings are occurring.
In order to understand the activation
mechanisms and deterioration proces-
ses of exfoliation, the composition of the
paintings and plaster was studied, previ-

Figure 2: Salt-induced flaking or exfoliation of the wall
paintings in Cave 85

ous treatment materials and hygroscopic
salts were identified, and environmental
parameters and visitation history moni-
tored. To provide a complete case study,
Cave 85 was selected as a test cave for
this project. This ninth century cave has
been extensively studied and informati-
on was readily available .



Treatment of porous, inorganic subst-
rates with synthetic polymers like poly-
vinyl alcohol (PVA) and polyvinyl acetate
(PVACc) can decrease pore size with a con-
sequent reduction of vapor and gas per-
meability.> 3 Upon exposure to high hu-
midity the salts present undergo a phase
change, from solid to liquid, and are free
to move through the stratigraphy. The
less permeable surface, where the syn-
thetic organic materials were applied,
can act as a barrier trapping the ions in
solution; as the moisture evaporates, the
solution becomes saturated, causing the
salts to precipitate.+ 5 Cycles of delique-
scence and crystallization then causes
gradual decohesion of the lower plaster
layer; the upper layers are then separated
from the powdering plaster below and
are free to lift.

When caves are visited, doors are ope-
ned allowing outdoor humid air to int-
rude into cave interiors. In instances of

Conglomerate  Earthen Plasters & Paiot Layer

Figure 3: Stratigraphy of the painted plaster in Cave 85.
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high humidity, exterior damp air enters
rapidly increasing humidity and resul-
ting in damaging salt activity.5” This as-
pect of the collaborative project was also
part of the implementation of findings
from the Visitor Carrying Capacity Study
for the Mogao Grottoes that developed
visitor management solutions to close
caves at risk of salt-related deterioration
- including exfoliation - during periods
of high humidity.? Environmental condi-
tions such as rain and flood events are
occurring with increasing frequency cau-
sing heightened concern over the long-
term preservation of the site and its wall
paintings.

2. Wall painting technique
Commissioned over a thousand year

period, the caves were hewn into a 1.6km
long cliff face of conglomerate rock. Once

Cross-section of painted plaster
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excavated, the roughly carved rock walls
and ceilings were plastered and smoo-
thed with a coarse leveling plaster of
variable thickness (5-30mm) and finis-
hed with a fine plaster (4-5 mm) (Figure
3). The composition of the plasters were
found to be a close match to the riverbed
silt from the Daquan River that runs th-
rough the site with additional sand and
plant fibers mixed in to prevent shrinka-
ge and cracking. The plasters are bound
with clay and contain 19% clay-sized frac-
tion including illite, chlorite and the mi-
xed-layer mineral, illite/smectite.*

A ground layer, composed of calcium
carbonate, talc, and mica and bound
with possibly a plant gum or mucilage,
was applied as a thin wash to the fine
plaster to prepare the surface for pain-
ting. Onto the ground, delicate line dra-
wings were executed in red and black
ink. The decorative scheme was then
filled in with a rich palette of inorganic
pigments and organic colorants applied
singly or in combination, as thin washes
or thick layers, and finished with colored
glazes. Because of the variation in paint
application, the overall thickness varied
considerably (5-150pm). Analysis found
bone glue to be the most extensively
used paint medium but samples also sho-
wed varying amounts of polysaccharides
possibly indicating the presence of plant
gums, honey, and mucilage *.

3. Physical history of site and
conservation history

Images from the early twentieth cen-
tury show the site abandoned and the
fronts of the cliff eroded leaving the
caves open and their wall paintings ex-
posed to the elements. Periodic flooding
also occurred in the site’s history leading
to complete loss of painting up to one
meter high in ground level caves and as-
sociated moisture and salt-related deteri-
oration in the lower zone of painting.

With the founding of the Dunhuang
National Art Research Institute in 1944,
doors were installed on caves and begin-
ning in the 1950s full-scale stabilization
work on the grottoes commenced. Flood
control measures were put in place in the
1960s which prevented occurrences of
flooding until June 2011 when a major
flood caused substantial damage to the
site infrastructure. A subsequent flood
occurred in 2012.

Past documentation records show a
history of salt-related deterioration exhi-
bited as both surface paint loss and de-
tachment and collapse of painted plaster.
In the 1960s, widespread paint flaking
was observed in a number of caves and
water-soluble synthetic polymers, polyvi-
nyl acetate (PVAc) and polyvinyl alcohol
(PVA), were used to treat the paintings,
both to relay individual flakes and as a
surface consolidant. Today, other adhesi-
ves such as gelatin are also being used to
treat occurrences of flaking.

In the 1980s, the site was first opened
to visitors.

4. Condition recording

Paint flaking has been the most preva-
lent problem at Mogao. During an assess-
ment of 112 caves at the site, seventy-one
were found to exhibit this condition ma-
king up 63% of the caves assessed.® The
type of flaking varied considerably from
localized to widespread and ranging in
severity; sixteen caves exhibited serious
and extensive flaking. Salt-related dete-
rioration was found in thirty-four caves
making up 30% of caves assessed. Twen-
ty-eight of these are ground level caves
with a history of flooding.?

In the past, types of deterioration have
tended to be looked at individually rather
than jointly and as a result salt-related
flaking has only recently been identified
as a unique phenomenon. A terminolo-
gy was established to provide a clear and



common language for the naming, recor-
ding and communicating of information
regarding this condition. The terminolo-
gy also reflects the specific technique of
execution of the wall paintings in Cave
85 and focuses on the particular condi-
tion phenomena associated with salt-re-
lated flaking. Conditions were mapped,
macrophotography undertaken and a de-
tailed description of each produced.

4.1. Salt deterioration

Conditions related to salt deterioration
included plaster disruption which exhi-
bits itself as powdering plaster caused by
repeat cycles of salt activity (Figure 4);
salt efflorescence seen as salt crystals on
the painted surface; and, punctate loss,
tiny, rounded losses, less than 1mm in
diameter, in the paint, ground and/or
fine plaster layer. Salt efflorescence and
punctate loss are related conditions: in-
dividual salt crystals push through to the
surface creating tiny losses in the paint
layer. Over time, this gradually leads to
complete loss of the paint layer in areas
where salt problems are concentrated.

Figure 4: Powdering and decohesion of the plaster and
punctate losses, visible in the red paint layer, are both
forms of salt deterioration.
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4.2. Paint flaking and exfoliation

Paint flaking occurs when the paint, or
paint and ground layer, separate from the
layer below and then lifts. This deteriora-
tion phenomenon is sometimes referred
to as “pure flaking” to distinguish it from
“exfoliation” or salt-induced flaking. Ex-
foliation occurs deeper within the stra-
tigraphy of the painted plaster than pure
flaking, typically within the fine plaster
layer, and is defined as lifting of the fine
plaster and/or ground and paint layers.
Exfoliation was found to only occur in
caves that have been previously treated
for flaking with PVA and PVAc and have
active salt deterioration. Exfoliation can
be broken down into three stages of de-
velopment:

1) Decohesion of the plaster due to salt
activity causing volume expansion
that pushes out the layers above lea-
ding to bulging and tenting of the
paint, ground and some fine plaster
layers. In some cases the protruding
area can have associated cracking but
otherwise the surface is still closed (Fi-

gure 5a).

2) The protruding layers of paint, ground
and some fine plaster breaks open
along cracks and begins to lift further
(Figure 5b).

3) The breakage and opening of prot-
ruding areas progresses further to a
point where loss of original material
occurs (Figure 5¢).

Photography alone cannot always ac-
curately describe the extent of lifting, as
the way conditions are perceived by the
viewer are affected by the angle of inci-
dence of the light on the object. Other
documentation techniques were emplo-
yed to improve characterization of condi-
tions such as Reflectance Transformation
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Figure 5a-c: The three stages of progression of exfoliation.

Imaging (RTI) which allows you to view
an area under different lighting angles.

5. Analytical investigation

Sampling of exfoliating layers from
Cave 85 was undertaken in areas where
deterioration was concentrated. Analyti-
cal methods employed included ESEM-
EDX on samples mounted in cross-secti-
on, FTIR to identify the presence of PVAc,
XRD to identify salt species and ion ana-
lysis to quantify soluble ions.

5.1. Treatment materials

The presence of some treatment ma-
terials on the paintings could be seen
with UV fluorescence in situ but in ge-
neral FTIR was undertaken on unmoun-
ted samples using an acetone extraction.
FTIR can give semi-quantitative infor-
mation on the concentration of PVAc
present on samples, with standardized
weight, based on the strength of signal.
Out of sixteen samples, twelve indicated
the presence of PVAc, two had borderline
PVAc present and two showed no positi-
ve results for PVAc. Attempts to quantify
PVAc content more precisely were unsuc-
cessful.

5.2. Soluble salts

The main salts present were identified
by X-ray diffraction (XRD) as sodium
chloride (NaCl) and sodium sulfate (Na-
,50,).* Core sampling at different depths
into the clay plaster was undertaken in
three caves to provide topographic and
stratigraphic distribution.* Samples were
analyzed with ion chromatography and
results indicated that salts were not even-
ly distributed between caves and within
individual caves. Deterioration, however,
was found to be correlated with salt cont-



ent: in Cave 85, areas with the most seve-
re damage had salt content up to 2-3.9%
(expressed in weight percent of NaCl per
100gm of plaster) in contrast to less than
1% salt content in areas without visible
damage. Stratigraphic soluble ion cont-
ent for chloride and sodium was highest
at the second increment (2-5mm) indica-
ting enrichment of NaCl within the fine
plaster and at the interface between the
fine and coarse plaster layers.

6. Environmental monitoring

Environmental monitoring data was
collected from three locations within
Cave 85, measuring temperature and re-
lative humidity. The moisture levels in
the cave are predominantly influenced
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through natural ventilation which allows
cave air to freely exchange with the out-
side when cave doors are opened during
periods of visitation. Moisture produced
by visitors does not significantly contri-
bute to moisture levels in the cave.*® The
impact of the cave door being opened du-
ring high exterior humidity is dramatic,
causing a sharp and sudden spike in RH
(Figure 6). For the most part when a cave
is not visited and the cave entrance door
remains closed, a fairly stable climate is
maintained.! However, when high hu-
midity persists for extended periods,
the RH inside the cave increases slowly
even when the cave door is not opened.
The louvered panels and gaps around the
door allow humid air to enter.

Rainfall and Humidity in Cave 85 of the Mogao Grottoes
between June 15-20, 2011
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Figure 6: The humidity in Cave 85 rises even with the cave door closed after a prolonged period of rainfall on 6/16. The
sharp peak in humidity that occurs between 6/19 and 6/20 is when the door is opened. In 2011, the RH exceeded 75%

several times throughout the summer months.
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7. Diagnostic investigation

Caves at the site with a history of tre-
atment with PVA and PVAc were identi-
fled and examined. Of these, a few were
also found to exhibit salt deterioration
and exfoliation. However, there was no
corresponding information regarding
environmental data and visitation his-
tory that could be used to correlate with
deterioration. Cave 85 was the only cave
where complete information existed.

7.1. Linking visitation and environmen-
tal data

Visitation information for Cave 85
shows that prior to exfoliation being ob-
served, the cave was opened on a limited
basis to visitors. During summer months,
several periods of high RH - some of
which reached over 80% - were recorded.
The repeat fluctuations of RH led to wi-
despread plaster disruption and exfolia-
tion in the parts of the cave where salts
are concentrated.

7.2. Role of PVA and PVAc

Prior to the use of PVA and PVAc on the
paintings, salts would have been able to
move through the porous plaster before
encountering the less permeable barrier
constituted by the paint layer. This cau-
sed crystallization within or underneath
the ground and paint layers, pushing off
the paint layer and leading to punctate
loss. Treatment with PVA and PVAc, pe-
netrated into the paint, ground and fine
plaster layers, affecting the permeability
and porosity of the plaster, creating a less
permeable layer. When humidity levels
fluctuated, salts present in the plaster,
unable to push through to the surface,
underwent cycles of crystallization and
deliquescence resulting in plaster dis-
ruption in the fine plaster. This caused

volumetric expansion and the bulging of
areas that is characteristic of stage 1 of
exfoliation. If conditions persist then sta-
ge 2 occurs, where the protrusions burst
open; and, then stage 3, when the area
continues to open and lift to the point
when losses occur.

7.3. Humidity chamber

In order to understand the impact of
fluctuating humidity on the surface and
subsurface layers treated with PVA and
PVAc, samples taken from exfoliated
areas were placed in an environmental
chamber to assess their response to ch-
anges in RH (possible moisture uptake
and contraction) (Figure 7). The RH in the
chamber ranged from approximately 38-
86%. A selection of samples were subjec-
ted to RH fluctuation and a few showed
movement beginning around 60%, indi-

Figure 7: A sample from Cave 85 placed in an environ-
mental chamber contracted at 46% RH (left) and relaxed
at 86% RH (right) in response to changing humidity.
Movement in the sample was observed around 60% RH.



cative of the lifting of layers that occurs
with exfoliation. Time lapse images were
put together into a short video to record
the movement. However, given the com-
plexity of the stratigraphy of the samples
including paint, ground, fine plaster plus
soluble salts and PVAc - each of which
has a different moisture uptake rate - it
was not possible to pinpoint the exact
reasons for the lifting.*

7.4. Modeling salt behavior

A salt mixture collected from Cave 85
was tested using Dynamic Vapor Sorpti-
on (DVS) between 60% and 75% RH with
increments of 0.5% RH.* The resulting
isotherm showed mass increase starting
at 67% RH, as the relative humidity in-
creased, the slope increased exponen-
tially. Salt samples were also examined
with ECOS-RUNSALT, a program that uses
a thermodynamic model to predict the
behavior of salt mixtures under chan-
ging climatic conditions 1. However, as
salt mixtures can vary depending on the
cave and location and conditions of the
sampling; and, as different salt species
can form depending on the RH, main-
taining stable RH and T within a cave
was determined to be the best means of
preventing future damaging salt activity.

8. Remedial treatment

Given that exfoliation is occurring wit-
hin the fine earthen plaster and in order
to avoid adding a film-forming material
in the stratigraphy, treatment to relay
flakes was undertaken using only water
(Figure 8). Water, can act to restore clay
binding properties and proved to be an
effective means of relaying areas of ex-
foliation. However, as water can further
activate salts, causing damage, and there
are water sensitive elements in the pain-
ting, treatment trials were undertaken
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with reduced water content and non-
aqueous systems. Water was used mixed
with ethanol in varying percentages:
100% water, 50% water: 50% ethanol, 30%
water: 70% ethanol, and 100% ethanol.
Prewetting with ethanol or ethanol and
water (1:1) was also undertaken which
helped to soften the layers and acted to
consolidate the powdering loose material
behind the flakes prior to relaying.
Application methods also aimed to
control the quantity of liquid used and
to keep the treated area as contained as
possible: small brushes were used and
the liquid applied through two layers of
paper tissue. The flakes were gently pres-
sed back. A Preservation Pencil, an ultra-
sonic humidifier, was also tested in order
to further reduce water content being in-
troduced into the wall paintings but was
found to be too slow to be practical.

9. Condition monitoring

Photographic condition monitoring of
areas treated were established. Context
and macro images were taken from diffe-
rent angles and under different lighting
conditions both before and after treat-
ment. Microscopy areas were also estab-
lished to monitor the emergence of salts
that may not be visible without magni-
fication. Monitoring aims to be under-
taken using the same equipment setup
including the photographer, camera and
lighting system.

10. Conclusions

In all treated areas, exfoliation has not
recurred and the decohesive areas of plas-
ter have remained stable. However, in an
otherwise arid climate, rain and periods
of high humidity are occurring with in-
creasing frequency. Environmental data
shows that humidity inside the caves in-
creases even with doors closed. Though
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Figure 8: Relaying of exfoliated areas was undertaken with water and water: ethanol mixes applied with brushes
through paper tissue.

the aluminum door acts to buffer against
the outside conditions, recommenda-
tions were made to improve the seal by
closing gaps around the door and co-
vering louvered panels with non-woven
permeable fabric to slow air intrusion.
This should be done in conjunction with
continued condition and environmental
monitoring in order to assess the stabi-
lizing effects this has on the RH of the
cave. Finally, visitation to the cave should
be managed in a way that does not en-
danger the wall paintings with a system
for closing the caves to visitors during
periods of high RH.

11. Acknowledgements

The authors would like to acknowled-
ge the significant contributions of the
rest of the project team: from the Dun-
huang Academy: Chai Bolong, Chen Bo,

Fan Zaixuan, Li Yanfei, Qiao Hai, Sun
Shengli and Zhang Guobin; from the GCI:
Martha Demas, Shin Maekawa and Julie
Chang (2014 GCI graduate intern); and,
GCI consultants, Po-Ming Lin and Peter
Barker.

References

1 Wong, L. & Agnew, N. eds., The Conser-
vation of Cave 85 at the Mogao Grot-
toes, Dunhuang: A collaborative project
of the Getty Conservation Institute and
the Dunhuang Academy, Los Angeles:
Getty Conservation Institute, 2013.

2 Camaiti, M., Bortolotti, V. and Fantazzi-
ni, P, ‘Stone porosity, wettability chan-
ges and other features detected by MRI



Salt-induced flaking of wall paintings at the Mogao Grottoes, China

and NMR relaxometry: a more than 15- 9 Wong, L., Graves, K. and Wang, X., As-
year study, Magnetic Resonance in Che- sessment of Cave Condition and Visita-
mistry 53 (1), (2015), 34-47. tion Potential: Undertaken as part of

the Visitor Carrying Capacity Study at
Carretti, E. and Dei, L., ‘Physiochemical the Mogao Grottoes, China, unpublis-

w

Characterization of Acrylic Polymeric hed report, Los Angeles: Getty Conser-
Resins Coating Porous Materials of Ar- vation Institute, 2012.

tistic Interest’, Progress in Organic Coa-

tings 49(3), (2004), 282-89. 1© Maekawa, S., Zhan, Y., Wang, B., Fu, W,,

and Xue, P, Environmental monitoring
Zhang, H,, Qiang L., Ting L. and Bingjian at the Mogao Grottoes, Conservation of

IS

Z., ‘The preservation damage of hydro- Ancient Sites on the Silk Road: Procee-
phobic polymer coating materials in dings of an International Conference
conservation of stone relics’, Progress in on the Conservation of Grotto Sites, N.
Organic Coatings 76(7-8), (2013), 1127- Agnew, ed. Los Angeles: Getty Conser-
34. vation Institute, 1997, 301-313.

O}

Arnold, A, & Zehnder, K., ‘Monitoring  ** He, X, Xu, M,, Zhang, H,, Zhang, B., and

wall paintings affected by soluble salts’, Su, B, ‘An exploratory study of the
The Conservation of wall paintings: pro- deterioration mechanism of ancient
ceedings of a symposium organized by wall paintings based on thermal and
the Courtauld Institute of Art and the moisture expansion property analysis’,
Getty Conservation Institute, London, Journal of Archaeological Science, 42,

July 13-16, 1987, S. Cather ed., Marina (2014), 194-200.
del Rey, CA: Getty Conservation Institu-

te, 1991, 103-35. I This project builds upon a long lasting
partnership between the Getty Conser-
6 Agnew, N., Maekawa, S. and Wei, S., Cau- vation Institute and the Dunhuang Aca-

ses and mechanisms of deterioration demy at the Mogao Grottoes. This inclu-
and damage in Cave 85, Conservation of des the conservation of wall paintings

Ancient Sites on the Silk Road: Procee- in Cave 85 as well as master planning
dings of the Second International Con- for the site and visitor management [1,
ference on the Conservation of Grotto 8]. For more information, see: http://
Sites, Mogao Grottoes, Dunhuang, Peo- www.getty.edu/conservation/our_pro-

ple’s Republic of China, June 28-July 3, jects/field_projects/china/app_mogao.
2004, N. Agnew ed., Los Angeles: Getty html.
Conservation Institute, 2010, 412-420.

i The assessment was undertaken as part
Li, H, Wang, W,, Zhan, H., Qiu, F, Guo, Q,, of the Visitor Carrying Capacity Study
Sun, S. and Zhang, G., ‘The effects of at- at the Mogao Grottoes by the Getty
mospheric moisture on the mural pain- Conservation Institute and the Dun-
tings of the Mogao Grottoes’, Studies in huang Academy [8, 9].
Conservation, 62(3-4) (2017), 229-239.

~

il The acetone extraction process consis-

¢ Demas, M., Agnew, N., and Fan, J., Stra- ted of leaving the sample at room tem-
tegies for Sustainable Tourism at the perature for 3 hours then centrifuging
Mogao Grottoes of Dunhuang, China, it for 10 minutes. 0.2 pl of the solvent
Springer International Publishing, 2015. extract was then run under FTIR.

295



L. Wong et al.

¥ The source of the salts in the Cave 85
wall painting may have originated in
the conglomerate substrate, in the ori-
ginal materials of the painted plaster or
was brought in with flood events. For
complete information on the salt in-
vestigation in Cave 85 see Chapter 16,
Salt-induced Deterioration of Wong &
Agnew 2013 [1].

v Copyright © 2002-2005 by Davide Bionda.

vi Manufactured by Preservation Equip-
ment Ltd.

206





