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Abstract

This paper focuses on the diagnosis of damage processes of decorative Roman renders of a group of tombs in the
Porta Nocera necropolis in the ancient city of Pompeii, Italy. Unprotected from various climatic events, the tombs
keep on deteriorating since they were first excavated in 1954. Extensive on-site and laboratory diagnostics using non-
destructive and low-destructive techniques have been able to demonstrate that soluble salts are among the major
agents of deterioration, causing damage in the form of render delamination. Gypsum is formed on the surface of the
materials by the deposition of sulfur dioxide, resulting in reduced porosity and hardening of the surface. Soluble salts
of nitrates and chlorides that penetrate the tombs'masonry from the ground and are transported through the render
layers tend to crystallize in subsurface. The crystallization—dilution cycles of the soluble salts cause major mechanical
pressures, leading to the progressive destruction of the renders. Past conservation strategies to secure plasters have
shown only limited effectiveness. In light of the data collected regarding salt decay, the authors propose new strate-
gies, questioning the systematic use of grouts and restoration mortars for conservation treatments and focusing on
preventive conservation and maintenance to ensure the long-term preservation of masonry and decorative surfaces
of the tombs.

Keywords Diagnostic, Conservation, Archeological site of Pompeii, Porta Nocera necropolis, Decay, Soluble salts,
Moisture Roman plaster, Methodology, Decorative surfaces

Introduction

Excavated during the 1950’s by the archeologist Amedeo
Maiuri and later during 1980’s, the necropolis of Porta
Nocera constitutes together with the necropolis of Porta
Ercolano, one of the largest funerary complexes of the
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Roman city of Pompeii. The development of the necropo-
lis extended over a hundred-year period, from the begin-
ning of Pompei’s time as a Roman colony in 80 BC until
the eruption of Vesuvius in 79 AC that devasted the city
[1]. Located outside the city walls, along the ancient
road to Nocera, the necropolis was a prime location for
the deceased to exhibit the wealth and social status they
had acquired during their lives to travelers entering the
city through the Gate of Nocera. Unlike the necropo-
lis of Porta Ercolano, whose tombs belonged to illustri-
ous characters of Pompeian society, that of Porta Nocera
also holds the tombs of more modest citizens [2]. This
particular feature of the necropolis of Porta Nocera con-
tributes to the large variety of funerary architecture, from
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Fig. 1 Tomb PN-ES13. Picture taken in 1959. Courtesy of Stanley A.
Jashemsky

simple tombs with gravestones to vast funerary monu-
ments richly decorated with burial chambers. Despite the
development of the necropolis over a hundred years, and
the fact that there were no strict rules in Roman funerary
architecture, leaving the owners free to build their sepul-
ture as they wished [3], the architectural landscape of the
necropolis of Porta Nocera shows a surprising coherence.
Lined up on either side of the Via de Nocera, the funer-
ary monuments tend to imitate each other—the masonry
of most of them originally covered with white stucco,
embellished or not with fresco paintings.

Photographs taken during or shortly after the excava-
tion of the monuments testify to the good condition of
most of them, with stucco render covering large areas of
their masonry (Fig. 1). Today, some tombs have lost up to
90% of their decorative surfaces and every year, hundreds
of grams of original stucco come off the walls (Fig. 2).
Damage to mural paintings and ancient renders can have
many different and often interacting causes. In the field
of conservation of porous building materials, besides
microbiological attack [4, 5], soluble salts are considered
to be among the most important agents of deterioration
[6]. Many studies in the archeological site of Pompeii
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Fig.2 Tomb PN-ES13. Picture taken in September 2019

have highlighted the responsibility of soluble salts in irre-
versible decay of decorative surfaces [7-10].

Soluble salts and their devastating effects on build-
ing materials can be activated only with the presence of
humidity and/or liquid water within the porous system
[11].

Some salts are also able to absorb sufficient humidity
from the atmosphere, i.e. they are deliquescent and are
dissolved above a critical humidity. This fact explains
their migration and displacement within the porous
building materials [12]. With the changes in climate,
cyclic processes of crystallization and dissolution will
create mechanical pressure within the pore system of the
original materials, causing mechanical damage [5].

Water and soluble salts can infiltrate porous build-
ing materials from different sources. Driving rain
coming from the nearby coast can contribute to the
transport of moisture and sea salts of chlorides within
the tombs’ masonry [13]. Ground water can infiltrate
buildings by capillary rise. Recent research has shown
the responsibility of capillary rise and rising damp in
the deterioration mechanisms of decorative surfaces of
some ruins of Pompeii [5, 14]. Ground water generally
contains ions from different types of salts. In a burial
complex like the necropolis of Porta Nocera, one can
expect ground water to be enriched with nitrates, from
the decomposition of organic materials [15]. Air pollu-
tion and especially sulfur dioxide (SO,) can form acid
deposition and conversion into sulfates. Since their
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excavation, the decorated surfaces of the ruins of Pom-
peii have been exposed to a polluted atmosphere [16].
Air pollution in the bay of Naples and/or ship traf-
fic from the nearby sea is one source of SO, [17], but
also volcanic emissions contain SO, [18]. The periods
of volcanic activity coming from Mount Vesuvius over-
looking the city of Pompeii may thus have contributed
to acid deposition on the decorative surfaces of the
ruins at the archeological site.

Finally, while salts may have originated from external
sources, they can also be inherent in the masonry struc-
tures. For instance, terracotta bricks that were widely
used in the tombs’ masonry, if they are not properly fired
may contain sodium sulfate, but also Portland cement
presumably used in previous conservation measures on
the tombs of Porta Nocera is well-known to contain solu-
ble sulfates [19].

Considered the most precious part of a building, the
decorated surface is not only the most exposed to dete-
rioration and subject to damage and decay but also to
modification and unsuitable, earlier conservation treat-
ments [20]. Since the excavation of the site, there have
been successive attempts to preserve the tombs’ surfaces.
Unfortunately, they were often poorly documented. At
some point, also simple preventive measures have been
implemented. Protective roof structures of different
designs and materials have been built over some of the
tombs and Plexiglass panels were erected on the front of
two tombs. Remedial treatments, such as grouting, re-
pointing of mortar and edging repair were carried out
on the decorated surfaces of most of the tombs of the
necropolis. Furthermore, some tombs have undergone
partial reconstruction of masonry structures with con-
crete. Given the current precarious state of conservation
of the decorative surfaces, many of the past conserva-
tion strategies seem to have failed to address the ongoing
deterioration mechanisms. Some of the past conserva-
tion measures combined with a lack of site maintenance
may even have amplified them.

This article focuses on the methodology used by the
authors to diagnose the decorative surfaces from a
group of tombs and discusses the results obtained, with
the objective of providing a better understanding of the
active mechanisms of physic-chemical deterioration
induced by moisture and soluble salts that endanger the
funerary heritage of one of the most important roman
archeological sites in the world. This research is part of
the Pompeii Sustainable Preservation Project (PSPP).
Launched in 2012, under the direction of Fraunhofer-
Gesellschaft and in association with research institu-
tions in the conservation of built heritage, including the
International Centre for the Study of the Preservation
and Restoration of Cultural Property (ICCROM) and
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the Institute for Archeological and Monumental Herit-
age (IBAM, CNR) and in collaboration with the Parco
Archeologico di Pompei (PAP), the PSPP has two main
objectives: the long-term preservation of the funerary
monuments of the necropolis, through research and the
implementation of preventive conservation measures,
and on the conservation and restoration of decorative
renders that require urgent remedial treatments.

This study focuses on a group of four funerary monu-
ments, representative of the construction technology
of most of the tombs of the necropolis of Porta Nocera.
Each of these monuments have undergone various con-
servation treatments in the past including those on the
decorative renders carried out during PSPP’s conserva-
tion campaigns in 2015 and 2018. This article also dis-
cusses the success of these interventions and the future
to be given to conservation strategies in the necropolis of
Porta Nocera.

Methods

Selected tombs

The tombs selected for this study are tombs PN-EN04, 06,
10, and 14. According to the nomenclature of the archeo-
logical site of Pompeii, PN=Porta Nocera; EN=North
East. The group of tombs is located at the crossroads
between the Via delle Tombe, parallel to the wall of the
ancient city of Pompeii, and the Via Nocera, which leads
to the city through the Gate of Nocera (Fig. 3).

The tombs are built of “plain” masonry, ie. the
masonry is filled with a mass of blocks of lava stone and
lime mortar. The claddings of the tombs are composed of
lava stones with corner chains of terracotta tiles (Fig. 4)
and with the addition of travertine stones for the tomb
PN-EN12. The joint use of stone and brick for the con-
struction of masonry is called opus mixtum, a technique
commonly observed on the monuments of Pompeii built
after the establishment of the Roman settlement in the
city in 80 BC [8, 21]. The surface of the lava stones that
make up the claddings of the tombs is usually largely cov-
ered with lime jointing mortar that has been smoothed
after application (Fig. 5). The tops of many tombs are
covered by a protective layer of cocciopesto, i.e. a lime
mortar to which, in addition to or instead of sand, fine
shards of clay or fine fragments of brick with brick dust
components are added. The time of this intervention
is unknown to the authors but, according to archival
photos, it dates from shortly after the excavation of the
tombs.

The render that covered the facades is made of two
preparatory layers—the arriccio—and a finishing layer—
the intonaco (Fig. 6). The observations carried out under
polarized light microscopy on the constitution of the
render layers using thin-section of mortar samples from
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tomb PN-ENO04 and PN-ENO06 showed that for all render
layers, dry slaked lime was used as a binder. Air lime is
considering to be the binder of render layers arriccio 0
and intonaco. Hydraulic reactions were identified in the
mortar of the render layer arriccio 1 [22]. However, it is
not clear if it is a natural hydraulic lime binder or if these
reactions are of pozzolanic nature. The intonaco that imi-
tates white marble blocks is composed of large aggregates
of calcite crystals that give the surface a shiny effect. Both
layers of arriccio are composed of aggregates of medium
to well-rounded and polymorphic volcanic sands, min-
erals such as quartz or feldspars and a few carbonates.
The high degree of rounding of the aggregates may indi-
cate abrasion due to fluviatile or marine transport. Thus,
river sands as well as coastal or beach sands of Pompeii’s
region can be considered as source material [22].

Decay in the render allows us to observe how the ren-
der layers were applied. The first layer of arriccio was
often applied very coarsely to fill the irregularities of
the masonry. By looking at the tool marks left on the

surface of the mortar, it appears that the render layer
was pressed against the wall using a trowel (Fig. 7). The
pressure of the trowel brought the lime to the surface,
leaving it binder-rich and smooth. The surface of the
arriccio 1 render layer was applied in various thick-
nesses depending on the areas, from 1 to 4 cm. The
surface of the arriccio 1 layer has generally been leveled
with a float, to get a flat surface in preparation for the
intonaco. Here too, the finishing work pulled the binder
out and reduced the porosity of the surface.

Thin sections of render samples under a polarized
microscope showed the systematic presence of sinter
skins between the arriccio 1 and the intonaco render
layer of the two tombs PN-EN04 and PN-ENO06, which
testify to an application of dry-on-dry mortar. This is
also observed between the layers of arriccio 0 and arric-
cio 1 of tomb PN-ENO04. The presence of sinter skins—
thereby the application of successive layers of render on
a dry substrate can reduce the adhesion between the
layers, and the reduction of porosity induced by the sin-
ter skins can decrease the permeability of the surfaces
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Fig. 4 Tomb PN-EN10, west facade. Detail of the corner chain made
of terracotta tiles disposed according to the “a vela”technique

Fig. 5 Tomb PN-EN10, south facade. Detail of the lava stone cladding
mostly covered by the lime jointing mortar
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Fig. 6 Fragment of render collected at the base of tombs
PN-EN06-08. The two preparatory layers of arriccio 0 and arriccio 1
and the finishing layer of intonaco can be distinguished

Fig. 7 Tomb PN-EN12, east facade. Detail of the surface of render
layer arriccio 0. Traces of the working tools left after the application of
the mortar are clearly visible

and reduce the transfer of liquid water between the
render layers. The consequence of reduced water trans-
fer will be discussed further in the results and discus-
sion section.
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Table 1 Characteristics of the different moisture meters selected to conduct the survey of moisture distribution in the facades of the

tombs (according to manufacturer’s technical description)

Devices Depth of the measurements Sensibility to
soluble salts

Gann hydromette compact B 2-4cm Strong

Gann Hydromette UNIT with active electrode B50 12cm Strong

Moist 2010 hf Moist R2 head sensor 7cm Low

Moist 2010 hf with Moist P head sensor 30cm Low

Dynamics of moisture and soluble salts transport

in the necropolis

Located at one of the lowest points of the archaeological
site, the necropolis acts as a “water tank” where rainwater
that flows from the ancient city accumulates. The rain-
water flows mainly from the three accesses which con-
nect higher points of the ancient city with the necropolis,
located to the east, west and north. The rainwater flowing
from the ancient city usually stops at the lowest point of
the necropolis, at the crossroads of the Via di Nocera (the
street to the north that leads to the city through the Porta
Nocera) and the Via delle Tombe (the road that crosses
the necropolis from west to east). The survey on water
flow carried out by the PSPP shown in Fig. 3 illustrates
how water circulates and accumulates in the necropolis
during rainy events.

Moisture and soluble salts transport dynamics

in the tombs

Moisture and soluble salts distribution

In order to get first in situ data about moisture and sol-
uble salt transport dynamics within the masonry of the
tombs, two complementary non-destructive techniques
(NDT) are selected:

Moisture meters aim at conducting a survey of mois-
ture distribution in the tombs’ structures. The selected
device models rely on different technologies and allow
moisture to be measured at different depths (see Table 1).
According to the technology of measurements, the values
measured may be more or less affected by the presence of
soluble salts.

Passive infrared thermography is used to highlight the
surface areas related to a certain range of evaporation
rates. It can give complementary data as the moisture
content of porous materials is strongly related to surface
temperature. Enlargement of moisture near the surface
will lead to a local decrease of temperature due to evapo-
ration [23].

Used together with moisture meters that provide quan-
titative data on moisture distribution, passive IR ther-
mography can be a helpful tool to support the analysis.

The survey using moisture meters was carried out in
April 2019 and the survey using passive IR thermography

at the end of September 2019. For both time periods, the
measurements were taken in the morning, after a rainy
night. The surfaces selected for the measurements are the
north fagade of tomb PN-EN 04 and the south fagcade of
tomb PN-EN 14. The choice of these two measurement
areas is justified by the desire to obtain comparative data
between a south-facing and a north-facing surface, but
also by the fact that both facades still present large square
meters of complete rendering. Moisture meter data were
taken in direct contact with the intonaco, yielding infor-
mation for similar depths of the wall structure(s) for both
facades. The data obtained for both moisture meters and
passive IR thermography were converted into color scales
in order to obtain comparative visualization maps.

Effective porosity and water transport properties

Effective porosity (i.e. the ratio of pore spaces accessible
by fluids and gases), and water transport properties are
key factors to understand moisture transport but also to
assess the mechanical properties, the durability and the
compatibility of the tombs’ building materials [24].

The effective porosity of each single building material
that constitute the tombs (terracotta brick, travertine
stone, lava stone, bedding/jointing mortar, render lay-
ers) is measured in laboratory using the method of total
immersion under vacuum according to standard DIN EN
1936:2006 [25] by testing material fragments collected
at the bases of the tombs. This test method consists in
defining the effective porosity of the material samples by
means of their apparent and real densities. Apparent den-
sity (p,) is the ratio of the mass to the apparent volume
(volume including pore space) of the sample whereas real
density (p,) is the ratio of the mass to the real volume
(apparent volume minus the volume of the pores spaces
accessible to water)—both ratios expressed in kg/m? [26].

Real density is calculated by means of the following
formula:

[ MO x Dw]
Pr="M0 = Mw
And apparent density:
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Fig. 8 Measurements of Water Capillary Uptake using Karsten Tubes
in the arriccio 0 and arriccio 1 render layers

MO x Dw

[Pa— Ma — Mw

where M, is the initial mass of the dry sample, M, the
mass of the water saturated sample in air, M,, the mass
of the immersed sample in water and D, the density of
water at a given temperature (DIN EN 1936:2006).

Once real and apparent density are defined, the effec-
tive porosity (expressed in %) can be calculated by
means of the following formula:

% = 1 22| 100
¢(0)—[—E]X

The methodology of the measurement of the effective
porosity according to standard DIN EN 1936:2006 is
the following: the material samples are dried in an oven
at 40 °C until they reach constant weight (M,). The
samples are then stored in a vacuum with a constant
pressure of 20+7 mbar (appx. 2 h) to remove the air
from the pores. Deionized water is then slowly added to
complete immersion of the samples. After 24 h, the sat-
urated samples are removed from the water and surface
liquid is wiped off using a wetted tissue. M, is measured
on a balance, followed by weighing under water (the
sample fixed to the bottom of the balance) to measure
M,,.

W
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Fig.9 Tomb PN-EN02. Measurements of Water Capillary Uptake
using basin method in the cocciopesto protective layer

; bk
Fig. 10 Tomb PN-EN12, East facade. Measurements of. Water
Capillary Uptake using Contact Sponges in the intonaco render layer
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Fig. 11 Measurements of Water Capillary Uptake on a sample of
terracotta tile, according to DIN EN 52617

Fig. 12 Measurements of Water Capillary Uptake on a sample of
intonaco render layer, according to DIN EN 52617

A combined program of field and laboratory meth-
ods to define the water capillary uptake of the materi-
als is set up. On-site, contact sponges method (CSM)
and Karsten tubes (KT) are selected to measure verti-
cal surfaces (Figs. 8 and 9) and impermeable basins for
horizontal surfaces (Fig. 10). In laboratory, capillary
water uptake measurements are carried out following
the standardized test method DIN EN 52617 [27] on
material fragments (Figs. 11 and 12).

CSM is able to measure the initial water uptake of
dense material with high accuracy but it is not suita-
ble for measurements over long periods and on highly
porous materials, due to the limited water capacity
of the sponge. On the other hand, KT has the capac-
ity of measuring more porous materials with longer
contact times [28]. Water basins on horizontal sur-
faces, constructed with the help of sanitary cement
(i.e., long-term plastic material), are the least reliable
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method because it is difficult to produce an accurate
contact area and water evaporation is not accounted
for in absorption capacity measurements. Therefore,
the results of these measurements should be taken with
caution. They nevertheless give an approximate idea of
the water uptake of the materials tested.

The Karsten tube (Fig. 8) has a graduated scale on its
top. The open cylinder is fixed to the material surface
using plasticine. Once fixed, the tube is filled with dis-
tilled water. Water uptake is measured versus time.
The evaluation of the capillary water uptake coefficient
(w-value) using KT is conducted by the computer pro-
gram Calkarow [29]. This calculation program is based
on the assumption of uniform, direction-independent
liquid propagation in the porous structure according
to capillary law regularity [30]. KT is used for measure-
ments on arriccio 0 and arriccio 1 render layers (Fig. 8) as
well as on volcanic stones from the tombs’ masonry.

CSM uses a sponge contained in a circular contact
plate. The diameter of the sponge corresponds to the
inner diameter of the circular plate whereas the height
of the sponge exceeds of a few mm that of the contact
plate. For measurements, the sponge is filled with water
and weighted together with the contact plate (w,). The
sponge (together with the contact plate) is pressed manu-
ally against the surface of the material to be measured
until the edge of the contact plate touches the surface.
The sponge is kept in contact with the surface of the
material for 1 min, then removed and directly weighed
again on the precision balance (w,). The w-value of the
material measured is calculated according to the follow-
ing equation, where A equals the surface of the sponge of
0,002,376 m* [28].

w— value = 22" ¢
A

CSM measures are carried out on the surface on the
intonaco and on the dense surface of the mortar of the
joints from the tombs’ masonry. In order to obtain a set
of comparative results, several surface areas on the dif-
ferent tombs are measured. Measurements are taken on
surfaces considered to be in good condition, i.e. without
cracks or asperities visible to the naked eyes.

Small basins of 25 cm? and 100 cm? using plasticine
are created to measure water capillary uptake on hori-
zontal surfaces of the tombs’ construction materials.
Measurements on horizontal surfaces are carried out to
obtain data on the water uptake of the cocciopesto layer
that should protect the top of the tombs to block rain-
water infiltration (Fig. 9). As the cocciopesto layers pre-
sents deterioration patterns such as cracks and lacunas,
measurements are also taken on horizontal surfaces of
the underlaying construction materials of the tombs,
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namely bricks, lava stones, and pointing/jointing mortar.
As stated before, basins method is the less reliable of the
three test methods selected for water capillary uptake
measurements. It gives however a rough idea of the water
uptake of the different materials. The basins are filled
with 100 ml of water (for basins of 25 cm?) and 50 ml (for
basins of 100 cm?) until the water is completely absorbed,
or, if not fully absorbed after an hour, the excess of water
is removed and deducted from the initial water quantity.

As the curve of the water uptake (kg/m?) versus time
(4/t) should be linear, the capillary uptake coefficient w
can be calculated by the slope of the straight line, formu-
lated by the following relation (31):

my
7

where m,, is the surface related water absorption (kg/m?)
and ¢ is the absorption time (/)

Capillary water uptake measurements in the laboratory
on samples from the tombs’ building materials are con-
ducted according to the standard DIN EN 52617 [27]. To
obtain the best accuracy, the samples must have a regu-
lar shape with a defined soaking area. Thus, the edges of
the material samples are cut using a grinder. For sam-
ples of decorative render, each layer—arriccio 0, arric-
cio 1 and intonaco is detached from each other to obtain
separate results. The sample is positioned vertically on a
metal grid, in a water filled glass container. After weigh-
ing the dry sample, its surface is brought into water con-
tact, simultaneously starting a stopwatch. The sample is
weighted on a precision balance at separate time inter-
vals. Measurements end when the water has reached the
top of the sample (Figs. 11, 12).

As for field methods of KT and basins, calculation
method of water capillary uptake is based on the curve
of the surface-dependent water absorption curve [kg / mz}
versus square time [Js} that is usually linear. The water
uptake coeflicient (w-value) is calculated by the slope of
the straight line:

w {kg/mzho’s] =

myy
Vt

where m,, is the surface related water absorption (kg/m?)
and ¢ is the absorption time (/)

w {kg/mZho’s] =

Sampling of materials and soluble salt analyses

In order to get a better understanding of the salts that
are causing damages to the ancient tombs, small mate-
rial samples were taken for laboratory analysis. As seen in
Figs. 13-14, different types of samples were taken:

« Efflorescence samples are taken on the south and east
facades of tomb PN-ENO06 (respectively on the sur-
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Fig. 13 Tomb EN12, south facade. Detail of the sampling area of the
crust formed at the surface of the arriccio render layer

Fig. 14 Tomb EN10, south facade. Detail of the sampling area of
soluble salt efflorescence on the surface of the intonaco render layer

faces of a brick and a volcanic stone), as well as in
surface (Fig. 14) and sub-surface (behind a scale) of
the intonaco on the west and south facade of tomb
PN-EN14. The samples are qualitatively analyzing
on-site using Merck® analytical strips and precipi-
tation tests to get a first indication on the nature of
salts in presence. The analyses are conducted directly
on site (sampling time: April 2019).
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Fig. 15 Tomb EN14, south facade. Area of sampling of powder
material and of drilling resistance measurement using the apparatus
DURABO®

« Drill powder samples are taken in several areas, cho-
sen according to the degree of deterioration and the
values given by the capacitance moisture meters.
The drillings are undertaken with the use of a drill-
ing resistance apparatus DURABO® with the aim of
comparing the mechanical resistance of the material
in relation to the quantitative salt load at different
heights and depths (max 38 mm deep) in the south
facade of tombs PN-EN14 and PN-ENO06 and the
north facade of tomb PN-ENO4 (Fig. 15). The sam-
ples are qualitatively and quantitatively analyzed in
laboratory by the determination of hygroscopic mois-
ture content (HMC) according to standard ONORM
B 3355 [32]; of electrical conductivity using a Hanna®
HI 9033 device; and by the use a spectrophotometer
DR600 UV-VIS from Hach®. The spectrophotometer
allows to detect only the anions of the salt mixtures
present in the samples. The analyses are conducted in
the laboratory (sampling time: September 2019).

+ Surface material samples are mainly taken from the
weathering crust that has formed at the surface of
render layers and masonry on the south facades of
tomb PN-ENO6, 10, 12 and 14 (Fig. 13). The samples
are firstly visually analyzed under a Leica M205C
microscope. The hygroscopic moisture content
(HMC) according to standard ONORM B 3355 [32].
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Semi-quantitative salt analyses are conducted using
Merck® analytical strips and qualitative analyses are
performed out by precipitation tests. The analyses
are carried out in the laboratory (sampling time: Sep-
tember 2019).

Hygroscopic moisture content (HMC) is defined for
drill powder and surface material samples according to
standard ONORM B 3355 [32]. The test method aims at
identifying of high moisture content—thus the presence
of hygroscopic salts in the material sample. HMC values
will allow the selection of samples for further quantitative
analyses.

The test method consists in firstly weighting the sam-
ples as soon as they come to the laboratory. The samples
are then dried at 60 °C until they reach constant weight
(my). After drying, the samples are stored under constant
relative humidity and temperature of 85% RH and 20 °C
until they reach constant weight. Constant RH of the
storage environment is reach thanks to a saturated solu-
tion of potassium hydrogen sulfate (K,SO,). HMC values
are defined by the following equation:

Am
HMC = — x 100
mq

Were Am is the mass gain by the sample and m,; the dry
weight of the sample.

Electrical conductivity measurements (EC) are con-
ducted with the device HI9033 from HANNA®. EC
measurements gives a first indication of the whole ionic
strength of samples’ solution [33]. The dry samples are
solubilized in 50 ml, 75 ml or 100 ml deionized water
depending on their weight. As deionized water is not
conductible an increase of conductivity values of the
sample’s solution is a signal of the presence of salt ions.
Samples with high EC values are selected for further
quantitative analyses.

Merck® analytical detection strips give ions concentra-
tion and pH values of the samples’ solution according to
the change in color of the test surface. Concentration val-
ues are given in ppm which corresponds to mg/1.

Precipitation tests are used as qualitative analyses
to detect salt ions in the samples’ solution. The princi-
ple of precipitation test is based on highly soluble com-
pounds formed from clear salt solutions when brought
in contact with ion specific reagents. By adding a few
drops of an ion specific reagent, the intensity of the
precipitation reaction can be qualified visually using a
scale symbolized by () for no precipitation, (+) for low
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Fig. 16 Tomb PN-EN14, south facade. Survey of moisture distribution
using the device Gann Hydromette Compact B. Each range of value
(in digits) corresponds to a color (see legend)

precipitation and (++) for intense and (+++) for very
intense precipitation.

Quantitative tests are carried out using a spectro-
photometer DR600 UV-VIS from Hach®. The spectro-
photometer measures the level of intensity of the light
absorbed after it passes through the sample solution, on
the principle that every chemical compound absorbs or
transmits light over a certain range of wavelengths. Thus,
the concentration of ions in the solution can be deter-
mined by measuring the intensity of the light absorption
of a specific ion complex or, as in the case of nitrate, by
the absorption of the ion itself.

Results and discussion
In the following section the result from the in-situ analy-
sis and laboratory research are presented and discussed.

Porosity and water transport

The survey of water transport dynamics in the necrop-
olis of Porta Nocera has highlighted the areas where
water stagnates during rain events. A large zone of stag-
nant water tends to form in front of the group of tombs
selected for this study. This stagnant water can be detri-
mental to the conservation of the tombs because much
of this water loaded with soluble salts must be absorbed
by the ground and conducted into the foundations of
the tombs, increasing the risk of salt transport in the
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Fig. 17 Tomb PN-EN14, south facade. Survey of surface temperature
distribution using passive IR thermography. The color scale in relation
with temperature is given on the right side of the image

masonries by capillarity. Signs of moisture supported
salt transport by capillarity are highlighted by the inves-
tigation on moisture distribution in both tombs’ facades
combining moisture meters and IR thermography
(Figs. 16, 17). The measures show the presence of two
moist and salt loaded horizons in the southern facade
of tomb EN14, located at dynamic equilibrium heights
between 50 to 90 cm and 150 to 200 cm from the ground
with an approx. overall height of the wall of 300 cm.
Without the presence of soluble salts, the height reached
by rising damp would oscillate in between 15 and a maxi-
mum of 100 cm. The fact that the salts are subject to
deliquescence contribute to their mobility in the porous
materials and increase the height of the capillary fringe
[12]. Similar horizons are also clearly visible on other
facades of the group of tombs where the masonry shows
sanding deterioration linked to soluble salts activity.

With regard to the effective porosity and apparent
density of the materials that constitute the masonry of
the tombs (Fig. 18), results of the test show that there is
great compatibility between the terracotta tiles, the joint-
ing/bedding mortar and the travertine stone. All of these
materials can be considered highly porous with effec-
tive porosity values of up to 37% for the tiles and for the
jointing mortar and up to 44% for the travertine stone.
Lava stone is by far the densest material in the masonry
of tombs with an apparent density of 2490 kg/m® and an
effective porosity of approximately 12%.

Concerning the render layers (Fig. 19), results show
good compatibility between both arriccio layers with
an effective porosity of approximately 36% and the tiles,
jointing mortar and travertine stone in contact.

Greater differences in porosity values between the
arriccio layers and the lava stones that make up the



Kilian et al. Heritage Science 2023,11(1):72 Page 12 of 21

TOMB EN04-06 MATERIAL
FRAGMENTS

W Apparent density g/cm®  m Real density g/cm®  m Porosity V-% 20,00

45,00

40,00
35,00
30,00
25,00 ;?
20,00
15,00
10,00
,00
0 0,00

Plaster FO6 Terracotta tile FO7Lava stone FO8 Joint mortar FO5 Travertine FO2

2

g/cm?
= J
(9] N (9]

=

0,

w
w

Fig. 18 Apparent density, real density, and effective porosity in relation to samples of material fragments
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Fig. 19 Apparent density, real density, and effective porosity in relation to samples of render layers

facings of the tombs reflect a lower compatibility between While the effective porosity of building materials can
the two materials. give a first indication of the capacity of these materials

The two arriccio layers have similar effective porosity  to absorb water, this value is not sufficient to properly
values, while the intonaco is denser (2000 kg/m?) and less ~ understand the water transfer system within such com-
porous (ca. 23%), but it can still be considered as a highly = plex structures. The absorption capacity of a porous
porous material.
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Table 2 Results of Capillary Water Uptake coefficient-w of the tombs’ building materials using on-site and laboratory measuring

methods

Masonry w-values on-site [kg/m2h®*] w-values laboratory [kg/m2h®*]

Methods Basin CS KT DIN 52617
Lava stone 6.1 - 2.8 -
Travertine - - X 17
Brick/tile 9,1 - - 14
Joint mortar 20 0,2-06 - 17
Cocciopesto 0,8 - - -

Render layers w-values In-field [kg/m?h%°] w-values Laboratory [kg/m?h®?]

Methods Basin cs KT DIN 52617
Render layer Arriccio 0 - - 1.9 17
Render layer Arriccio 1 - - 43 12
Render layer Intonaco - 0.1-0.7 - 9
Whole render system - - - 19

KT Karsten Tubes, CS Contact Sponge, Basin in-situ measurement in area of horizontal surface

8 9 10 1 12 13 14 15 16 17 18 19 20
w-value

JESUBEREY

Fig. 20 Left: vertical section in brick masonry. Right: vertical section in lava stone masonry. The materials are colored according to the w-value. The

red dotted lines indicate possible water transport barriers

material depends not only on its degree of porosity, but
also and above all on the pores size distribution.

Regarding inorganic materials, the pore size can be
classified in three categories: macropores (@>1 mm);
micropores (@ =0.1 mp—1 mm); nanopores (@ <0.1 mp).
Micropores are mostly responsible for capillary water
transport mechanisms [12].

The results of the measurements (Table 2) of water cap-
illary uptake (w-value) of the tombs’ building materials
lead to the following conclusions (see schematic visuali-
zation of the water transfer system in Fig. 20):

+ Rising damp, i.e. the infiltration of water on the
masonries through the soil is facilitated by the
hydraulic mortar used as bedding and jointing mor-
tar for the lava stones, whose w-value is really high
(17 kg/m>h®%). The terracotta tiles used to build the
corner chains (w-value=17 kg/m*h®®) of the tombs
and the travertine stones (w-value=14 kg/m?h®®)
will also highly contribute to the capillary rise of
water in the masonry.

+ The original render system, with the dense and pol-
ished surface of the intonaco layer (w-value between
0.1 and 0.7 kg/m>h®®) provides a good protection for
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the masonry of the tombs against the penetration of
water from wind-driven rains. Nevertheless, for this
protection to be efficient, the three-layers render sys-
tem requires unity. As soon as deterioration (cracks,
lacunas) in the intonaco’s surface exposed the really
absorbent underlaying arriccio layers (w-value of the
mortar mass of arriccio 0=17 kg/m>h®® and arric-
cio 1=12 kg/m>h®®), a high quantity of water will be
absorbed in a short time.

+ The water capillary uptake measurements taken on-
site show possible water transfer barrier at the inter-
faces of the render layers (red dotted lines in Fig. 20).
This is suggested by the lateral spreading of the
water when it reaches the underlying render layer.
This lateral spread of water is due to the procedure
of smoothing of the render layers, which has led to
binder-rich and low porous surfaces. The same phe-
nomenon is observed at the interface between the
first preparing layer (arriccio 0) and the masonry of
lava stones. This might be also due to the smooth-
ing of the jointing mortar surface (w-value=0.4 kg/
m?h®°) or the by the lower water absorption capacity
of the lava stones (w-value=2.8 kg/m?h®°). Conse-
quently, these water transfer barriers may lead to the
accumulation of water between the render layers as
well as at the interface between the render and the
tombs’ masonry in case of rain events. These inter-
faces may be preferential areas for the accumulation
of soluble salts [34].

« The transfer of water between the masonry built up
with travertine (EN_12) as well as with terracotta
tiles (mainly corner chains of all tombs) and the pre-
paring render layer (arriccio 0) should be allowed in
both directions, i.e. from the masonry towards the
render and vice versa, since all materials are in the
same range of w-values.

« The cocciopesto layer that should protect the tombs
from water infiltration from above seems to be effec-
tive thanks to its low w-value (0.8 kg/m?h®®), but
many gaps and cracks in the mortar most certainly
reduce the effectiveness of this protection.

Materials and soluble salts
Salt analysis provides a picture of the nature and distribu-
tion of soluble salts in the structure of the tombs.

The observations of the surface material samples
under microscope systematically show a thin to a thick
salt crust at the material surface and the presence of salt
efflorescence at the backside (Figs. 21, 22).

The results of semi-quantitative salt analyses for the
surface material samples confirmed the presence in high
quantity of soluble nitrates and chlorides in the brick and
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Fig. 21 Detail under microscope of the gypsum crust at the surface
of a sample of a brick from the facade south of tomb PN-ENO6. The
surface is bulged and cracked. White salt crystals from subflorescence
can be seen in the crack

Fig. 22 Detail under microscope of white salt crystals at the backside
of sample of brick material (same sample as Fig. 18)

joint mortar of the masonry. As seen in Table 3, soluble
nitrates and chlorides are also detected in the material
sample of the arriccio 1 render layer while only nitrates
are found in the intonaco. Soluble sulfates appear in a
lower concentration in all samples of surface materials.
In situ qualitative sub-florescence analyses indicate the
presence of sodium sulfate, a particularly damaging salt
type.

The presence of high concentrations of sulfate anions
and calcium cations (revealed by the semi-quantitative
analyses of the salt crust from the surface material
samples) indicates the formation of gypsum (Table 4),
although the original, ancient render and masonry
contained no gypsum, as confirmed by mortar analysis
[22].
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Table 3 Result of semi-quantitative salt analyses for the surface material samples solubilized in 2 ml demineralized water

Sample cl- S0,>~ NO,~ Na*t K+ Mg?t Ca* pH HMC [Wt.%]
[ppm]/(=Wt.%)

OF1 Brick ++ + ++ + - ++ + 55 ++

OF2 Joint mortar ++ + ++ + - ++ + 55 +++

OF4 Intonaco - + +++ + - + + 55 +

OF5 Intonaco - + +++ + - + + 55 +

OF6 Arriccio 1 + + ++ + - + + 6.5 ++

OF8 Grout (restoration) ++ - ++ - - ++ ++ 6.0 +++

Table 4 Results of semi-quantitative salt analyses for the surface
material samples solubilized in 15 ml demineralized water

Sample S0,%~ Ca®t pH
OF1 Brick +++ +++ 50
OF2 Joint mortar ++ +++ 55
OF4 Intonaco +++ ++ 55
OF5 Intonaco +++ ++ 5,5
OF6 Arriccio 1 +++ +++ 7,5
OF8 Grout (restoration) + + 55

The salt load profiles given by the analyses of the
depth powder samples taken directly in the masonry
and the decorative render of the tombs confirmed the
presence of sulfates at the materials surfaces. Soluble
nitrates and chlorides are systematically detected in

high quantity deeper in the masonry between 10 and
40 mm (Fig. 23). In contrast, only low concentrations
of soluble nitrates and chlorides are found in the depth
powder samples taken in the render layers. This, despite
the fact that the render surfaces show deterioration
typically related to soluble salts. The measurements of
drilling resistance taken while sampling the material
powder show systematically detachments between the
render layers, even from the masonry and the arriccio 0
and/or between both preparatory layers of arriccio and/
or between the intonaco and the arriccio 1.

With regard to these results and the observations of
the deterioration patterns made on-site, it can be con-
cluded that soluble salts are responsible for the partial
detachment of the material surfaces in layers (delami-
nation). The mechanisms that lead to this deterioration

SALT LOAD TOMB EN_06(S]
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Fig. 23 Salt load for depth-profile S4 taken in a brick from the masonry of tomb PN-ENO6, facade south
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Fig. 24 lllustration of the successive phases of deterioration that lead to the partial detachment of the material surfaces

develop in several phases, graphically illustrated in
Fig. 24.

In Phase 1, gypsum aggregates at the surface of the
building materials in contact with the atmosphere. It is
formed by the transformation of calcite (CaCO;) con-
tained in the joint mortars and renders into gypsum by
dry or wet deposition (acid rain) of sulfur dioxide (SO,).
For this transformation to take place, two key character-
istics are necessary [35]. First, moisture must be available
at or near the porous surface. Second, there must be an
oxidation reaction to convert SO, to sulfuric acid or to
convert an intermediate sulfite salt to a sulfate (calcium
sulfate dehydrate).

The gypsum accumulation can lead to hardened and
denser surfaces [19], creating crusts which decrease the
materials surface porosity [6]. With the formation of
these crusts, the evaporation of moisture from the sur-
face is reduced and consequently the risk of enhancing
sub-florescence increases [24, 36].

In Phase 2, hygroscopic chlorides and nitrates pen-
etrate the tombs from the soil and come up into the
masonries by capillary rise and recrystallization. These
salts tend to accumulate in two horizons, located approx-
imatively between 50 and 90 cm and 150 cm and 250 cm
from the ground (both horizons detected with NDT
methods). However, most of these highly hygroscopic
saline solutions might not cause noteworthy decay, as
they would need an exceptionally dry climate for their
crystallization [15]. On the other hand, non-hygroscopic
sodium sulfate, certainly coming mainly from previous
interventions containing cement, and accumulating as
sub-florescence (Figs. 21, 22), can create high mechanical

pressures underneath the surfaces while they go in and
out of solution. Sodium sulfate is particularly damaging
as it possesses two crystalline, solid phases: thenardite
(Na,SO,) and mirabilite (Na,SO, * 10 H,0) [37, 38] The
hydration pressure of the mirabilite is the most destruc-
tive since its molar volume is greater than that of therna-
dite. Sodium sulfate salt can increase in volume by more
than three times when thernadite dehydrates to mirabi-
lite [39]. The mechanical stress induced by changes in the
hydration state of the crystalline salts leads to cracking,
scaling and partial detachment of the surfaces.

In Phase 3, the accumulation of soluble salts in sub-
surface continues to cause surface detachment, leaving a
more porous surface that has loss cohesion (sanding).

Phase 4 is the final state where the surface is completely
gone, and the dissolution-crystallization and hydration-
dehydration cycles of the soluble salts continue to pro-
ceed the granular disintegration of the material.

This process starting from the intonaco, consumes the
render layers progressively and continue with the build-
ing materials of the tombs’ masonry. The repetition of
the process is made possible by the systematic reforma-
tion of the gypsum crust on the surface exposed to the
atmosphere.

The phenomenon of delamination is especially to be
observed on the tombs’ facades oriented south, as they
are particularly subject to strong variations in tempera-
ture and relative humidity due to their frequent exposure
to the sun. Salt deterioration occurs during dissolution—
crystallization cycles that take place under specified
hygrothermal conditions that are specified from the salt
mixtures in presence. Thus, large and fast fluctuations of
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Fig. 25 Sampling area for samples OF4 and OF5, which shows
significant deterioration by soluble salts. The red dotted arrow
indicates the successive phases of transformation of the lime mortar
surface into a gypsum crust

Fig. 26 Tomb PN-EN14, west facade. Detachment of the intonaco
render layer from the arriccio with ca. 0.5 cm gap

relative humidity and temperature result in more dam-
age than minor and slow fluctuations [6]. On the north
facades the gypsum crust seems less likely to form.

The chemical conversion of calcite into gypsum can be
easily observed on the surface area of the intonaco from
the tomb EN14 southern facade. Here, the gypsum crust
has not yet detached from the substrate and the surface
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area shows perfectly the transition of the healthy surface
into a gypsum crust (Fig. 25).

Although the role of soluble salts in the delamina-
tion mechanisms that happen at the material surfaces
is clearly defined, questions remain as to their contri-
bution in the process of separation of the render layers
from each other and from the masonry substrate. This
mechanism of deterioration is another important issue
for the stability of the render, as the layers can detach
up to several centimeters (Fig. 26) and many areas of the
render threaten to come off completely. As discussed
above, the water transfer barriers observed at the inter-
face between the render layers might be preferential
zones for the accumulation of soluble salts and so for
the deterioration of the mortar that would increase the
detachment between the render layers. While the drill
resistance measurements show systematic detachments
between the render layers, the quantitative analyses of all
drill powder samples taken through the detached render
layers, show surprisingly low concentrations of soluble
salts. These results have so far not been explained. One
possible hypothesis would be that the voids created by
the detachments inhibit the transport of soluble salts
from the masonry through the successive render layers,
concluding that grouting might accelerate decay in some
areas. This should be a topic for further research.

Recommendations and further research

The approach of the PSPP to conservation is based on
two precepts: the long-term preservation of the tombs
through preventive conservation and the more immedi-
ate necessity to secure areas of render that risk detaching
completely from the substrate through “first aid” reme-
dial treatments. Remedial treatments should be limited
to the most serious emergencies in order to gain time
to think and to plan preventive conservation actions in
combination with direct conservation interventions, such
as cleaning, edge repairs, etc. which are carried out by
the Parco Archeologico Pompeii. This is because a strat-
egy that focuses on addressing the causes of deterioration
is certainly “more effective, including cost effective than
to attempt to strengthen against unrelenting inimical
forces” [40].

Addressing the causes also means lowering the harmful
effects of soluble salts. The conservation treatments car-
ried out by the PSPP in its summer academies to secure
the render by filling the voids with hydraulic grout-
ing mortar and close the open edges of the render, have
shown their efficacy but also their limits in the areas
with high concentration of soluble salts. The monitor-
ing of previous interventions shows that in a few restored
areas where salts are prevalent, these irreversible inter-
ventions may have worsened the condition of the render.
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Fig. 27 Schematic of long-term monitoring and conservation
strategy plan for tomb D-N. Courtesy of Michette et al. 2018 [6]

One hypothesis is that re-bonding the render layers and
the closing of open edges with lime mortar, establishing
a new connection between the masonry and the render
layers, will increase the transport of soluble salts through
the render. This may accelerate the mechanisms of render
detachment and delamination. However, further research
is needed to confirm this assumption. More analyses of
deep powder samples taken from areas where render
layers were secured with grouting are needed, in order
to gain more information on salt distribution within the
grout and render layers. If the hypothesis of new connec-
tions between the detached render layers, giving a new
path for soluble salts through the render, is confirmed,
the systematic use of grouting and restoration mortar will
have to be reconsidered and other reinforcement meth-
ods, for example mechanical reinforcement methods like
clamps, may provide an alternative. This is a research
topic to be further investigated.

Since the presence of liquid water is essential for any
type of salt activity, preventive measures have to be con-
sidered. One important measure in order to slow down
degradation is therefore to reduce the impact of water
on the ancient structures. There are different options like
building shelters [41, 42] or repairing the existing roofs
and trying to prevent rising damp from the ground.

Research on preventive measures to preserve tombs
from water intrusion and soluble salts have also been
conducted in the framework of the PSPP, mainly on two

! Together with researchers from Technische Universitit Miinchen, see Fonti
(41).

% Together with researchers from Fraunhofer Institute for Building Physics
and Oxford University see Michette et al. (6).
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Fig. 28 Child playing on the ruins of the tombs of the Porta Nocera
necropolis, Pompeii

aspects: the design of protective shelters’ and the intro-
duction of damp-proof barriers in the ground.”> Tomb
D-N located on the east side of the necropolis at the so-
called Via Nucerina excavated in 1983 was selected for
the implementation of preventive conservation measures.
The tomb D-N is already protected by a simple shelter
and damp-proof barriers made of natural clay still have
to be placed at the base of the tomb. The protection sys-
tem is equipped with several meteorological sensors to
monitor temperature, relative humidity and soil moisture
(Fig. 27). Once finalized, this system will provide data to
better assess such conservation strategies, not only for
Pompeii, but also for other archaeological sites.

For now, simple remedial and preventive measures
could be implemented to prevent further degradation of
the decorative surfaces of the tombs. Measurements of
capillary water uptake on the cocciopesto that currently
protects most the upper parts of the tombs from rainwa-
ter (recent restoration measure from the twentieth cen-
tury) have demonstrated its low permeability. There are
currently many gaps and cracks in this protective layer on
most of the tombs that should be repaired with a mor-
tar compatible with the original one. Tests on the prop-
erties and analysis of the original cocciopesto mortar will
have to be conducted in order to develop a suitable repair
mortar. This also applies to the deteriorated cornices of
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the tombs that play a significant role in protecting the
upper part of the tombs’ facades.

The results of the diagnosis of the decorative surfaces of
the tombs presented in this study highlights the vulner-
ability of the southern facades to ongoing deterioration
mechanisms related to soluble salt activity. It is therefore
crucial to protect the southern facades from direct expo-
sure to the sun. The authors advise the use of movable
and/or semi-translucent panels for shading. These panels
could also serve as a means to inform visitors of the fra-
gility of the decorative surfaces of the tombs (Fig. 28), as
much anthropic damage in Pompeii could be avoided if
visitors of the site were better informed about the vulner-
ability of the architectural surfaces [43]. The design of the
panels and the materials to be used in their conception
also need further research.

Finally, as the survey of water flow in the necropolis
has shown, there are many areas on the Via delle Tombe
where water stagnates, increasing the amount of infiltra-
tion of groundwater into the foundations of the tombs.
Thus, it is essential to limit the moisture around the
tombs by improving water management in the area. A
simple measure would be to level the ground of the road
regularly in order to avoid the formation of new breaches
where rainwater could be trapped. More generally, the
entire water evacuation system of the necropolis may
benefit from a review.

If such measures can help to reduce the intrusion of
moisture and soluble salts into the masonry of the tombs,
they will not be sufficient to completely stop the deterio-
ration caused by salts. This is because salts already pre-
sent in the masonry are deliquescent. Therefore, with the
fluctuations in relative humidity and temperature, which
are almost uncontrollable in an outdoor environment,
they will continue to move and exert mechanical stresses
by moving from solution to solid. Thus, there is an urgent
need for further research on salt reduction methods to
extract salts from the masonries and to identify conser-
vation measures which are durable in highly salt-laden
monuments.

Conclusions

Through the use of non-destructive and less destruc-
tive test methods on site and in the laboratory, this
study has highlighted the mechanisms of moisture and
soluble salts on deterioration of decorative surfaces of
a group of tombs from the necropolis of Porta Nocera.
Gypsum is formed by the deposition of sulfur dioxide on
the surface, resulting in reduced porosity and hardening
of the surface. Soluble nitrates and chlorides penetrat-
ing the tombs’ masonry from the ground are transported
through the render layers causing damage by crystallizing
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in the subsurface. The crystallization—dilution cycles
of the soluble salts cause major mechanical pressures,
leading to the progressive destruction of the decorative
renders. Therefore, special attention should be given
to preventive measures to slow down the deterioration
processes and new ways of securing delaminated plaster
should be further investigated.
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