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Abstract

Non-desalinated and desalinated fragments of Iberian, Italic and Tarraconensian amphorae sherds,
found in different underwater marine environments, were compared to determine both their state of
conservation and the decay caused by salt crystallization. Polarizing light and fluorescence optical
microscopy, scanning electron microscopy coupled to energy dispersive X-ray spectroscopy, X-ray
diffraction, ion chromatography and mercury intrusion porosimetry tests were conducted on the
samples. Non-desalinated samples or samples in which desalination was not wholly effective
exhibit a variety of signs of degradation, especially in those samples fired at lower firing
temperature. Sherds fired at higher temperatures have lower surface area and less connected
porosity, which entail a lower absorption of soluble salts containing water and eventually less
decay. The composition and texture reached with the firing temperature is a key factor on salt
crystallization decay and hence on the durability of these artifacts. This should be taken into

account during desalination procedures that have to be optimized in order to be successful.
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1. Introduction

The recover of archaeological artifacts allows studying their provenance, technologies of
manufacture and understanding the lack of connection of some parts of the history of the human
being. In the conservation of waterlogged artifacts, due to the large amount of material and lack of
scientific knowledge on their physico-chemical properties, the efficiency of methods and products
for desalination and consolidation is still unclear. Accurate methods for each specific object depend
on composition and texture and these must be taken into account in order to select the most

effective procedures.

Archaeological objects made of stone or fired clay are exposed to a number of processes,
mechanisms and causes of decay; some are closely related to the intrinsic properties and nature of
the materials, such as their mineralogy and texture (pores and cracks), while others are induced by
outside agents such as microclimate, environmental pollution or the anthropogenic or natural
surrounding environment (air, water, soil). Salt crystallization in porous materials is one of the
primary causes of stone and ceramic decay, especially in marine environments.'* While salt
crystallization-mediated decay in stone materials has been extensively studied,>” this type of decay
has been less thoroughly analysed in archaeological ceramics, despite the abundance and variety of
such materials found at archaeological sites.'® Studies conducted on salt crystallization-induced
decay in ceramics™ show that the surface finishes and the presence or absence of temper or
degreasing components, barely affect salt crystallization. These components are added to the clay
mainly to provide the paste a better resistance, to support the temperature changes during firing, to
accelerate drying, to decrease the retraction suffered during the drying of the paste or to reduce
excess of plasticity or shrinkage.'**®* Temper or degreasing components could be quartz,
plagioclase, potassium feldspar, rock fragments, sand, powder or fragments of ceramics (grog),
straw, feathers, shales, granulated slags or crushed shells. O"Brien, 1990, concluded that firing
temperature is the main determinant in decay, since ceramics fired at high temperatures are less

porous and consequently less permeable and more durable. However, after conducting his
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experimental study on accelerated ageing induced by salt crystallization, the question of whether the
long-term effects would be the same for ceramics fired at low or high temperatures was left

unanswered.

In another vein, the conservation and decay of archaeological objects vary widely depending on
environmental conditions. Marine environments are characterised by physical (abrasion, transport,
deposition), chemical (dissolution-precipitation, oxidation-reduction) and biological (bacterial or
benthic organism growth) processes. In addition to the prevailing environmental conditions (degree
of salinity and acidity, temperature and thermal variations, type and concentration of soluble salts,
eroding fluid movement, microorganisms, fauna and flora), archaeological remains are affected by
the characteristics of the underlying substrate (soft or hard, type of sediment or rock and the
associated organisms).** Seawater contains different types of salts, most prominently sodium,
magnesium, calcium, potassium and strontium cations and chloride, sulfate, bromide and
bicarbonate anions. These soluble salts in the sea water are absorbed through the pores of the
ceramic artifacts. After centuries immersed in this salty underwater environment, these artifacts
pass to the aerial environment with totally different physico-chemical conditions when are extracted
from the water. Fluctuations of relative humidity and temperature mobilize the absorbed soluble
salts, modify the composition and texture and eventually the salt crystallization process accelerates
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weathering™~ endangering durability of these ceramics.

The main objective of this research is to show the influence of firing temperature on decay caused
by salt crystallization in non-desalinated and desalinated archaeological ceramic amphorae from

underwater marine environments.
2. Materials and methods

2.1. Samples



The underwater marine ceramic amphorae fragments analysed in this study varied in origin and
some of them were subjected to post-extraction desalination process. Samples A-lbe-1, A-Ita-15
and A-Tar-24 were taken from the Cala de Aiguablava classic era anchorage ground at Begur, in the
Spanish region of Catalonia (Fig. 1). All the samples from this site have been subjected to a
desalination process after their extraction from the archaeological site. The desalination process was
carried out in the laboratory of the Centre d’Arqueologia Subaquatica of Catalunya in Girona, by
submerging them in tap water and measuring the conductivity of the water with a conductivity
meter until the readings stabilized.'” By other hand, samples A-Ibe-31, A-Ita-33 and A-Tar-32 are
non desalinated underwater sherds, with an unknown location since these were extracted in the
1970s by fishermen and divers. In this case, these fragments of amphorae have the same historical
provenance than the former mentioned desalinated samples, and these were used in this research in
order to carry out comparative studies. All the samples were exposed to the environmental room

conditions of the lab warehouse where these were stored until the current research.

The approximate age and provenance of the sherds were studied by archaeologists using historic
and archaeological sources.!”*® The sherds denominated samples A-lbe-1 and A-lbe-31 were made
by Iberian potters, whose production sites were located primarily on the east and south of what is
now Catalonia (Fig. 1). They date from the second or first century BC and were possibly used to
store wine or beer. Their main features are the red color, fine texture and the very thin walls of the
vessels (Fig. 2a) and hence their fragility and the importance of the ratio between capacity and
weight of the container. The no desalinated sample A-lbe-31 displays thin flakes on the outer

surface due to salt crystallization decay/processes.

Samples A-Ita-15 and A-lta-33 are sherds of Italic origin. These were made in or around the Italian
region of Campania and date from the mid-second to the mid-first centuries BC (Fig. 1). These
display pale red color and plenty of calcareous concretions on the surface (Fig. 2b). The main
characteristic of these vessels manufactured in the south of Italy was their strength due to their thick

walls able to resist important tractions. Their main problem is the container-content ratio, since
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some shapes could be 1:1, e.g. same weight for the container and same for the content. This ratio in

the world of transport and commerce is very undesiderable.*®

Samples A-Tar-24 and A-Tar-32 are an example of Tarraconensian amphorae. This type of pottery
was made primarily on the Catalonian coast, with the most active production sites located in the
Maresme region near Barcelone (Fig. 1). These fragments date from the mid-first century BC to the
mid-first century AD. The shape is a copy of the Italic amphorae that precede them. The non
desalinated sample A-Tar-32 displays thick flakes on the surface due to salt crystallization (Fig. 2c).

These types of amphorae still had thick walls with large dimensions and high weight.'®

Both Italic and Tarraconensian amphorae were used for wine transport. One important aspect is the
the use of waterproofing materials to cover the internal surfaces of the amphorae to provide an
impermeable inner surface, as can be observed in Fig.2b by the presence of a black color product on
the inner surface of the sherd. The use of waterproofing materials was necessary because the high
porosity of the pottery made them permeable and unsuitable to transport liquids, thus providing
information about the pottery manufacture and the transported materials like wine or oil due to the

remains found in the coatings.?®?®

2.2. Analytical techniques

Polarizing light optical microscopy (PLOM) was carried out mainly to the study of main
mineralogical constituents, physico-chemical weathering patterns and ratio aggregates:paste of the
samples. A digital Micrograph software™ Gatan Inc. was used to measure grain sizes of the
aggregates. Fluorescence light optical microscopy (FLOM) was carried out on the same microscope
and the same samples to observe the porosity on the same areas pictured with PLOM. The samples
were impregned with epoxy resin mixed with flouresceine and the porosity was filled with it. Then,
thirty-micron thin sections of the samples were prepared and dyed with alizarin red to distinguish

calcite from dolomite. These thin sections were studied with an Olympus BX51 polarized light



microscope fitted with an Olympus DP 12 (6V/2.5A) digital camera and a fluorescence illumination

system.

The mineralogical composition of the ceramic samples and the type of salts were determined, and
their firing temperature estimated from mineral paragenesis obtained by X-ray diffraction (XRD),
conducted on a Phillips PW-1710 CuKoa radiation powder diffractometer. The scanning conditions
were 260 angles of 2° to 68°, scan step size 0.02°, scanning rate 2°/min, continuous mode, and beam

intensity of 40 kV and 30 mA.

lon chromatography (IC) was performed to identify soluble salts in all the samples by determining
some anions (CI, NOz, SO,*) and cations (Na*, K*, Mg?* and Ca®"). The method used for
extracting soluble salts was based on an alternative to the method described in the NORMAL
standard* with some additional modifications. Approximately 0.1 g samples were dissolved in 10
ml of Milli-Q ultrapure water and placed for 45 min in an ultrasonic bath at room temperature. They
were subsequently centrifuged for 5 min. at 3,500 rpm and a centrifugal force of 3,400 rfc. The
soluble salts (anions and cations) in the extracted sample were quantified on a Metrohm 761

Compact IC ion chromatograph.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were used
to identify the possible existence of salt subefflorescences under the surface flakes on some of the
samples. The SEM microscope was a JEOL JSM 6400 and the analyses conditions were 0.2-40 kV
accelerating voltage, 6x10™° A current, 10> Torr vacuum, 35 A resolution, 8 mm and 35 kV
working distance and 20 kV accelerating voltage for image acquisition. The spectrometer was a
microanalyser Oxford instruments analytical Inca with a 133 eV-5.39 kV nominal resolution.
Graphite-sputtered flakes taken from the samples were studied in secondary electrons mode. The
elemental composition of some selected components was qualitatively determined by means of EDS

microanalyses.



Mercury intrusion porosimetry (MIP) was used to assess sample pore structure, i.e., total porosity
(P), pore size distribution (PSD) and tortuosity. Readings were taken at pore diameters of 0.005 to
400 um under measuring conditions ranging from atmospheric pressure to 60,000 psia (228 MPa)

on a Micromeritics Autopore 1V 9500 MIP.
3. Results and discussion
3.1. Polarizing light and fluorescence optical microscopy

There are clear differences among the studied thin sections from the three types of amphorae. The
Iberian samples display the smallest size of aggregates and much more quantity of these compared
to the other samples, being the aggregate:paste ratio 3:1 approximately. The main component of the
aggregates is quartz with a fine (min. size 23 um and max. size 185 um approx.) and a monomodal
clast grain size (Fig. 3a). As it has been already noted, this may indicate its adition and mixture with
the clay to improve the mechanical properties of the paste.’*™® Fine veins fill with calcite and
sulfates are observed close to the outer surface of the amphorae. The matrix displays a brown-
reddish color, probably due to the hematite developed during the firing of the pastes® from both
iron oxides and oxyhydroxides present in the clayey raw material.?® In sample Ibe-1, this reddish
color is masking the paste and part of the aggregates. The contact between aggregates and paste is
quite blurred, which may denote a high firing temperature. Some gehlenite crystals can be observed
surrounding the plagioclase crystals in sample A-lbe-1 and this denotes firing temperatures above
800°C. Both Iberian samples display a foliation or penetrative planar fabric notably marked in A-
Ibe-31 (Fig. 3a) where the aggregates and the matrix are oriented in alignment. By other hand,
sample A-lbe-31 displays calcite and phyllosilicates, besides quartz, feldspar, hematite and limonite
gels. The contacts between aggregates and the paste are sharper and the color of the matrix or paste
is more golden brown compared with the blurry contacts and dark red brown matrix of sample A-
Ibe-1, which denotes lower firing temperature in the former and higher in the latter.?” At lower

firing temperatures (800°C) the individual mineral temper grains are easily distinguishable from the
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clay matrix; at higher firing temperatures (1000°-1050°C) the sintering process produces an increase

in the interconnection among these grains and the matrix and the porosity decrease.?**°

The clast grain size distribution is mainly bimodal in Italic and Tarraconensian samples (Fig. 3b and
3c, respectively) with prevalence of both larger and smaller quartz aggregates. This indicates the
presence of clasts deriving from the original clay, the smaller ones, and from the added temper, the
larger ones,*® added to improve the mechanical properties of the pastes. The bimodal grain size
distribution may also indicates the variable crystal nucleation and growth rates, affected by the
temperature, fluids interactions and critical activation energy that needs to be overcome for

nucleation and growth to ocurr.®

In the Italic samples some of the aggregates come from rocks with a basic igneous geological
source (basaltic and andesitic) and calcium plagioclases. The presence of diopside crystals is quite
common, and comes from the raw materials. It is not formed during firing as is also common in
other cases from the transformation of dolomite and silicates.?” However, the diopsides display
coronitic reaction rims due to its amphibolization (hornblende) (Fig. 3b) with their cleavage planes
parallel to the foliation, indicating that these have been affected by the firing temperature. The
amphibolitization of the pyroxene could be produced by changes in oxygen fugacity and changes in
temperature,* producing pseudomorphing. Furthermore, it could be associated to disequilibrium by
retrograde reactions.®! In this case, not in all the cases, the reaction rims could be identified,
however, this reflects the variable degree of fluid infiltration and illustrates the important role that
fluids play in promoting reactions.*® Associated to diopside, agregates of columnar crystals of
wollastonite are ocassionally identified. They display the cleavage planes parallel to new orientated
diopside crystals, suggesting that a reaction process has taken place during firing.3* The
wollastonite is the result of the reaction CaCO3 + SiO, — CaSiO3; + CO, , where the silica from the
matrix is reacting with oxides and hydrous gels and calcium carbonates which break down on

heating to yield wollastonite.*® Locally, gehlenite crystals and pyrite sulfides are also identified. The



presence of gehlenite associated to wollastonite is also common. The size of the aggregates ranges

from min. 82 um up to 500 pm in sample A-lta-33 and up to 800 um in A-lta-15.

There is a bimodal distribution especially clear in the Tarraconensian amphorae (Fig. 3c) which
could mean another level of manufacture technology. Also the shape of the degreasing agents has a
significant effect on some physical properties, such as the ceramic toughness or impact resistance,
especially if the objects had been fired at high temperatures;* higher firing temperatures and finer
fabrics containing less temper material (as the sample A-lbe-1) would be advantageous as well as
platy-shape temper preferable over bulky one. Toughness was a particularly important physical
property in amphorae, which were generally stacked during shipping and thus had to withstand both
the load exerted by the rest of the crocks in the pile and the pressure generated by the content during

transport.*

The Tarraconensian samples have largest grain size of aggregates compare to the other samples,
with minimum sizes of 53 um and 25 pm and maximum sizes of 80 pum and 1390 pum for A-Tar-24
and A-Tar-32, respectively. The presence of preserved (fresh) biotite can be observed in the dark
brown color paste of these tarraconensian amphorae together with calcite. The sample A-Tar-24
display quartz, Na-K feldspars and Na-Ca plagioclases inside a matrix rich in iron oxides and
oxyhydroxides. Two preferential orientations can be observed in the thin sections; one where there
is an alignment of mica minerals and sulfates filling veins parallel to this foliation. A second
orientation of the minerals can be observed overimposed to the first one, where the mica minerals
cut to the first alignment direction. Sample A-Tar-32 displays potassium and sodium (K-Na)
feldspars, anorthite and quartz with crystallographically controlled embayments caused by
corrosion effects® (Fig. 3c). Pre-heating textures are preserved from the geological source area such
as the presence of potassium feldspar twinned crystals which are not redirected by the flow
direction. Illite-muscovite inclusions as a product of serizitation are present in the anorthite
aggregates. Gehlenite is developed by nucleation and progressive aggregation to the grain

boundaries of calcite. Occasional fibrolite needles of gypsum forming elongated segregations along
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the foliation are present. Iron sulphurs are present as disseminated crystals along the matrix.
Besides, an epidotization process is locally affecting the calcium plagioclases. Epidote is one of the
most frequent alteration mineral occurring in processes implying thermal activity. Among them,
factors controlling the chemical composition such as temperature, CO, and O, fugacities act
modifying the Fe, Al, Ca and H ratio in water by changes in partial pressure of CO, gas or
temperature.®® Moreover, it is associated to changes in chemistry of aqueous solutions and
mineralogy during sea water/ceramic interaction, similar to the interaction sea water/ rock.’ It is
very common to find the association epidote-hematite coexisting with iron sulphides as pyrite,
generating enrichments in iron oxides, which have been explained as a result of differences in

oxygen fugacity.*

The presence of different preferential orientations reveals different stages of mineralization. The
first one is associated to the early compactation stage, including compositional bedding due to
different mineralogical associations or different grain sizes. After that, several stages are observed,
such as slight deformation pressure during compactation or crystallographic re-arrangements
associated to heating producing earlier or contemporaneous mineralogical segregations. These
processes act modifying the foliation, such in the case of phyllosilicates developing preferential
orientations.** Moreover, the presence of new mineralizing fluids (for instance sulphides and other
mineral salts) are implied in local deformation processes, mechanical rotation of pre existing grains,

dissolution and new mineral growth.*

The images obtained with fluorescence light on these samples show the porosity of the samples in
green (bright) colour (Fig. 3d-f). It can be seen the difference in the pore size and shape that differ
among the samples and also between samples fired at different firing temperatures. In Ibe-1 and
Ibe-31, some big and elongated pores that are left by the decomposition of carbonates can be
observed (Fig. 3d). The Italic samples display more differences compared to the other samples, they
show a skin serpert shape as a sign of beginning of sinterization (Fig. 3e) whereas tarraconensian

samples still show the evidence of phyllosilicates in their matrix (Fig. 3f). The components of
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ceramic materials are the “fingerprints” of the stable/or metastable solid phase formed during firing
and the production processes of antique ceramics and pottery can be derived from their

assemblage.®
3.2. X-ray diffraction (XRD)

Minerals such as quartz, K-Na feldspard and plagioclase are present in almost all the samples (Fig.
4). By other hand, the identification of hematite in all the samples indicates the presence of iron
oxides in the clay used as raw material. Iron-rich minerals could also be generated during firing of
clay pastes in an oxidising atmosphere, since iron oxides from the raw material may generate in turn
hematite crystals.”> However, it must be taken into account that calcareous lumps in calcium-rich
clay prevent iron fixation in the network of neoformed calcareous silicate and aluminosilicate

lattices and, consequently, inhibit the nucleation of new hematite crystals.*

The main difference between the two Iberian amphorae samples (Fig. 4a-b) lays in the absence in
sample A-lbe-1 of illite, biotite and calcite and the presence of the gehlenite (Ca,Al,SiO7)-
akermanite (Ca,MgSiOy) series of minerals, along with a higher hematite content (Fig. 4a). These
findings may be indicative of a firing temperature of over 900°C.%"***> The presence of micas
(biotite and muscovite), illite and some calcite in A-lbe-31 (Fig. 4b), in turn, would denote much
lower firing temperatures, under 800°C>?"*3, The Italic amphorae (Fig. 4c-d) exhibit high diopside
content (Fig. 4c) which may denote firing temperatures above 900°C.?"?*%® However, as was
mentioned before, in this case diopside seems to come from the raw material and not developed
during firing. The absence of illite and the presence of gehlenite, wollastonite and, in a lower extent,
anorthite and diopside in the samples is a consequence of the reactions occurring when calcium or
magnesium-rich clays are fired above 900°C.?"#4%34>47 Because gehlenite starts to be developed
from 800°C,* its coexistence with illite, micas and calcite on both Tarraconensian sherds (Fig. 4e-

f), suggests firing temperatures of around 800°C.
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Traces of gypsum (CaS0O4-2H,0) for both the desalinated and the non-desalinated Tarraconensian
amphora sherds (Fig. 4ef) were identified. Salts such as, sodium-potassium chloride was also
detected (also called, potassium halite, Ko2NaggCl) in the non desalinated Italic amphorae (A-Ita-
33, Fig. 4d). Presence of other salts could not be disregarded since the detection limit of this
equipment only detects amounts of compounds above 5%. However, taking into account that the
main soluble salts in seawater are chlorides followed by sulfates, as anions, and sodium followed by
magnesium and calcium and potassium, as cations,*® the gypsum and halite detected in these
samples are some of the main salts that might precipitate from calcium sufate and sodium chloride
dissolved in the seawater and absorbed by the sherds during centuries. Due to the lower solubility of
gypsum compared to others salts,> its presence may indicate that it has not been totally removed

during the desalination process in the case of the Tarraconensian sherds.

The presence of rozenite (FeSO4-4(H,0) has been detected in both tarraconensian samples (Fig. 4e)
but mainly in the non desalinated sample A-Tar-32 and in the Iberian A-lbe-31 (Figs. 4e-f and 4b).
Is relatively frequent the presence of sulfate salts found on the artifacts from shipwrecks, like the in
the Vasa, where gypsum (CaSO4-2H,0), natrojarosite (NaFe3(SO4)2(OH)s) and melanterite
(FeSO4-7H,0) were identified; or in the Mary Rose, with oxides like magnetite (Fe3O4) or iron
sulfates like jarosite (KFes(SO4)2(OH)s).”* Ferrous sulfates (such as melanterite and rozenite) are
common weathering products formed during abiotic chemical pyrite oxidation and their

precipitation is dependent on relative humidity and time.>
3.2. lon chromatography (1C)

The IC findings showed that the total soluble salt content in all the samples ranged from 0.16 to
2.35 wt% (Table 1 and Fig. 5). As a rule, the desalinated samples had lower total soluble salt
contents than the non desalinated ones. The sole exception was the Tarraconensian sherds, in which
sample A-Tar-24 had a marginally higher content (0.74%) than the respective non-desalinated

sample, A-Tar-32 (0.65%) and these exhibit very similar percentages of sulfates: 0.42 and 0.38%,
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respectively. The greatest difference between desalinated and non-desalinated samples was
exhibited by the two Iberian sherds. The former (A-lbe-1), with a firing temperature of above
900°C, had 0.53% salt content, while the percentage in its non-desalinated counterpart, with a firing
temperature below 800°C, was 2.35%. Desalination-based differences were likewise observed for
the Italic materials, with A-Ita-15, which was desalinated, containing just 0.16%, compared to
0.83% in the non-desalinated A-Ita-33. The highest percentage of chloride ions (CI) was
determined in the Italic amphora sample A-Ita-33 (0.30%). The high Na* cation content in this
sample (0.20%) would appear to indicate the presence of sodium chloride (NaCl), identified by
XRD as halite (Fig. 4d). This sample also contained a low but nonetheless higher level (0.02%) of
nitrates (NO3’) than the others, whereas it, along with its desalinated counterpart, A-Ita-15, had the
lowest sulfate (SO,%) contents (0.04%). The non-desalinated Iberian sample, A-lbe-31, had a very
high sulfate content (1.95%), which declined substantially (0.29%) in desalinated sherd A-lbe-1.
This can correspond to calcium sulfate but also to magnesium sulfate due to the high amount of
Mg** (0.19%). The high sulfate content in almost all the samples is not totally balanced with the
Ca”" and Mg®* content. Other cations might be present in the samples, such as soluble Fe**, which
would require a special detector coupled to the ion chromatographer in order to be identified, or the

use of other techniques such as the tritation method.

The low firing temperature estimated for samples A-Ibe-31 (<800°C), A-Tar-24 (800°C) and A-Tar-
32 (800°C), may have played a role in the greater absorption of soluble salts and the less elimination
of these ions during desalination. The higher firing temperature (>900°C), estimated for both Italic

amphorae and desalinated sample A-lbe-1, seems to have led to a lower salt content.
3.3. Scanning electron microscopy (SEM-EDS)

The only two samples with flakes were A-lbe-31 and A-Tar-32 (both non desalinated). So, some
flakes from these samples were chosen to study their inner surfaces by SEM-EDS. The SEM images

and EDS analyses of sample A-1be-31 revealed the presence of gypsum crystals (Fig. 6a-c), as well
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as incrusted ceramic particles that were pulled off during the crystal growth of gypsum

subefflorescences underneath the flakes (Fig. 6b).

In the sample A-Tar-32 signs of crystallization processes can be observed (Fig. 7a) and the EDS
analyses show the presence of sulfur (S) and iron (Fe) (Fig. 7b), indicating the precipitation of
pyrite (FeS,). Analyses of marine archaeological wood from shipwrecks in the Baltic Sea area also
show accumulation of sulfur compounds, pyrite and Fe?* sulfides, together with elemental sulfur,

which easily oxidise in aerobic conditions with high humidity.>?

Further indications of dissolution-re-crystallization appear in some areas; the analyses of which
revealed the presence of S, Fe and oxygen (Fig. 7c-d), a possible sign of the existence of iron
sulfates. In other areas where these components were less altered, only the presence of S and Fe was
identified in the EDS spectrums (Fig. 7a-b). Based on their morphology and EDS analyses, such
components seem to have been pyrite (FeS;), whose alteration may have given rise to the formation
of iron sulfate salts. As it was mentioned before, ferrous sulfates (melanterite and rozenite) are

common weathering products formed during abiotic chemical pyrite oxidation.

Rozenite (FeSO4-4H,0) is the main sulfate salt detected by XRD in A-Tar-24 and A-Tar-32 and A-
Ibe-31 amphorae samples (Fig. 4b-e-f) and seem to be those morphologies observed under SEM
(Fig. 7¢) and analyzed with EDS (Fig. 7d). Sulfate-reducing bacteria, metabolising organic matter
under anaerobic conditions, transform sulfate ions in seawater to dissolved sulfidric acid (H,S).
Wrecked ships contain iron from corroded iron bolts, nails and other metallic archaeological
objects. On the seabed, soluble Fe?* may react with hydrogen sulfide (H.S) to form iron sulphides

(Fe,03 + 4H,S — 2FeS; + 3H,0 + Hy, such as as pyrrhotite (FeS) and pyrite (FeS,).**

Pyrite is unstable with moisture and oxygen and produces sulfuric acid together with sulfates
(FeSy(s) + 7/20, + (n+1) H,O — FeSO4-n(H20)(s) + H2SO4(aq) or oxyhydroxides (FeSx(s) +

15/40, + 5/2H,0 — FeOOH(s) + 2H,S04(aq)). >>°’
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3.5. Mercury intrusion porosimetry (MIP)

The pore size distribution (PSD) is polymodal and very similar in amphorae samples of the same
type but very different from one type to another (Fig. 8). These differences are mainly due to the
different composition, aggregate:paste ratio, grain size of the aggregates and firing
temperatures.*>® %% Most of the porosity observed in the sherds above 800°C depends on the type
of clays, the size and concentration of temper minerals, and the presence of carbonates, organic
matter and volatils.*® Even though, Iberian samples display a similar polymodal PSD (Fig. 8a), one
sample (A-lbe-1) has most of their pores in the range 0.1-3 pm and the other (A-lbe-31) most of
their pores are in the range 0.1-1 pum. In this case, A-1be-31 is no desalinated and was fired at much
lower temperature (<800°C) compared to the other sample (A-lbe-1), desalinated but fired at higher
temperature (>900°C). The PSD of the other samples are quite similar comparing between
desalinated and non-desalinated specimens. The Italic samples, which were fired at temperatures
higher than 900°C, display most of their pores between 10 and 50 um (Fig. 8b), while the
Tarraconensian samples, fired at lower temperatures (800°C), show most of their pores in the range
0.01 and 1 um, but mainly between 0.1 and 1 um (Fig. 8c), like the Iberian sample also fired at ca.

800°C (A-lbe-31).

As a result of salt precipitation and crystal growth, the non-desalinated samples exhibit lower total
porosity accessible to Hg than the desalinated sherds (Table 2), in part maybe because the salt
crystals are blocking the pores. The non-desalinated samples had a lower bulk density than the
desalinated fragments, perhaps due to the degradation induced by salt crystallization in the interiors
of the former. The two Tarraconensian fragments and the non-desalinated Iberian sherd (samples A-
Ibe-31, A-Tar-24 and A-Tar-32), whose firing temperatures were estimated to be the lowest, have
lower total porosity accessible to Hg (between 23 and 26%), the greatest specific surface area (SSA)
(9 and circa 20 m?/g) and smaller pore mean diameter (between 0.02 and 0.06 pm). These samples
also display the largest desalination / non-desalination differences. This may indicate more intense

alteration, inferred by the lower firing temperature (800 or <800°C) and higher clay detected by
15



XRD (Fig.4) and sulfate content detected by IC (Table 1). The higher SSA the greater the area
exposed to weathering agents and more condensation can take place inside the pores of the
materials. SSA may be used as a durability estimator because high SSA values mean that a greater

surface area of the material will be decayed.®

The non-desalinated sherds exhibit greater tortuosity than the desalinated fragments, except in
desalinated sample A-Tar-24 whose tortuosity is intense. The tortuosity value of this sample is
ca.15 (Table 2) meaning that pores are not straight following longer lengths with irregular paths
compared to the other samples with lower values and hence straighter pores. As the results achieved
in A-lbe-31 and A-Ita-33, the pores in the non-desalinated samples are consequently curvier than
the pores in the desalinated fragments. This may have been due to salt crystallization-induced pore

narrowing and rupture, which would lead to a more tortuous and complex pore network.
4. Conclusions

This study show that both soluble salts absorption and their elimination after the desalination
procedure is closely related to ceramic firing temperature and, hence, to the surface area and
porosity generated during firing. Therefore, ceramics fired at temperatures over 900°C show small
amounts of soluble salts (anions and cations characteristic of marine environments), while the
materials fired at 800°C or lower have more soluble salts and gypsum sub-efflorescences, even in
the desalinated samples. Sherds fired at higher temperatures have lower surface area and less
connected porosity, which entail a lower absorption of soluble salts. The amphorae fired at lower
temperatures display lower total porosity but higher surface area, smaller pore mean diameter and

more connected pores, so these are more prone to decay and less durable against weather.

The composition and texture reached with the firing temperature is a key factor on salt
crystallization decay and hence on the durability of these artifacts. Therefore in order to optimize a
desalination procedure is necessary to previously know the intrinsic characteristics of the artifacts,

since their pore network can make difficult the desalination. The use and effectiveness of
16



desalination treatments are keys to the future conservation of ceramics artifacts. The environmental
control, keeping constant temperature and relative humidity in suitcases can be an alternative

conservation method if desalination treatment can not be done or if this was not successful.

Acknowledgments

This work was supported by the GEOMATERIALES (S2009/MAT-1629) and CONSOLIDER-
TCP (CSD2007-0058) programmes and by a JAE-PreDoc fellowship program and the European
Social Fund FSE 2007-2013 Adaptability and Employment program and a Jae-Doc CSIC contract.
Thanks also to the UCM Research Group “Alteracion y Conservacion de los Materiales Pétreos del
Patrimonio” (Alteration and conservation of heritage stone) (Ref. 921349). We also thank Ivan
Serrano for the XRD and MIP analyses, Blanca Gallardo for the ion chromatography analyses,
Eugenio Baldonedo for his assistance with the SEM-EDS analyses at the ICTS (Centro Nacional de
Microscopia Electronica) and Maria Ascension Barajas for the thin sections preparation at the

Faculty of Geology (UCM).

17



References

1. West HWH. Clay products. In: The Weathering and Performance of Building Materials. J. W.

Simpson St P. J. Horrobin, ed. New York: Medical and Technical, 105-133. 1970.

2. Winkler EM. Stone in Architecture: Properties, Durability, Berlin: Springer Verlag. 1994.

3. Cardell C, Delalieux F, Roumpopoulos K, Moropoulou A, Auger F, Van Grieken R. Salt-induced
decay in calcareous stone monuments and buildings in a marine environment in SW France. Constr

Build Mater 2003; 17(3): 165-79.

4. Linnow K, Halsberghe K, Steiger M. Analysis of calcium acetate efflorescences formed on

ceramic tiles in a museum environment. J Cult Herit 2007; 8(1): 44-52.

5. Evans JL, White J. Further studies of the thermal decomposition of clays. Trans Brit Ceram Soc

1958; 57(6): 298.

6. Grossi CM, Esbert RM. Las sales solubles en el deterioro de rocas monumentales. Mater

Construcc 1994; 44(235):15-209.

7. Benavente D, Garcia del Cura MA, Fort R, Ordofiez S. Thermodynamic modelling of changes
induced by salt pressure crystallisation in porous media of stone. J Crystal Growth 1999; 204(1-2):

168-78.

8. Benavente D, Garcia del Cura MA, Garcia-Guinea J, Sanchez-Moral S, Ordofiez S. Role of pore
structure in salt crystallisation in unsaturated porous stone. J Crystal Growth 2004a; 260(3-4): 532—

44,

9. Gomez-Heras M, Benavente D, Alvarez de Buergo M, Fort R. Soluble salt minerals from pigeon
droppings as potential contributors to the decay of stone based cultural heritage. Eur J Mineral

2004; 16:505-9.
18



10. Fernadndez C. Las sales y su incidencia en la conservacion de la cerdmica arqueoldgica. In:
Monte Buciero 9, La conservacion del material subacuatico. Ayuntamiento de Santofia (Ed.),

Santofia, Spain, pp. 303-327. 2003.

11. O’Brien P. An Experimental Study of the Effects of Salt Erosion on Pottery. Journal of

Archaeological Science 1990;17:393-401.

12. Kingery WD, Bowen HK, Uhlmann DR, Introduction to Ceramics. 2nd ed. New York: John

Wiley; 1976.

13. Rice PM. Pottery analysis. A sourcebook. Chicago: University of Chicago Press. 1987.

14. Garcia-Castrillo G, Lanuza P, Lopez G. El entorno marino de los restos arqueologicos. In:
Monte Buciero 9, La conservacion del material subacuatico. Ayuntamiento de Santofia (Ed.),

Santofia, Spain, 2003, pp. 95-1009.

15. Lépez-Arce P, Doehne E, Martin W, Pinchin S. Magnesium sulfate salts and historic building
materials: experimental simulation of limestone flaking by relative humidity cycling and

crystallization of salts. Mater Construcc 2008; 58(289-90): 125-142.

16. Lopez-Arce P, Fort R, Gomez-Heras M, Perez-Monserrat E, Varas-Muriel MJ. Preservation
strategies for avoidance of salt crystallization in El Paular Monastery cloister, Madrid, Spain.

Environ Earth Sci 2011; 63:1487-1509.

17. Nieto X. El Centre d’Arqueologia subaquatica de Catalunya (CASC) i I’arqueologia subaquatica
a Catalunya. Nieto, X., Cau, M.A. (Ed) Argueologia Nautica Mediterrania. Monografies del CASC

8, 79-100, 20009.

18. Tchernia A, Brun JP. Le vin Roman antique, Ed. Glenat, Grenoble. 159 pp. 1999.

19. Vivar G. Prospeccions arqueologiques subaquatiques a la cala d’Aiguablava (Begur), Forja,

Publicacio periodica de I’arxiu municipal de Begur. Vol.1, 22-23. 2007.

19



20. Beck CW, Smart CJ, Ossenkop DJ. Residues and Linnings in Ancient Mediterranean Transport

Amphoras. Archaeol Chem 1989; 220: 369-80.

21. Font J, Salvad6 N, Buti S, Enrich J. Fourier transform infrared spectroscopy as a suitable
technique in the study of the materials used in waterproofing of archaeological amphorae. Anal

Chim Acta 2007; 598(1): 119-27.

22. Romanus K, Baeten J, Poblome J, Accardo S, Degryse P, Jacobs P, Vos D, Waelkens M. Wine
and olive oil permeation in pitched and non-pitched ceramics: relation with results from

archaeological amphorae from Sagalassos, Turkey. J Arch Sci 2009; 36 (3):900-9.

23. Zornoza-Indart A, Lopez-Arce P, San Andres M, de la Roja M, Vivar G, Alvarez de Buergo M,
Fort R. Waterproofing materials used in Betic, Italic and Tarraconensian archaeological anphorae.

IRUG 10th, 28-31 March 2012. Barcelona, Spain.

24. 1figo AC, Alonso R, Vicente-Tavera S. Dissolution of salts crystallized in building materials
using ultrasound: an alternative to NORMAL (1983) standard methodology. Ultrason Sonochem

2001, 8: 127-130.

25. Nodari L, Marcuz E, Maritan L, Mazzoli C, Russo U. Hematite nucleation and growth in the

firing of carbonate-rich clay for pottery production. J Eur Ceram Soc 2007; 27:4665-73.

26. Kreimeyer R. Some notes on the firing colour of clay bricks. Appl Clay Sci 1987; 2(2): 175-83.

27. Lopez-Arce P, Garcia-Guinea J, Gracia M, Obis J. Bricks in historical buildings of Toledo City:

Characterization and restoration. Mater Charact 2003; 50: 59-68.

28. Freestone IC, Middleton AP. Mineralogical applications of the analytical SEM in archaeology.

Mineral Mag 1987; 51: 21-31.

29. Riccardi MP, Messiga B, Duminuco P. An approach to the dynamics of clay firing. Appl Clay
Sci 1999; 15(3-4):393-409.

20



30. Barra Bagnasco M, Casoli A, Chiari G, Compagnoni R, Davit P, Mirti P. Mineralogical and
chemical composition of transport amphorae excavated at Locri Epizephiri (southern Italy). J Cult

Herit 2001; 2: 229-39.

31. Barker AJ. Introduction to metamorphic textures and microstructures Stanley Thornes

publishers Alden Group Oxford; 1998.

32. Bard JP. Microtextures of igneous and metamorphic rocks, Netherland, Reidel Publishing

company; 1986.

33. Deer WA, Howie RA, Zussman J. Rock forming minerals vol 2, chain silicates Longsmans;

1963.

34. Miller NS, Kilikoglou V, Day PM, Vekinis G. The influence of temper shape on the

mechanical properties of archaeological ceramics. J Eur Ceram Soc 2010; 30:2457-65.

35. Vernon RH. A practical guide to rock microstructure, Cambridge University press, 594p. 2004.

36. Naotake Shikazono. Developments in Geochemistry 8: Geochemical and Tectonic Evolution of
Arc-Backarc Hydrothermal Systems: Implication for the Origin of Kuroko and Epithermal Vein-

Type Mineralizations and the global geochemical cycle, Elsevier Amsterdam, the Netherland, 2003.

37. Reed H. Hydrotermal alteration and its relationship to ore fluid alteration. In: Geochemistry of
hydrothermal ore deposits. John Wyley & Sons, Inc. 1997, ed.Hubert L. Barnes, USA, 992 pp.

1983.

38. Moropoulou A, Bakolas A, Bisbikou K. Thermal analysis as a method of characterizing ancient

ceramic technologies. Thermoch Acta 1995; 2570: 743-53.

39. Maniatis Y, Simopoulos A, Kostikas A. Moessbauer study of the effect of calcium content on

iron oxide transformations in fired clays. J Am Ceram Soc 1981; 64(5): 263-269.

21



40. Gomez LS. Gehlenite-Akermanite series-(Melilite Group) in slags of high kiln. Acta

Microscopica 1996; 5:144-45.

41. Lopez-Arce P, Garcia-Guinea J. Weathering traces in ancient bricks from historical buildings.

Build Environ 2005; 40: 929-41.

42. Trindade MJ, Dias MI, Coroado J, Rocha F. Mineralogical transformations of calcareous rich clays with

firing: A comparative study between calcite and dolomite rich clays from Algarve, Portugal. Appl Clay Sci

2009; 42: 345-55.

43. Peters T, Iberg R. Mineralogical changes during firing of calcium-rich bricks clays. Am Ceram

Soc Bull 1978; 57(5): 503-9.

44. Capel J, Huertas F, Linares J. High temperature reactions and use of Bronze Age pottery from

La Mancha, Central Spain. Miner Petrogr Acta 1985; 29-A: 563-75.

45. Cultrone G, Rodriguez-Navarro C, Sebastian E, Cazalla O, de la Torre MJ. Carbonate and

silicate phase reactions during ceramic firing. Eur J Mineral 2001; 13: 621-634.

46. Lopez-Arce P, Benavente D, Garcia-Guinea J. Durability improvement of ancient bricks by

cementation of porous media. J Am Ceram Soc 2005; 88(9): 2564-72.

47. Perez-Monserrat EM, Fort R, Lopez-Arce P, Alvarez de Buergo M, Varas-Muriel MJ.
Contribution of analytical techniques to determinig the technologies used in the ceramic materials

from the Former Workers Hospital of Maudes, Madrid (Spain). J Eur Ceram Soc 2013; 33:479-91.

48. Veniale F. Modern techniques of analysis applied to ancient ceramics, in: Advanced workshop on

analytical methodologies for the investigation of damaged stones, Pavia, Italy, 1990.

49. DOE Handbook of methods for the analysis of the various parameters of the carbon dioxide

system in sea water. Version 2. In: Dickson, A.G., Goyet, C. (Eds.), ORNL/CDIAC-74; 1994.

22



50. Weast RC, Astle MJ, Beyer WH. Handbook of chemistry and physics, 66th edn. CRC Press,

Inc., Boca Raton (1985-1986).

51. Wetherall KM, Moss RM, Jones AM, Smith AD, Skinner T, Pickup DM, Goatham SW,
Chadwick AV, Newport RJ. Sulfur and iron speciation in recently recovered timbers of the Mary

Rose revealed via X-ray absorption spectroscopy. J Arch Sci 2008; 35:1317-28.

52. Borek SL. Effect of humidity on pyrite oxidation. Environmental Geochemistry of Sulfide
Oxidation. In: Alpers, C.N., Blowes, D.W. (Eds.), ACS Symposium Series 550, American

Chemical Society, Washington, C.D; 1994.

53. Fors Y, Jalilehvand F, Damian RE, Bjordal C, Phillips E, Sandstrom M. Sulfur and iron
analyses of marine archaeological wood in shipwrecks from the Baltic Sea and Scandinavian

waters. J Archaeol Sci 2012; 39(7): 2521-32.

54. North NA. Formation of coral cooncretions on marine iron international. International Journal

of Nautical Archaeology 1976; 5(3):253-58.

55. MacLeod I. Conservation of waterlogged timbers from the Batavia 1629. Bulletin of the

Australian Institute for Maritime Archaeology 1987; 14(2): 1-8.

56. Sandstrom M, Jalilehvand F, Persson |, Gelius U, Frank P, Hall-Roth I. Deterioration of the

seventeenth-century warship Vasa by internal formation of sulphuric acid. Nature 2002; 415:893-7.

57. Sandstrom M, Fors Y, Persson |. The Vasa’s New Battle: Sulfur, Acid and Iron. Vasa Studies

(Vasa studies 19, The Vasa Museum, Stockholm, Sweden), Vol. 19. 2003.

58. Warren J. Conservation of brick. Butterworth-Heinemann, Oxford. 1999.

59. Cultrone G, Sebastian E, Elert K, de la Torre MJ, Cazalla O, Rodriguez-Navarro C. Influence of

mineralogy and firing temperature on the porosity of bricks. J Eur Ceram Soc 2004; 24: 547-64.

23



60. Jordan MM, Montero MA, Meseguer S, Sanfeliu T. Influence of firing temperatura aand
mineralogical composition on bending strength and porosity of ceramic tile bodies. Appl Clay Sci

2008; 42: 266-71.

61. Benavente D, Garcia del Cura MA, Fort R, Ordofiez S. Durability estimation of porous building

stones from pore structure and strength. Eng Geol 2004b; 74(1-2): 113-27.

24



Figure captions

Figure 1. Location of samples of archaeological ceramic amphorae and the areas where these were

manufactured.

Figure 2. Pictures of amphora fragments. a) Iberian sample A-lbe-31 (non-desalinated); b) Italic
sample A-Ita-15 (desalinated), showing the interior wall of the amphora where calcareous
concretions and rests of waterproofing material (black color) can be observed; c) Tarraconensian

sample A-Tar-32 (non-desalinated).

Figure 3. Polarizing light microscopy (PLOM) and Fluorescence optical microscopy (FLOM) of
ceramic amphorae. a) PLOM image (crossed nicols, XN) of thin section of Italic amphora A-lbe-31
fired <800°C; b) same image under FLOM; c) PLOM image (XN) of thin section of Italic amphora
A-lta-15 fired >900°C; d) same image under FLOM. e) PLOM image (XN) of thin section of
Tarraconensian amphora A-Tar-32 fired 800°C; f) same image under FLOM. Qtz: quartz; An:

anorthite; Di: diopside; Hb: hornblende; Fd: K-Na feldspar

Figure 4. X-ray diffraction patterns (XRD) of the archaeological ceramic amphorae. Iberian
amphorae a) desalinated; b) Non desalinated; Italic amphorae: c) desalinated; d) non desalinated,;

Tarraconensian amphorae: e) desalinated; f) Non desalinated.

Figure 5. Concentration of soluble salts (%) obtained with ion chromatography. a) sal concentration
(%) in desalinated and non desalinated amphorae. b) Concentration of chlorides, sulfates and

nitrates (mg/l) in desalinated and non desalinated amphorae.

Figure 6. SEM-EDS analyses of the inner side of the flakes over the ceramic amphorae: a) SEM
image of gypsum crystals on sample A-lbe-31; non desalinated Iberian amphora; b) SEM image of
gypsum crystals with fragments of ceramic on the tips of the crystals in sample A-lbe-31; (c) EDS

analyses of calcium, sulphur and oxygen (gypsum).
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Figure 7. SEM-EDS analyses of the inner side of the flakes over the ceramic amphorae: a) signs of
crystallization processes on sample A-Tar-32; b) EDS analyses of iron and sulphur (pyrites); c)
signs of dissolution processes on sample A-Tar-32; non desalinated Tarraconensian sample; d) EDS

analyses of iron, sulphur and oxygen (iron sulfates).

Figure 8. Pore size distribution curves obtained with mercury intrusion porosimetry in the Iberian

(a); Italic (b) and Tarraconensian (c) ceramic amphorae fragments.
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