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v The use of ceramics for the transformation or conservation of wine has existed since the origins of wine, but the impact of ceramics on wine has not received much attention.

However, in contact with the wine, ceramics are generally not neutral materials, and the constituent minerals of ceramics are led to dissolve. This work mainly aims to study the migration of elements from ceramics to wine.

To our knowledge, this question has so not been addressed so far, at least with our chosen approach.

This study required the prior characterization of the materials and the ceramics produced in the laboratory.

The analyzes (XRF, XRD and SEM/EDX) revealed that the natural material used for the manufacture of ceramics contains a large amount of silicon oxide (~ 60%) and calcium oxide (15-21%). The clay is composed mainly of smectite, kaolinite, mixed-layer clay and illite. After firing, the ceramic is mainly composed of diopside, hematite, gehlenite and minerals from the plagioclase family. The interaction of the ceramic with a model wine has been studied: the natural acidity of the model wine favors the dissolution of the ceramic, and in response, the pH of the model wine increases and the migration of all types of elements present in the ceramic occurs rapidly. The ICP-AES made it possible to follow the migration of 26 elements over 16 months. NMR (Time Domain) is used to guide the approach to questions regarding the impact of headspace volume and oxygen concentration on iron and ethanol redox processes in wine concomitant with the dissolution of the ceramic.

The coating of ceramic tablets (for example with beeswax) can greatly reduce and limit the dissolution of the ceramic. Most of the results presented are original and address certain aspects of the interactions between ceramics and wine. vi Résumé L'utilisation de céramiques (terres cuites) pour la transformation ou la conservation du vin existe depuis les origines du vin, mais l'impact de la céramique sur le vin pas reçue beaucoup d'attention. Pourtant, au contact du vin, les céramiques ne sont généralement pas des matériaux neutres, les minéraux constitutifs des céramiques sont amenés à se dissoudre.

Ce travail vise principalement à étudier la migration des éléments de la céramique vers le vin.

A notre connaissance, cette question n'a pas été abordée jusqu'à présent, du moins avec l'approche que nous avons choisie.

Cette étude a nécessité la caractérisation préalable des matériaux et de la céramique produite en laboratoire.

Les analyses (XRF, XRD et SEM/EDX) ont révélé que le matériau naturel utilisé pour la fabrication de la céramique contient une grande quantité d'oxyde de silicium (~60%) et d'oxyde de calcium (15-21%). L'argile est composée principalement de smectite, de kaolinite, d'argile à couches mixtes et d'illite. Après cuisson la céramique est composée principalement de diopside, hématite, gehlénite et de minéraux de la famille des plagioclases. L'interaction de la céramique avec un vin modèle a été étudiée : l'acidité naturelle du vin favorise la dissolution de la céramique, en réponse le pH du vin augmente et la migration de tous les types d'éléments présents dans la céramique se produit rapidement. L'ICP-AES a permis de suivre la migration de 26 éléments sur 16 mois. La RMN (Time Domain) est utilisée pour orienter l'approche vers des questions concernant l'impact du volume de l'espace de tête et de la concentration en dioxygène sur les processus d'oxydoréduction du fer et de l'éthanol dans le vin concomitant à la dissolution de la céramique. 2. Firing stages of the clay [START_REF] Ferrer | Estimation of the heat of reaction in traditional ceramic compositions[END_REF], [START_REF] Cultrone | Carbonate and silicate phase reactions during ceramic firing[END_REF], [START_REF] Serra | Firing transformations of an argentinean calcareous commercial clay[END_REF], [START_REF] Trindade | Mineralogical transformations of calcareous rich clays with firing: A comparative study between calcite and dolomite rich clays from Algarve, Portugal[END_REF] 3. Estimation of ρ and equivalent surface area/vol ratios for three containers, calculation were performed according to geometrical formulae for volume and surface calculation (barrel and bottle) [START_REF]Tonnellerie d'Aquitaine -fabrication de fûts, tonneaux et barriques[END_REF], [START_REF]Bouteille Bordelaise PRESTIGIO -75 cl -560g -Bouteilles bordelaises spéciales -GOE SERVICE[END_REF] or by integration of a revolution curve (pithos) [ It is difficult to mention exactly when the first ceramic vessels appeared and widespread. The fact is that their use has a history of tens of millennium. These vessels were most likely used to store and transport water, various types of liquids, grain and other foods, and later wine [START_REF] Twede | Commercial Amphoras: The Earliest Consumer Packages?[END_REF]. Since these ancient times, the technology and applications of ceramics are steadily increasing.

Archaeological excavations in Armenian Highlands discovered numerous finds that proved winemaking (winepresses, wine cellars, vessels for practical and ritual uses found in Adablur, Karmir Blur, Areni, and other sites), which describe the primary phases and patterns of development of cultivation and production. The winemaking complexes came to prove that Armenian Highlands was a powerful center of winemaking which later contributed that Armenian people played a great role in spreading viticulture and winemaking in the world. Among the mentioned finds, especially important were hundreds of grape sprouts, barks, fruit stems, seeds, pressed fruits and pulp remains found in Areni-1 cave in Vayots Dzor Province of Armenia, together with the oldest known wine producing facility, which is at least 6.000 years old [START_REF] Hovhannisyan | Armenian Vine and Wine, Antares[END_REF].

The existence of this winery speaks about the fact that in ancient times in Armenia, like in different countries of the world, such as Greece, Italy, France, etc., ceramic containers were used to make wine. This ancient method of making wine remains traditional in Armenia and is still relevant today. Nowadays there is an increasing interest of the recourse of ceramic for wine production [START_REF] Weltman | Why an Ancient Winemaking Technique is Making a Comeback[END_REF].

However, ceramic jars are not the only way for wine to ferment and age. Over time, containers made of wood (mainly oak), glass, stainless steel, and concrete came into use, each with their own advantages and disadvantages and the character of the interaction between the wine and the container where it is fermented and/or aged will differ.

Concrete tanks combine the porosity characteristic of wood barrels and ceramic vessels. When coated (e.g., with epoxy paint for decreasing porosity and avoid undesired chemical reactions), concrete tanks are more flavor-neutral than oak barrels. There are winemakers who think that concrete gives the wine an earthy taste, but opinions about flavor neutrality are not consensual.

Physically, concrete tanks are thermally stable: as opposed to stainless steel, concrete has slower heat exchange, due to a lower thermal conductivity (0.5 Wm -1 K -1 ; 20.5

Wm -1 K -1 for concrete and stainless steel respectively) and the thickness of its walls. The disadvantage of concrete tanks can be their big size, which makes them difficult to be moved from one place to another [START_REF] Montalvo | Environmental impact of wine fermentation in steel and concrete tanks[END_REF].

Stainless steel tanks are more manageable and help monitor the fermentation process. As a neutral, nonporous material, steel tanks are chemically stable, which allows for preserving the flavor and aroma properties of wine, thereby producing more stable and homogenous wine. Their major disadvantages are high thermal conductivity and sensitivity to temperature fluctuations [START_REF] Gil I Cortiella | Chemical and Physical Implications of the Use of Alternative Vessels to Oak Barrels during the Production of White Wines[END_REF]․ Unlike concrete, ceramic, and wood barrels, in which chemical exchange or reaction with the container can be significant (further amplified by the inherent porosity) vinification in glass vessels is more like to stainless steel. They keep the natural flavor of the wine like steel tanks. The disadvantages of glass vessels are their fragility and small volume. This method of winemaking is mainly used to make wine at home in small volumes.

If ceramics, concrete, glass and stainless steel are considered to be neutral flavor, wood barrels stand out for their influence on the taste of wine. During interaction with the wood, due to the chemical reactions that take place, the wine is enriched with the phenolic, aromatic compounds of the wood thereby influencing the organoleptic profile of the wine and increasing antioxidant stability (oak barrels) [START_REF] Nikolantonaki | Impact of Oak Wood Barrel Tannin Potential and Toasting on White Wine Antioxidant Stability[END_REF], [START_REF] Martínez-Gil | Evolution of red wine in oak barrels with different oxygen transmission rates. Phenolic compounds and colour[END_REF]. Ellagitannins impact the intensity of astringency and bitterness [START_REF] Chira | Wine Ageing in Oak Barrel: Effect of Toasting Process[END_REF] and wine metabolome [START_REF] Nikolantonaki | Impact of Oak Wood Barrel Tannin Potential and Toasting on White Wine Antioxidant Stability[END_REF]. Wood barrels play an important role also in the point of view of oxygen exchange during oxidative aging in barrels [START_REF] Work | Wood, whiskey and wine: a history of barrels[END_REF].

Wood barrels have also a low thermal conductivity ( for oak 0.17 Wm -1 K -1 ).

Summarizing the available information on the interactions between the containers and the wine, we can state that in contrast to the influence of wood barrels on the texture and taste of wine, which has been widely studied, the effects of alternative containers is hardly studied and little is known about their impact on the chemical composition of the resulting wines [START_REF] Gil I Cortiella | Chemical and Physical Implications of the Use of Alternative Vessels to Oak Barrels during the Production of White Wines[END_REF], [START_REF] Guerrini | Kinetic modeling of a Sangiovese wine's chemical and physical parameters during one-year aging in different tank materials[END_REF].

The precise aim of this thesis is "the characterization of the interactions between Armenian clay-based ceramic and model wine".

Various aspects have been studied to achieve this goal. They are:

• Identification of the chemical composition of Armenian clay

• Identification of the mineralogical composition of Armenian clay (before heating) and ceramics (after heating)

• Characterization the morphology and the porosity of ceramics

• The impact of clay-based ceramic on the pH of model wine

• Change in the chemical composition of the model wine as a result of the migration of elements from ceramics into the liquid phase.

Considering "The interaction between Armenian clay-based ceramic and model wine" the scientific questions could be reformulated as:

• the impact of model wine on the ceramic,

• the response of the ceramic to the attack of the model wine,

• the resulting evolution of the model wine.

Clay is a mineral mixture that is the result of the weathering of the earth's crust over vast spans of time. The clay is mainly formed from the content of feldspar [START_REF] Neuendorf | Glossary of geology[END_REF] present in igneous rocks (primarily granite) hydrolyzed during weathering. Those clay deposits which are at or near the site of the parent material (granite) are called residual or primary clays.

These so-called residual clays are grainy and lack the smoothness necessary for applicability. These clays are said to be rough because they do not shape easily. Those clays which have been transported by water, wind, and ice and deposited in locations distant from the source material (erosion) are called sedimentary or secondary clays. Compared to residual clays, sedimentary clays are characterized with higher plasticity, the particles are smaller, more uniform, and more mixed with other materials, this is the clay used by potters [START_REF]Clay Types, Geology, Properties and Color Chart (GcCeramics) -Meeneecat[END_REF]. More precisely, Murray [START_REF] Murray | Applied clay mineralogy today and tomorrow[END_REF] stipulated that the term clay has no genetic significance because it is used for residual weathering products, hydrothermally altered products, and sedimentary deposits and referred to the definition of Grim "as any fine-grained, natural, earthy, argillaceous material" [START_REF] Grim | Applied clay mineralogy[END_REF]. Clay is a rock term, but it is also used as a particle size term: the size fraction comprised of the smallest particles is called the clay fraction. The Wentworth scale defines the clay grade as finer than 4 µm [START_REF] Wentworth | A Scale of Grade and Class Terms for Clastic Sediments[END_REF] which is used by many engineers and soil scientists whereas clay scientists generally consider 2 µm as the upper limit of the clay size grade [START_REF] Neuendorf | Glossary of geology[END_REF].

Due to weathering, the hydrolysis of feldspar is the major source of clay-minerals, which are the main constituents of clays. Grim summarized the clay mineral concept:

"clays are composed essentially of a small group of extremely small crystalline particles of one or more members of a group of minerals that are commonly known as the clay minerals" [START_REF] Grim | Clay mineralogy[END_REF]. The clay minerals are primarily constituted of hydrous aluminum silicates SiO2 (30-70 wt%), Al2O3 (10-40 wt%) and H2O (5-10 wt%). Numerous additional elements may substitute aluminum (Fe, Mg, Si, Ti, Mn, Li), silicon (Al and lesser Fe) or hydroxyl groups (F) [START_REF] Kitagawa | AN ASPECTOF THE WATER IN CLAY MINERALS: AN APPLICATION OT'NUCLEAR MAGNETIC RESONANCE SPECTROMETRYTO CLAY MINERALOGY[END_REF] or present in the interlayer spaces giving rise to a huge variety of similar minerals with extensive chemical version [START_REF]Clay Types, Geology, Properties and Color Chart (GcCeramics) -Meeneecat[END_REF] [14] [START_REF] Grim | Clay mineralogy[END_REF]. The clay mineral groups are kaolin (the primary minerals in kaolin clays), smectite (the primary minerals in bentonite clays), palygorskite-sepiolite, illite, chlorite․ Mixed-layered clays variations exist for most of the above groups. The properties of these clays, which are related to their structure and composition may strongly differ from one clay to another [START_REF] Neuendorf | Glossary of geology[END_REF].

Clay also contains organic impurities. The type and amount of organic matter present in clay influences its properties. Organic material is found in clays in two forms: in the form of plant particles, leaf scraps, spores, etc., or in the form of organic molecules adsorbed on the surface of particles of clay minerals [START_REF] Wentworth | A Scale of Grade and Class Terms for Clastic Sediments[END_REF].

Basic crystalline units of the clay minerals are of two types, tetrahedral or octahedral. Tetrahedral units consist of silicon surrounding by four oxygen atoms and combine to form the silica sheet. Aluminum (or magnesium) octahedron consists of aluminum surrounding by six oxygen atoms and unite to form octahedral sheets like in gibbsite (Al(OH)3) or brucite (Mg(OH)2) (Figure 1). mineral alternate with a magnesium dominated tri-octahedral sheet (brucite-like) [START_REF]Basics of Clay Minerals and Their Characteristic Properties | IntechOpen[END_REF].

The current territory of the Republic of Armenia is part of the Armenian Highlands, located between the Anatolian and Iranian plateau and Caucasus and Middle East (Figure 3). To Armenia scale, according to the timeline of the formation of the geological structural units, three1 /four2 largest structural-formational zones are namely: the Somkheto-Karabakh complex or Somkhet-Kapan undulated tectonic zone, the Armenian folded zone (by K.N. Paffenholz) [START_REF] Israelyan | Main Tectonic Units of Armenia[END_REF] or Bazum-Zangezur intensively folded suture zone, the Near-Araks zone or Superpositioned orogenic basin zone, and Trans-araksian moderately folded zone (by Ed. Kharazian)․ Among above mentioned geotectonic zones, the Superpositioned orogenic basin zone [START_REF] Kharazian | Geological map of Republic of Armenia[END_REF] is of our interest, since it includes the Shahumyan clay deposit (from which the clay used for this work was taken). According to the scheme of tectonic zoning of the Lesser Caucasus, the Near-Araks tectonic zone, is situated between the rivers of Hrazdan and Vedi (Figure 4).

The accumulations of sediments in the Near-Araks zone, including the Shahumyan clay deposit has long history and can be related to several stages starting from Devonian-Early Carbone (380-420 million years ago) with terrigenous-carbonate formations and ending Maeotic-Anthropogenic stages expressed by terrestrial volcanogenic formations (from 500 000 years ago). Considering all the stages during which the Shahumyan clay deposit was formed, it can be considered that the deposit results, mainly from sedimentary and partially from volcanogenic formations [START_REF] Kh | Clayey rocks of the Armenian SSR: Clay formation in the inner regions of geosynclines[END_REF]. adapted from [START_REF] Nalbandyan | MANAGEMENT AND PERSPECTIVES OF USING OF UNDERGROUND FRESHWATERS FROM TRANSBOUNDARY AQUIFERS IN ARMENIA[END_REF]). Position ( ) of Shahumyan clay deposit (left bottom) and geotectonic zonation scheme (right) of the Republic of Armenia (adapted from [START_REF] Kharazian | Geological map of Republic of Armenia[END_REF]).

More precisely, according to Tumanyan N. [START_REF] Tumanyan | Report on the results of preliminary exploration carried out in the northeastern part of the Shahumyan clay deposit in the Artashat region of Armenia for 1982-1983[END_REF] and Kazaryan M. M. [START_REF] Kazaryan | The results of geological exploration work carried out at the Shahumyan (Yuvа) clay deposit in the Artashat region of the Armenian USSR for 1960/reserve calculation[END_REF] Shahumyan clay deposit resulted of the formation of a basin in the Ararat Valley (Near-Araks zone) at the Riss-Würm period (2.6 million to 11 700 years ago) characterized by the rather long existence of a lake. During this period clay settled on the lake bottom, forming Shahumyan and adjacent clay deposits [START_REF] Kh | Clayey rocks of the Armenian SSR: Clay formation in the inner regions of geosynclines[END_REF]. With river-lake sediments, many rest of flora and fauna are encountered in these deposits [START_REF] Tumanyan | Report on the results of preliminary exploration carried out in the northeastern part of the Shahumyan clay deposit in the Artashat region of Armenia for 1982-1983[END_REF].

Additionally, the important volcanic activity (Figure 4) of the Armenian highlands [START_REF] Bonney | Volcanoes: Their Structure and Significance[END_REF] is responsible for the presence of volcanogenic-sedimentary and volcanogenic rocks in the territory of Shahumyan [START_REF] Kh | Clayey rocks of the Armenian SSR: Clay formation in the inner regions of geosynclines[END_REF]. Both metallic and non-metallic minerals are widespread in distinct parts of the plateau.

It is worth to mention that in general clays and clay minerals are not limited to Shahumyan deposit, but they are quite widespread in the territory of Armenia (Gyumri, Noyemberyan, Ijevan, Sevan, Shahumyan (Yuvа), Saritagh, etc.) and are used for various purposes (bricks, dishes, pots, tandoor, roof tiles, drainage pipes) [START_REF] Mkrtchyan | Geology of Armenian SSR[END_REF]. For pottery making, Shahumyan is reputed as the best quality deposit (and its clay has wide range of application) because of the refractory properties of the clay, able to withstand relatively high firing temperatures.

Shahumyan clay deposit is located on the territory of the Ararat Province of the Republic of Armenia, 30 km south of Yerevan the capital of the Republic [START_REF] Mkrtchyan | Geology of Armenian SSR[END_REF]. The geological location of the deposit is defined by the coordinates: 39°52′40″-39°53′10″N 44°32′30″-44°33′20″E.

Although the deposit has long been used by the locals, it was first explored in 1960 by M. M. Kazaryan [START_REF] Kazaryan | The results of geological exploration work carried out at the Shahumyan (Yuvа) clay deposit in the Artashat region of the Armenian USSR for 1960/reserve calculation[END_REF]. During the subsequent soviet expeditions lead by G.M. Both types of clay are fatty.

Overall, clays of these two varieties do not differ from each other in terms of chemical composition and physicochemical properties. Microscopic studies have shown presence of different minerals, such a quartz, carbonate, feldspar, mica, chlorite in the rocks [START_REF] Tumanyan | Report on the results of preliminary exploration carried out in the northeastern part of the Shahumyan clay deposit in the Artashat region of Armenia for 1982-1983[END_REF]. The clay of this deposit is fusible (low melting) and semi-acidic (5< pH <7) [START_REF] Kazaryan | The results of geological exploration work carried out at the Shahumyan (Yuvа) clay deposit in the Artashat region of the Armenian USSR for 1960/reserve calculation[END_REF], [START_REF] Mkrtchyan | Geology of Armenian SSR[END_REF]․

It is commonly accepted that ceramics are inorganic nonmetallic material obtained through thermal processing of natural raw materials at relatively high temperature [START_REF] Grim | Clay mineralogy[END_REF] (from 600 to 1200°C [START_REF] Saleiro | Processing of red ceramic using a fast-firing cycle[END_REF], [START_REF] Nigay | The impact of heat treatment on the microstructure of a clay ceramic and its thermal and mechanical properties[END_REF] depending on the composition of the material). In general, ceramic materials are hard, brittle, and wear and corrosion resistant. These properties reflect the strong atomic bonds that exist between atoms in ceramic materials. Ceramics include crystalline materials and non-crystalline amorphous glasses, which are commonly composed of oxides [START_REF] Pfeifer | Material Properties and Materials Science[END_REF].

The term clay-based ceramics is self-explanatory: it refers to ceramics produced from clay, which is also known as traditional ceramics. It results of a firing process applied to extruded, molded, or shaped pottery. Studies show that the sintering can start at a relatively low temperature (600°C) and may be conditioned by the mineral composition and structure of the clay [START_REF] Monteiro | Activation Energy for the Sintering of Clay Based Ceramic Powder[END_REF], [START_REF] Harech | Effect of temperature and clay addition on the thermal behavior of phosphate sludge[END_REF]. After firing, the clay soluble in water, is transformed into an insoluble stone-like and durable ceramic material [START_REF] Grim | Clay mineralogy[END_REF]. The ceramic properties (in particular porosity) depend on the starting material but also on the heating technique.

If the first indications of the use of ceramics in the Paleolithic period (~29000 BC) fall within the realm of worship, domestic use (dishes and jars) appears in the Neolithic period (~10000 BC), with the sedentarization of the populations. Ceramic production has been one of the oldest and most active types of industrial activity that played an important role in the life of mankind. Since ancient days Armenia has been famous for its winemaking traditions, the ready wine was stored in ceramic pithoi («կարաս» -[karas]) half buried3 in the ground or set along the walls of wine cellars. These practices are still in use to this day (Figure 5). But, if the usage of clay and ceramics in Armenia has ancient roots, the scientific study of the impact of clay-based ceramics (jars) on their contents like grain, dairy products (buttermilk, yogurt, cheese, etc.), honey, beer, wine etc. is almost missing.

In particular, the effect of clay-based ceramics on winemaking, aging, or storage has not been widely studied. In the recent web-literature, one can find several mention of the benefit of using clay-based ceramic for winemaking; in particular, Peter Weltman reported in 2018 (non-exhaustively) contemporary use of clay-based ceramic container for the winemaking in Georgia, Italy, USA [START_REF] Weltman | Why an Ancient Winemaking Technique is Making a Comeback[END_REF]:

(i) Georgian winemakers, who use clay jars to make wine by the traditional methods, believe that wines made in this way are distinguished for their stability and exceptional taste which is achieved without the use of chemicals or preservatives [START_REF]Ceramic Wine Egg for wine Fermentation and Storage[END_REF].

(ii)

In the new world, A. Beckam (Oregon's Beckham Estate Vineyard), who came to winemaking after 17 years as a ceramicist, calls out the temperature-regulating

properties of clay as one of its primary benefits (like Georgian winemakers). "Two tons of grapes will ferment for 30 to 35 days with peak temperatures around 20° to 22°C in clay. While the same two tons of grapes in non-temperature-controlled wood or steel will finish fermenting in 10 or 11 days. The temperatures will max out around 30°C!" The lower temperatures for clay-fermented wines create brighter and fresher wines. He found that the clay allows oxygen into the wine twice as fast as wood. However, the subtleties of oxygen transfer at each temperature constitute additional variables that winemakers can use to their advantage. A. Beckam also notes that the clay reacts enzymatically with wine and raises its pH by pulling out acids. "I took a Riesling with a pH of 2.8, and in just two months, it went to 4." [START_REF] Weltman | Why an Ancient Winemaking Technique is Making a Comeback[END_REF] Moreover, as a ceramicist, A. Beckam experienced firing temperatures to make vessels with distinct levels of porosity. He varied the firing temperature in a range of 100 degrees. He reported that at low temperature, pots are porous, they "weep and sweat"-the wines have more gas exchange and are the most expressive," at high temperature, "the vessels are vitrified and tight, the wines are much more reductive".

(iii) In contrast to all this, in the opinion of the Armenian winemaker Zorik Gharibian "amphorae doesn't bring or take anything from the wine, it creates a space for the wine to keep it alive" [START_REF]5 Great Reasons to Explore Armenian Wines | Natalie MacLean[END_REF].

Summarizing the empirical results of the above-mentioned observation, it is possible to list the reported possible advantages of using ceramic jars in winemaking. These are:

temperature regulation, natural cooling system, favorable oxygen exchange, change in pH, that are different from those of stainless steel, wood barrels, or concrete. In addition, other advantages as the absence of chemicals, wine clarification, flavor neutral are also pointed out.

However, since the ceramic jars used in traditional or contemporary winemaking have not been studied, nor have their effects on the wine stored in them, despite their ancestral uses. We considered that it could be culturally, oenologically, economically, and scientifically worthwhile attempting to reveal some of the interactions between clay-based ceramics and model wine.

Of course, it would seem ambitious to wish to study the whole spectrum of interactions in a single thesis.

The clay body for the preparation of ceramic tablets was kindly provided by potters from Shahumyan (Armenia) village. The row clay samples (powders taken from Shahumyan deposit) were donated by the owner of winery "ZORAH WINES" Zorik Gharibyan. The clay body is a mixture of clay, well ground sand (particle size close to the particle size of clay) and water.

Natural kaolinite (Sigma Aldrich) was used as a reference for its non-swelling property. Sand (Sigma Aldrich) was mixed to kaolinite to obtain a clay body for tablet preparation. This is used for the preparation of the model tablets.

The model wine (Table 1) used in the study is composed from L-(+)-tartaric acid (Sigma Aldrich ≥ 99.7%), ultra-pure water (VWR, LS-MS grade) and ethanol (Sigma Aldrich ≥ 99.9%). Model wine was prepared by dissolving tartaric acid (5 g/L) in water, followed by the addition of ethanol to give a final concentration of 12% (v/v). Then the needed volume was adjusted by adding water. The pH of the solution varies 2.3-2.4. For studying the interaction of ceramic and model wine, ceramic tablets (Figure 6) After shaping, the tablets were air dried at room temperature. Depending on the size of the subject, the temperature and RH in the room the drying time may vary. In our case, tablets were dried in 3-4 days (due to their small size), till a stable weight. Tablets were weighed on a precision balance (Sartorius Quintix®, with an accuracy of 0.01mg).

Thermal treatment of the clay is a process, as a result of which clay is transformed into ceramics under the influence of high temperatures (up to 1300°C). In general, thermal treatment of traditional ceramic includes the following stages:

Heating -In this step well dried 4 ("bone dried") samples are heated from ambient temperature to about 600-800°C (depending on the raw materials composition) [START_REF] Ferrer | Estimation of the heat of reaction in traditional ceramic compositions[END_REF].

Various transformations take place in the material during heating, such as the removal of free water, combustion of organic matter, transformation of α-quartz to β-quartz, loss of OH -groups in the clays, and carbonate decomposition (if it contains carbonates). All these chemical reactions lead to gas release, changes in volume, etc.

Firing -The actual firing process begins at temperatures above 800°C [START_REF] Ferrer | Estimation of the heat of reaction in traditional ceramic compositions[END_REF] (depending on the type of clay minerals) to the peak temperature (depending on the final purpose). The main physico-chemical transformations, take place in this step, reduce the porosity of ceramics due to the sintering of the material and lead to the dimensional changes (shrinkage). Firing gives a strength to the material and increases water resistance.

It also changes the color of the final product. The final composition, microstructure and properties of the ceramic depends on the composition of clay paste and the firing process.

In our case, the clay from Shahumyan belongs to the low-melting type of clay and the firing protocol used for the heating of the tablets is based on the Armenian pottery making technology. In this work two firing protocols are reported:

• Firing protocol 930 -(FP930),

• Firing protocol 800 -(FP800).

Firing protocol FP930 (Figure 7) is composed of three steps. First step includes the heating of the samples during 4 hours from ambient temperature (20°C) to 600°C (heating rate of 2.4°C/min). The second step includes fast increase of temperature from 600°C to 930°C (firing rate of 20°C/min) and then firing at 930°C for 2 hours. The last third step is free cooling process. As mentioned above the firing protocol mimics the technique used in Armenia to produce such jars.

Firing protocol FP800 -This firing protocol is identical to FP930 except for the peak temperature (800 °C instead of 930°C, Figure 7).

Figure 7. The heating of the tablets by two firing programs

Heating rate plays a significant role in the ceramic sintering process. During heating process, the rate of temperature rise was chosen to avoid unwanted effects, such as cracking due to heat stress. On the one hand, the clay object cannot be immediately burned at high temperature; it must be heated gradually, smoothly, avoiding jumps. On the other hand, too slow heating at this stage can lead to a "steaming" effect, where water-soluble salts condense on the surface of the products, which can later stain. In our study we have used slow heating rate (2.4°C/min -first step), and fast heating rate (20°C/min) for the second step of heating (proposed by Armenian potters). The heating rate was important from point of view of the porosity. It is known, that fast (5-10°C/min) [START_REF] Abdul Kadir | Effect of heating rate on gas emissions and properties of fired clay bricks and fired clay bricks incorporated with cigarette butts[END_REF] and especially ultra-fast (up to 1200°C/min) heating rate reduce the pore area, while slow heating rate (until 5°C/min) promotes the increase of total pore area [START_REF]Ultra-high heating rate effects on the sintering of ceramic nanoparticles: an in situ TEM study[END_REF].

The pottery always should be almost "bone dried" before being placed into the kiln.

However, there is still water trapped within the spaces between the clay particles. During slowly heating of the clay, this water evaporates. If the clay is heated too quickly, the water will turn to steam right inside the clay body, expanding with an explosive effect on the pot.

Before the boiling point of the water (100°C) is reached, all the atmospheric water should have evaporated out of the clay body. This will result in the clay compacting and some minimal shrinkage. During the firing process several phase transformations happens with clay and ceramic as presented in Table 2.

During the sintering process, calcium carbonates (CaCO3) and magnesium carbonates (MgCO3) actively interact with the decomposition products of clay mineralsamorphous silica SiO2 and alumina Al2O3. These reactions proceed with the release of carbon dioxide CO2.

Table 2. Firing stages of the clay [START_REF] Ferrer | Estimation of the heat of reaction in traditional ceramic compositions[END_REF], [START_REF] Cultrone | Carbonate and silicate phase reactions during ceramic firing[END_REF], [START_REF] Serra | Firing transformations of an argentinean calcareous commercial clay[END_REF], [START_REF] Trindade | Mineralogical transformations of calcareous rich clays with firing: A comparative study between calcite and dolomite rich clays from Algarve, Portugal[END_REF] T To quantitatively study the interaction between ceramic and wine, the surface of the ceramic in contact with the wine and the volume of the wine are critical dimensions.

It was difficult to study the system at a real scale, and the ratio of the volume of wine in contact with the container can vary strongly with the size and the geometry of the container. As a reference for ceramic container, we estimate this ratio from a drawing of Table 3. Estimation of ρ and equivalent surface area/vol ratios for three containers, calculation were performed according to geometrical formulae for volume and surface calculation (barrel and bottle) [START_REF]Tonnellerie d'Aquitaine -fabrication de fûts, tonneaux et barriques[END_REF], [START_REF]Bouteille Bordelaise PRESTIGIO -75 cl -560g -Bouteilles bordelaises spéciales -GOE SERVICE[END_REF] or by integration of a revolution curve (pithos) [START_REF] Hovhannisyan | Armenian Vine and Wine, Antares[END_REF]. For practical reasons, (easiness of production) a cylindrical shape (tablet) for the ceramic sample was chosen. Two type of tablets were produced (big and small, Figure 6 and Table 4).

Container

As previously mentioned, to analyze the interactions of model wine with the ceramic tablet, that we assume occurring primarily at its surface, the dimension of the ceramic tablet with respect to the volume of model wine are of prime importance.

However, at the laboratory scale these dimensions are limited or constrained by experimental designed. (iv) volume of the sample (volume of ceramic (𝑉 𝑐 ) plus volume of wine (𝑉 𝑤 )):

𝑉 𝑠 = 𝑉 𝑐 + 𝑉 𝑤 ≤ 0.6 𝑚𝐿 (v) targeted ρ ratio: ̴ 0.18 m VC
Neglecting the penetration of wine in the ceramic, the volume of the sample is given by (constraint (iv)):

𝑉 𝑠 = 𝑉 𝑐 + 𝑉 𝑤 = 𝜋𝐷 𝑐 2 4 𝐻 𝑐 + 𝑉 𝑤 . (2) 
Since,

𝜌 = 𝑉 𝑤 𝑆 𝑐 , (3) 
and

𝑆 𝑡 = 𝜋𝐷 𝑐 𝐻 𝑐 + 2 𝜋𝐷 𝑐 2 4 (4) 
We obtain, that for a given ρ ratio and sample volume 𝑉 𝑠 , the dimensions of the ceramic cylinder of diameter 𝐷 𝑐 and height 𝐻 𝑐 , fulfill the following equation:

𝐻 𝑐 = 2 (𝜋𝐷 𝑐 2 𝑅 -2𝑉 𝑠 ) 𝜋𝐷 𝑐 (𝐷 𝑐 + 4𝑅) (5) 
Figure 11 reports the graph of Eq.( 5) for 𝜌 = 0.18 m and 𝑉 𝑠 = 600 µL that would reproduce the dimensions occurring in the reference pithos. The size of the ceramic tablet should by example have a diameter of 1mm and a height of 0.5 mm, which is certainly not easily achievable in practice. To fulfill the above relaxometric experiment constraints, omitting the ρ ratio criteria, with tractable ceramic dimension we produced tablets of ̴ 3.9 mm diameter and ̴ 5.4 mm height. A typical experiment would require 470 mL of wine. However, the ρ ratio is now 0.0052 m, 36 times lower than the ratio for the reference pithos. This means that the kinetic of chemical reaction are expected to be quite different in the NMR tubes with respect reactions occurring in the reference pithos.

Small tablets were specially designed for relaxometric experiments but other experiments for which, more wine or more ceramic surfaces were required, were performed with big tablets (Table 4) and other experimental constraints. The resulting ρ ratio may vary significantly from one type of experiment to another one (Table 4), but for each experiment, we pay attention to report systematically the ρ ratio as a scaling factor. Thermal gravimetry is a thermal analysis technique used to determine the change in the physical and chemical properties of the materials upon heating. The TGA measurement is usually performed by considering the mass loss, either as a function of temperature rise with a constant heating rate, or in isothermal conditions as a function of time [START_REF] Parameshwaran | Applications of Thermal Analysis to the Study of Phase-Change Materials[END_REF].

Analysis of the clay samples taken from the Shahumyan deposit has been performed in the laboratory of École supérieure d'ingénieurs numérique et matériaux (ESIREM). The instrument SDT Q600 V20.9 Build 20 thermal analyzer is used with a heating rate of 15°C min -1 over a temperature range of 28-920°C under flowing air or nitrogen conditions.

Around 14 mg of powder was used for each analysis. Several samples were run in triplicates.

X-ray Fluorometry is a non-destructive analytical technique that allows to determine the chemical compositions of the materials.

For chemical analysis of clayey materials, we performed wavelength dispersive Xray fluorescence analysis in the laboratory of École supérieure d'ingénieurs numérique et matériaux (ESIREM) on a Bruker S8 Tiger instrument with the detection limit of 0.1 ppm -100% and resolution (Mn-Ka) 35eV. X-rays were generated using a 3 kW rhodium anode X-ray tube under helium. The parameters of X-ray tube are 50 kV and 60 mA. Approximately 500 mg of material was placed on a hollowed-out support. Ethyleneglycol saturation and heat treatments were carried out on the clay samples in order to identify all the phyllosilicates present. The principle is based on monitoring the variations in their interfoliar space by studying the positions of their reflections (00l) during conventional treatments [START_REF] Brindley | Crystal Structures of Clay Minerals and their X-Ray Identification[END_REF], [START_REF] Moore | X-ray diffraction and the identification and analysis of clay minerals[END_REF].

The diffractograms were processed with HighScore software. The minerals present in clay sample from deposit and in ceramic FP930°C (Table 10) were identified by comparison of a given powder diffractogram with the references contained in the international database of minerals JCPDS ICDD PdF3.

Generally helium pycnometer is used to determine the volume-and thus the open porosity and the density-of granular, porous compounds (rocks, ceramic etc.) [START_REF] Tamari | Optimum Design of Gas Pycnometers for Determining the Volume of Solid Particles[END_REF].

Helium pycnometry measures the volume (or the density) of materials based on a pressure equalization principle [START_REF] Semel | Porosity analysis of PM materials by helium pycnometry[END_REF].

To determine the open porosity of ceramic tablets a handmade helium pycnometer was used in the laboratory of Interdisciplinaire Carnot de Bourgogne UMR 6303 CNRS.

Pure helium (99.9%) was employed to determine the volume of the samples by measuring the pressure change of helium in a calibrated volume. The tablet of known mass is placed in a chamber of known volume, maintained at a constant temperature (25°C). A calibrated volume of helium (99.9%) is then added to the system. The resulting equilibrium pressures are used to determine the apparent volume of the ceramic tablet.

Five big tablets were used for each firing protocol FP800 and FP930. Five small tablets were also used for the too firing protocols but they were too small to be measured individually. For each firing protocol, all small tablets were put together in the cell. In all cases measurements were repeated five times.

The incertitude on small tablets is significant because of unfavorable error propagation. Incertitude on big tablets was done from the standard deviation of an average of five measurements on five tablets.

The pore characteristics of porous materials are determined by the application of several adsorption models such as the Brunauer-Emmett-Teller (BET) theory [START_REF] Ismadji | The Characterization of Clay Minerals and Adsorption Mechanism onto Clays[END_REF]. The nitrogen adsorption/desorption isotherm is used to characterize porous materials, allowing for the determination of specific surface area.

The measurement was performed in the Laboratoire of Interdisciplinaire Carnot de Scanning electron microscopy used to study the surface topology of clay minerals such as the size of platelets and their shape mainly describes the surface morphology down to few nm (0.5 to 4nm) [START_REF] Ismadji | The Characterization of Clay Minerals and Adsorption Mechanism onto Clays[END_REF]. Scanning electron microscopy can be associated with an Energy Dispersive X-ray (EDX) analysis allowing for a qualitative 6 and quantitative (10 -20 % relative error) elemental analysis.

The microstructure and elemental composition of the samples were analyzed using Hitachi SU-8230 scanning electron microscopy equipped with an energy dispersive X-ray spectrometer. The combination of SEM and EDX analysis is used for the qualitative analyses of the elemental composition of the samples. EDX analysis measures the ionization energy and intensity distribution of X-ray signals generated by the electron beam. Secondary electrons by converting into electronic signals give rise to images of the area scanned. The samples were coated with a thin layer of carbon or gold to increase the surface conductive and improve the image quality. The determination of elements was performed directly on the ceramic tablet without homogenization. For statistical purpose, different measurement areas and points were selected depending on the homogeneity/heterogeneity of samples.

The morphology of clay from Shahumyan deposit and tablets before (crude) and after firing (ceramic) were observed by secondary electrons (SE) under a scanning electron microscopy at an acceleration voltage of 2.0 kV, after either carbon or gold coating.

Elemental analysis of ceramic was performed on unpolished samples by using EDX at an acceleration voltage of 20.0 kV.

X-ray mapping and data analysis have been performed using Pathfinder 1.2 software.

The ICP-AES is an analytical technique based on the principles of atomic spectroscopy for the determination of more than 70 elements with detection limits in the parts per billion to parts per million range [START_REF] Neikov | Powder Characterization and Testing[END_REF]. The technique was used for the complete screening of elements in the model wine after contacts with the ceramic.

Elemental analysis of the samples was conducted by using an ICP-AES Spectro ARCOS system (SPECTRO Analytical Instruments GmbH & Co. KG, Kleve, Germany). 26 elements (namely: Al, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sr, Ti, V, W, and Zn) were investigated and the corresponding wavelength are reported in Table 5. Sample introduction was carried out using a peristaltic pump connected to a Meinhard nebuliser with a cyclone spray chamber. The RF power was set to 1250 W, the plasma gas was 15 L Ar/min, whereas the nebuliser gas was 0.6 L Ar/min. The concentration of O2 in NMR tube was measured by chemiluminescence using Presens Pst3 oxygen sensors (PreSens GmbH, Regensburg, Germany) [START_REF] Bodart | Analysis of the Proton Spin-Lattice Relaxation in Wine and Hydroalcoholic Solutions[END_REF] containing a luminophore spot sensitive to oxygen, with a detection range between 0.03-100% O2.

The sensor was glued inside NMR tube in the headspace area then model wine was added in NMR tube and ceramic tablet was dropped in. Then tube was closed with NMR cap and vacuum grease was used at the 1 cm interface between the cap and the tube. The oxygen headspace concentration was measured in NMR tube during T1 measurement.

Measurements were performed by applying an optical fiber in front of the spot and by emitting excitation light through the glass wall [START_REF] Diéval | Measurement of the Oxygen Transmission Rate of Co-extruded Wine Bottle Closures Using a Luminescence-Based Technique: OXYGEN TRANSMISSION RATE MEASUREMENT OF CO-EXTRUDED CLOSURE[END_REF]. The whole procedure of sample preparation was conducted in glove bag where the amount of O2 was reduced to a minimum (<= 0.03mg/L) with N2. The concentration of O2 in glove bag was measured by using oximeter Portavo 907 Multi Oxy with digital sensor SE340 (Knick, GmbH & Co. KG Beuckestraße, Germany) with an oxygen measuring range of 0μg/L-20 mg/L.

Nuclear magnetic resonance using proton relaxometry measures the time needed by a population of spins placed in an external magnetic field to recover from a resonant radiofrequency excitation. Two relaxation parameters (T1 and T2) are of great interest because they are often used to obtain information on molecular mobility of molecules ranging from small molecular groups and domains size [START_REF] Bruno Tavares | NMR Relaxometry Applied to Food Samples[END_REF], [START_REF] Kowalewski | Nuclear Spin Relaxation in Liquids[END_REF], [START_REF] Kimmich | [END_REF], [START_REF] Kruk | Understanding spin dynamics[END_REF] for quantification of elements in liquids (wine) etc. [START_REF] Bodart | Quantification of manganous ions in wine by NMR relaxometry[END_REF]. The technique was used to follow in situ migration of elements, reduction of iron, but also the consumption of dioxygen in the model wine in contact with the ceramic. On the DTG curve the first endothermic peaks with a maximum at a temperature of 38°C and 105°C, reflect the removal of physisorbed water. The relatively small endothermic peak (439°C) could be associated with the removal of hydroxyl groups from clay minerals and destruction their crystal lattice.

During the third mass loss (650-750°C) the changes are related to the decomposition of clay material, burning of the organic materials and maybe beginning of the transformation of clay minerals.

Exothermic peak at 715°C coincides with the formation of high-temperature phases․ It reflects the crystallization of amorphous decomposition products of a clay minerals.

Small exothermic peaks in temperature range (370-470°C), apparently due to the oxidation of organic matter contained in these clays. Results are presented in Table 7 and Figure 13. The chemical compositions of both clay samples are similar. The overall composition is comparable to the previously reported data (Table 6), the most abundant components in the samples are SiO2, CaO and Al2O3.

However, the amount of SiO2 in the current study is slightly higher (58-63%) than in previous studies (41-51%). As expected, the amount of SiO2 in clay body is higher, than in row clay powders, and more interesting the obtained clay body SiO2 concentration is in supporting with the 2:1 clay/sand ratio claimed by the potter (according to SiO2 concentrations of Table 7, a 2:1 mixture of clay/sand gives 75% or 72% of SiO2 for Sh1 or Sh2 sample respectively). It should be noted, that clay samples are characterized by a rather high content of calcium oxide (18%), however, it does not effect on the quality of the ceramics, because it is in a finely dispersed states [START_REF] Abramyan | A report on the results of exploration work carried out by the Shahumyan party at the Shahumyan clay deposit in the Artashat region of the Armenian SSR in 1969 with a calculation of reserves for 1970[END_REF]. The presence of CO2, SO3, S, P in clays is associated with the presence of various impurities in them (organic substances, for example) [START_REF] Mkrtchyan | Geology of Armenian SSR[END_REF]. 7 Our XRF data agree well with the previously reported literature data with however, an increase of the amount of reported SiO2. The clay is characterized by a high silicon (~ 60%), and calcium oxide (15-21%) content, that could qualify as the clay of sandstone marl rather than fatty, as reported in the literature [START_REF] Tumanyan | Report on the results of preliminary exploration carried out in the northeastern part of the Shahumyan clay deposit in the Artashat region of Armenia for 1982-1983[END_REF], [START_REF] Kazaryan | The results of geological exploration work carried out at the Shahumyan (Yuvа) clay deposit in the Artashat region of the Armenian USSR for 1960/reserve calculation[END_REF], [START_REF] Abramyan | A report on the results of exploration work carried out by the Shahumyan party at the Shahumyan clay deposit in the Artashat region of the Armenian SSR in 1969 with a calculation of reserves for 1970[END_REF].

Alternatively, the 2:1 clay/sand ratio claimed by the potter in the clay body seems confirmed.

The first description of the constituents of the Shahumyan clay was produced by Gulyan E. et al, in 1970 (the method is not mentioned) [START_REF] Kh | Feasibility study for the expediency of developing the Shahumyan clay deposit[END_REF] which later was confirmed by In 2000 (by "roentgenography"), Hakobyan R. et al [START_REF] Hakobyan | Formation of high-temperature phases during the process of firing clay from Ijevan and Shahumyan deposits[END_REF], reported montmorillonite (23%), hydromica (5%), kaolinite (5%), feldspar (15%), carbonates (22.5%), quartz (11.2%).

In the last study (2001), carried out by Hamamchyan M. et al [START_REF] Hamamchyan | INVESTIGATION OF THE CHEMICAL COMPOSITION OF THE CLAY DEPOSITS OF ARTASHAT, ARARAT, YEGHEGNADZOR REGIONS[END_REF], by thermographic and X-ray-phase analysis the following clay minerals were established: montmorillonite, goethite, quartz (the quantity of the minerals is not mentioned). Calcite was not detected.

There are clear discrepancies among mineral compositions reported in Table 8. This can be due the improvement of the analytical techniques used for the studies (more than 30 years separate the first to the last analysis), but the heterogeneity of the deposit sections as mentioned by Petrosov I. [START_REF] Kh | Clayey rocks of the Armenian SSR: Clay formation in the inner regions of geosynclines[END_REF], is also very likely to contribute to the diversity of results in Table 8. In any cases it was desirable to undertake a characterization of our samples. Therefore, the "purification" process led rather successfully to the elimination of carbonates and the concentration of clay minerals. Amongst which, probable smectite-chlorite mixture (broad reflection at ≈ 14.5 Å), kaolinite (7.16 Å), and illite (10.0 Å), in agreement with the analysis of the raw sample (Figure 14). Besides identifying clay mineralogical composition, heat and ethylene-glycol treatments were carried out to determine the nature (swelling properties) of the clay (Figure 16). The goal of this analysis is to precisely determine the nature of the clay minerals that make up the "clayey" materials used to manufacture ceramics. Moreover, from the surface of the major reflections (001) of each of the clay minerals, and assuming that their reflection index is close to 1, it is possible to estimate their respective proportions.

Very close results have been obtained for the raw and purified samples and we only discuss the result of the purified sample.

Smectite is the main (49%) mineral group of the clay minerals in the clay Table 9.

A series of basal reflexes are fixed on the X-ray patterns of the samples (Figure 16).

An intense reflection (14.5 Å) is fixed on the air-dried sample. After ethylene-glycol saturation, the interlayer distance increases to (16.7 Å) due to the swelling properties of the smectite. After thermal treatment decreases (9.6 Å). Next intense reflection (10 Å), as well as two weak (4.45 Å; 3.22 Å) reflections, remain after all treatments.

Kaolinite, which is the second mineral in the clay composition (19%) by its quantity Table 9), on the diffractogram (Figure 16) X-ray diffraction patterns of air-dried, ethyleneglycol-saturated, and thermal treated samples show two intense reflections (7.15Å and 3.58Å), that disappear after heat treatment at 550°C and one weak reflection (4.45Å) which is fixed also after all type of treatments.

Chlorite constitutes about 9% (16% in the raw sample) of the clay fraction (Table 9). On the diffractograms (Figure 16) of the samples is fixed an intense reflection (14 Å), which does not change after its treatment, but is shifted (14.3 Å; 14.2 Å; 13.8 Å), then it shows one more intense peak (7.1 Å) a and small peak (4.7 Å) which disappear after heat treatment at 550°C. The fourth peak (3.52 Å) also disappears after heat treatment at 550°C.

Mixed-layered clay (chlorite/smectite type) makes up 14% of the clay composition (Table 9).

On the diffractograms, the air-dried sample shows an intense reflection (14.5 Å).

After ethylene-glycol saturation the interlayer distance increases (15.1 Å) due to the swelling clay smectite in its composition. After thermal treatment (550 °C) the interlayer distance decreases (12.1 Å). A weak reflection (4.45 Å) remains in all treated samples.

Illite (hydromica group) is a non-expanding clay mineral. Our sample contains 9%

of Illite (Table 9). On the (Figure 16), the basal reflections (10 Å, 5 Å) are fixed, which do not change after saturation of the samples with ethylene-glycol and heat treatment at The ceramic is mainly constituted (Figure 17 • It is well known that the clay mineral kaolinite transforms into metakaolin in the temperature range of 450-850°C [START_REF] Moodi | Evaluation of the optimal process of thermal activation of kaolins[END_REF], [START_REF] Astutiningsih | Characterization and Fabrication of Metakaolin using Pulau Bangka Kaolin[END_REF], which turns into gehlenite [START_REF] Traoré | Gehlenite and anorthite crystallisation from kaolinite and calcite mix[END_REF] at 850-900°C [START_REF] Serra | Firing transformations of an argentinean calcareous commercial clay[END_REF], [START_REF] Rathossi | Effect of firing temperature and atmosphere on ceramics made of NW Peloponnese clay sediments: Part II. Chemistry of pyrometamorphic minerals and comparison with ancient ceramics[END_REF].

• The firing of calcite-and dolomite-rich clays above 900°C yields the gehlenite and diopside [START_REF] Trindade | Mineralogical transformations of calcareous rich clays with firing: A comparative study between calcite and dolomite rich clays from Algarve, Portugal[END_REF], [START_REF] Trindade | Firing Tests on Clay-Rich Raw Materials from the Algarve Basin (Southern Portugal): Study of Mineral Transformations with Temperature[END_REF].

• Illite disappears in the temperature range of 950-1050°C [START_REF] Escalera | Thermal treatment and phase formation in kaolinite and illite based clays from tropical regions of Bolivia[END_REF].

• The carbonates (calcite and dolomite) present in clay are decomposed (800-1000°C) by heat treatment and not observed in ceramic (at least in a crystalline form) [START_REF] Rodriguez-Navarro | Thermal decomposition of calcite: Mechanisms of formation and textural evolution of CaO nanocrystals[END_REF], [START_REF] Karunadasa | Thermal decomposition of calcium carbonate (calcite polymorph) as examined by insitu high-temperature X-ray powder diffraction[END_REF]. Based on the results of the X-ray diffraction analysis, we can conclude that:

• The heat treatment necessary for the making of ceramic tablets entailed the total modification of the clay minerals forming the basic clay materials. The minerals we observed in row clay powder, were not identified in ceramic tables fired at 930°C.

• The clay from the Shahumyan/Yuva deposit contains lots of quartz which acts as a degreaser, i.e. an element ensuring the structural cohesion of the clay paste during the manufacturing operations (drying and cooking) and playing a preponderant role in certain qualities (mechanical resistance and impermeability in particular) of the ceramic obtained.

• The deposit clay also contains a large amount of calcite (CaCO3) that contributes to the formation of the principal calcium minerals in the ceramics (gehlenite (Ca2Al(AlSi)O7), diopside (CaMgSi2O6), and plagioclases of the albite-bytownite sequence ((Ca0.8Na0.2(Al1.6Si2.4)O8).

• Hematite is also present in the ceramic, this is of prime importance since it is a source of iron that can catalyze wine oxidation.

Ceramics are well known for their porosity, which is a key point of their application.

The porosity of ceramic materials varies from 20-95% [START_REF] Al-Naib | Introductory Chapter: A Brief Introduction to Porous Ceramic[END_REF]. It may contain closed pores (no accesse to the environment), as well as open pores (accessible from the outside). Porosity in natural ceramics depends on their genesis while in synthetic ceramics, it depends on their manufacturing. The porosity of ceramics is usually classified according to their pore size: microporous (< 2 nm), mesoporous (2-50 nm) and macroporous (> 50 nm) [START_REF] Ohji | Macro-porous ceramics: processing and properties[END_REF], [START_REF] Chen | Porous ceramics: Light in weight but heavy in energy and environment technologies[END_REF].

In our study, porosity of ceramics obtained at two firing temperatures were investigated, but the goal is not to study the porosity in function of the heating protocole or going into details about the classification of pores and pores size distribution. It is clearly to measure the porosity and surface area, with a suffisient confidency because they are important characteritics impacting the dissolution of the ceramic in the wine.

The results obtained from the pycnometry measurements reported in Figure 18 allow us to have an estimation of the porosity of ceramics. Tablets issued from FP800 and FP900 have similar porosity. There is a significant discrepancy between the big (63%) and small (80%) tablets. It is certainly due to the high uncertainty of the measurement on the small tablet. There is rich reference data on the effect of temperature on the porosity of ceramics.

It is well known that firing temperature [START_REF] Delbrouck | Evolution of porosity in extruded stoneware as a function of firing temperature[END_REF]- [START_REF] Jordan | Influence of firing temperature and mineralogical composition on bending strength and porosity of ceramic tile bodies[END_REF], as well as the heating rate [START_REF] Chen | Porous ceramics: Light in weight but heavy in energy and environment technologies[END_REF] have an influence on the porosity of the ceramics. The analysis of the above-mentioned literature data shows that the increase in temperature leads to a decrease in the porosity of ceramics but it becomes significant above 950°C [START_REF] Jordan | Influence of firing temperature and mineralogical composition on bending strength and porosity of ceramic tile bodies[END_REF]. Consistently in our case, no porosity variation is observed between the two firing protocol. The open porosity measured (63%, if we consider big tablets) allows to classify tablets as a high-porous ceramics. However, to be able to analyze the interaction between ceramic tablet and model wine in point of view of the dissolution of minerals we need to know not only the porosity, but also specific surface area of the ceramic.

BET theory is used to measure the surface area of solid or porous materials. This gives an important information about their physical structure, since the surface area of a material influences how that solid will interact with its environment [START_REF] Jaroniec | Adsorption methods for characterization of surface and structural properties of mesoporous molecular sieves[END_REF]. BET method was used to determine the specific surface area (m 2 /g) of FP 930 ceramic tablets as well as for a real fragment of Armenian pithos.

The specific surface area of the ceramic tablets measured by the BET technique is 2 m 2 /g. Remarkably, the same measurement on a fragment of an Armenian pithos (degassed at 600°C) give a close value of 2.2 m²/g. In this chapter we discuss the porosity of ceramic tablets as a function of temperature. Concluding the results from He-pycnometry measurements, we see that:

• the porosity of ceramic tablets is high (62%-81%) according to the classification of porous ceramics.

• no difference was observed between the two firing programs for either large (FP800 -62%, FP930 -63%) or small (FP800 -79%, FP930 -81%) tablets, probably due to the low sensitivity of the technique used.

• there is a difference in porosity between big and small tablets of about 20%, which may be related to the limit of measurements of the instrument for small tablets.

• The surface area of our ceramic made in the laboratory is comparable to the one measured on a fragment of an Armenian pithos: 2 m²/g for the tablets, 2.2 m²/g for the pithos. SEM images of raw clay powder illustrated in Figure 19 show that the sample is morphologically homogeneous [START_REF] Cotiuga | New Archaeometric Characteristics for Ancient Pottery Identification[END_REF] and consists of randomly oriented particles of different sizes. A simple morphological comparison with SEM images of the literature shows similitudes with images obtained on mixture of smectite, kaolinite and illite [START_REF] Bohor | Scanning Electron Microscopy of Clays and Clay Minerals[END_REF]which was previously revealed by XRD results (Table 9). According to Armenian sources, the clay from Shahumyan's deposit contains a rich complex of marine fauna found during the excavations such as corals, foraminifers, gastropods etc. Most characteristic is the presence of microfaunal shells, fragments of crinoids, and algae, which are also mixed with hard and clayey matter and calcite, thus autogenous clay minerals develop on a clay base of rock fragments and minerals, as well as the remains of microorganisms [START_REF] Kh | Clayey rocks of the Armenian SSR: Clay formation in the inner regions of geosynclines[END_REF].

Consistently, during SEM observations in the raw clay powder, phytoplankton (algae) fossils like diatoms (a) [START_REF] Salimon | A Mini-Atlas of diatom frustule electron microscopy images at different magnifications[END_REF]- [START_REF] Rybak | Marine and brackish Luticola D.G.Mann (Bacillariophyta) species from the Java Sea and South China Sea coasts with the description of three new species[END_REF] and coccolithophores (b) [START_REF] Holligan | From the Ocean to Cells: Coccolithophore Optics and Biogeochemistry[END_REF], [START_REF] Young | A review of selected aspects of coccolithophore biology with implications for paleobiodiversity estimation[END_REF] were observed (Figure 20). Coccolithophores are distinguished by calcium carbonate scales (coccoliths).

This may be of interest for the explanation of the high concentration (15-22%) of calcium containing in raw clay [START_REF] Gardin | Where and when the earliest coccolithophores?: Where and when the earliest coccolithophores?[END_REF], [START_REF] Daniels | A global compilation of coccolithophore calcification rates[END_REF]. Fossils are also used as a biostratigraphic and paleoecologic indicators [START_REF] Gombos | Fossil Diatoms from Leg 7, Deep Sea Drilling Project[END_REF]. From a geological perspective, the fossils found in raw clay indicate that the Shahumyan's clay deposit has marine/oceanic origin, since diatoms and coccolithophores are widespread in water ecosystem [START_REF] Monteiro | Why marine phytoplankton calcify[END_REF]. The fact that the deposit has a marine/oceanic origin, is also cited by Armenian scientists [START_REF] Kh | Clayey rocks of the Armenian SSR: Clay formation in the inner regions of geosynclines[END_REF], [START_REF] Kazaryan | The results of geological exploration work carried out at the Shahumyan (Yuvа) clay deposit in the Artashat region of the Armenian USSR for 1960/reserve calculation[END_REF]․ It is not our task to determine the species affiliation of the discovered remains, but the literature data allow us to make a rough conclusion that this refers to the species Coccolithus pelagicus [START_REF] Holligan | From the Ocean to Cells: Coccolithophore Optics and Biogeochemistry[END_REF], [START_REF] Parente | Morphometry of Coccolithus pelagicus s.l. (Coccolithophore, Haptophyta) from offshore Portugal, during the last 200 kyr[END_REF]. This is the only extant species and belongs to cooler (up to 18°C) water form (arctic form and temperate form) [START_REF] Young | A GUIDE TO EXTANT COCCOLITHOPHORE TAXONOMY[END_REF]. Scanning electron microscopy also shows the presence of plant roots and porous stem-like remains (Figure 57, Annex III). The terroir is fundamentally and intimately a factor affecting the quality of wines and these images, maybe more suggestive when the presence remains of living organism is revealed, show that pithoi or other ceramic containers may also bring a contribution of the land to the wine.

The SEM images in Figure 21 show the morphological change of the sample after heat treatment. Tablets fired at 930°C were morphologically changed due to the phase transformation of clay minerals. It can be seen how the crude tablet with apparently no porosity is transformed into a highly porous ceramic material. The coarse texture of the microstructure of the ceramic is typically obtained when a calcareous clay (containing more than 6% of CaO [START_REF] Maniatis | Technological examination of Neolithic-Bronze Age pottery from central and southeast Europe and from the Near East[END_REF] is used for the ceramic production. The calcareous nature of the clay was previously observed by XRF analysis (Table 7). From images obtained by SEM, the ceramics consist mainly of macropores (> 50 nm). A localized melting process is observed (Figure 22), which leads to the destruction of the minerals structure in ceramic. It can be related to the vitrification of the material (starting at ̴ 850°C and higher) [START_REF] Freestone | Mineralogical applications of the analytical SEM in archaeology[END_REF], [START_REF] Krapukaitytė | SEM and EDX characterization of ancient pottery[END_REF]. In agreement with previous XRD and XRF results on clay, and ceramic, EDX analyses exhibit the presence of silicon, calcium, aluminum, magnesium iron, potassium, manganese and sodium as the main cations (Figure 24). However, the dominant elements is oxygen (52.9%), which indicates that metal oxides are abundant (amorphous or crystalline phases) in the ceramic [START_REF] Krapukaitytė | SEM and EDX characterization of ancient pottery[END_REF]. The clay (aluminosilicate) can be associated with the principal source of the high amount of Si and Al observed in the ceramic.

The abundance of calcium in ceramic is related to significant amount of calcite in the Shahumyan clay deposit (the XRF, Table 7, reports about 10% of CaO in the starting material (clay body)).

The presence of Fe, Mn, and Ti is an important point for relaxometric measurements. They are discussed in more detail in the next chapter.

Significant amounts of K, Mg and Na are detected (1-3%) and trace elements like S, Cr, F, P, Mo, Cl are also revealed (< 0.1%).

Results obtained by SEM/EDX analysis are in close agreement with the literature data [START_REF] González-Santamaría | SEM-EDX study of bentonite alteration under the influence of cement alkaline solutions[END_REF]- [START_REF] Alina | ATR-FTIR and SEM-EDS Analyses of Lumea Nouă Painted Pottery from Alba Iulia-Lumea Nouă Neolithic Site[END_REF]. From a general point of view, although earthen-ceramics are resistant to corrosion, it is not always possible to avoid negative environmental influences. In the construction domain, corrosion of bricks or tiles, due to acid rain (pH<5) [START_REF] Zheng | Mechanical Behavior of Brick Masonry in an Acidic Atmospheric Environment[END_REF]. Over time, the ceramic substance decomposes which leads to the dissolution of minerals forming the ceramics. The dissolution of ceramic depends on the pH and temperature of the environment, but also on the specific surface area of the material [73]- [START_REF] Delbrouck | Evolution of porosity in extruded stoneware as a function of firing temperature[END_REF]. Wines being relatively acidic (pH around 2.5) may dissolve the ceramic at the expense of its organoleptic properties. This chapter is devoted to the inductively coupled plasma atomic emission spectroscopy (ICP-AES) elemental analysis of model wines, which were in contact with a ceramic for various periods of time, from 1 hour to 16 months.

ICP-AES is a powerful multi-element analysis method used for the detection of chemical elements suited for the direct analysis of solutions. It uses the inductively coupled plasma to produce excited atoms and ions that emit electromagnetic radiation at wavelengths characteristic of a particular element [START_REF] Sturza | MOLDAVIAN WINE ANALYSIS BY ICP-AES AND NAA TECHNIQUES: COMPARISON STUDY[END_REF]. The method is based on the principles of atomic spectroscopy being able to determine of more than 70 elements with detection limits in the ppb to ppm range [START_REF] Neikov | Powder Characterization and Testing[END_REF]. Vaporization and atomization of the samples take place in an extremely high temperature ( ̴ 7000 °C) argon plasma generated by radio frequency coupling [START_REF] Cheremisinoff | ELEMENTAL AND STRUCTURAL CHARACTERIZATION TESTS[END_REF].

Twenty samples were prepared for the analysis. For each sample, one ceramic tablet was placed in a 10 mm NMR tube, then 2.8 ml of model wine was added, after which the tube was flame sealed. The ratio of the volume of the model wine to the volume of the headspace was around 1:3. In the sealed tubes, in a controlled environment, the model wine was left in contact with the ceramic from 1 hour up to 16 months. All samples were stored at 25 °C (during the first day in a water bath, with moderate exposition to the natural light of the laboratory, then in regulated thermal (25 °C) chamber, in darkness). After aging for suitable period, the liquid phase was separated from ceramic and sediments formed during the aging. Supernatant was flame sealed (with a ratio of volume of the model wine to the volume of the headspace less than 1:2) and stored at 25 °C in darkness until the last aging period (16 months) has elapsed. Eventually all samples were chemically analyzed by ICP-AES at the same time.

Amazingly, the elemental analysis of model wine reported in Figure 25 shows a large variety of elements. Even if most of them were below the limit of quantification few elements are present in significant amount, and it is legitimate to question the reliability of this measurement. Tartaric acid is probably the more contaminated component of the model wine and we suspect it is the main source of the quantified elements (Al, B, Ca, Na, P). Its purity is given as > 99.7 % meaning that the amount of impurity would be of the order of 0.3 % (i.e. 1.5 mg/L of impurities in the model wine containing 5 g/L of tartaric acid). A simple sum of the concentration of the quantified elements in Figure 25 gives a total of 3.1 mg/L. This amount, albeit above the impurities concentration that may be expected from tartaric acid, remains reasonable. Moreover, ethanol purity being > 99.9 %, could also be a source of an additional contamination of the order of 1mg/L. Overall, we assume that the elemental analysis of the model wine is sensible and from now these concentrations are systematically subtracted from the values of elements concentration measured in the model wines in contact with ceramic tablets. When the model wine is in contact with the ceramic, there is a significant migration of elements from the ceramic to the model wine (raw ICP-AES data are compiled in Table 23 of Annex VI). It should be noted that the migratory behavior of the element's changes over time, but if we try to class most abundant elements, a list could be ordered as follow: Ca>>Na>Al>K>Fe>Mg>S>Sr. Compared to other elements, from the first instants, calcium stands out in an obviously high concentration. Overall, the concentrations seem to evolve with at least three-time scales: of the order of hours, days, and months (Figure 26). For elements with concentration above 1mg/L, Table 12 reports the evolution of concentrations released from 1 g of the tablet to the model wine after contact with the ceramic (the migratory behavior of all elements is reported in Table 24 of Annex VI).

Despite that in time each measurement is done on a different ceramic, on a logarithmic scale the evolutions are smooth except few accidents observed at 6 hours. This could be attributed to an experimental error or to a variability of the ceramic. For most elements there is a quick release during the first hours then the slope decreases. From there, three rough trends of evolution can be suspected (i) a decrease after 4 days (Al, Mg, Fe,), (ii) a rather steady state situation at a constant level over 16 months (Na, S), (iii) an increase at a long period of time (K, Cr). However, it is worth mentioning that a different time sampling of these experiments (in the presented results, it is linear during the 11 th first hours and logarithmic from 2 days to 16 months, with a weak density of points) should very likely reveal more accurately (with a better resolution) details of these evolutions. We have not analyzed the evolution of all constituents and their interplays because of the tremendous underlying complexity. If necessary, the exploratory ICP-AES results reported in this section should be used as a base for the elaboration of model ceramics with targeted mineral(s) in order to simplify the analysis. However, we try to discuss mainly the concentration evolution of two dominant elements calcium and iron (Fe is further discussed in 4.2). Aluminum, potassium, and magnesium concentrations are also briefly evocated. 

Elements

Simple liquid chemistry principles can be used to try to approach the evolution of the dominant element Ca, which concentration evolution is reported in Figure 28. The raw materials contain lots of calcite (CaCO3) ( ̴ 15-20 % in the clay and ~10% in the mixture of clay and sand, Table 7) and in a first approach, we assume that calcite is the main raw source of calcium that migrates into the model wine. Upon firing, calcite forms calcium oxide (CaO) [START_REF] Chen | Porous ceramics: Light in weight but heavy in energy and environment technologies[END_REF], [START_REF] Delbrouck | Evolution of porosity in extruded stoneware as a function of firing temperature[END_REF], [START_REF] Sanchez-Garmendia | Alterations and Contaminations in Ceramics Deposited in Underwater Environments: An Experimental Approach[END_REF] which is expected to be also in a significant amount in the ceramic. The calcium oxide reacts rapidly with liquid water (when exposed to wine and probably also to a lesser extend with atmospheric water during the storage of the ceramic) to form calcium hydroxide (Ca(OH)2) [START_REF] Serris | Study of the hydration of CaO powder by gas-solid reaction[END_REF], [START_REF] Criado | Kinetics of the CaO/Ca(OH)2 hydration/dehydration reaction for thermochemical energy storage applications[END_REF].

𝐶𝑎𝑂 + 𝐻 2 𝑂 → 𝐶𝑎(𝑂𝐻) 2 [START_REF] Martínez-Gil | Evolution of red wine in oak barrels with different oxygen transmission rates. Phenolic compounds and colour[END_REF] This hydroxide is known to be very slightly soluble in water ( ̴ 1.65 g/L, 22 mM) [START_REF] Miller | Solubility of Calcium Hydroxide[END_REF], [115, So, we may hypothesize that all available calcium hydroxide present in the model wine is dissolved and dissociated, in particular for the first experiments with small contact times (<10 hours) where no precipitation or solid phases are observed. According to Eq. ( 8), the dissociation of calcium hydroxide should produce an increase of the pH of the model wine as seen on Figure 28.

𝐶𝑎(𝑂𝐻) 2 + 𝐻 2 𝑂 → 𝐶𝑎 2+ + 2𝑂𝐻 - (8) 
Assuming a total dissociation of the base, for the first samples, the pH shift from 2.35 to 2.5 would correspond to a consumption of 1.3 mM of H3O + , that result of the dissociation of 0.65 mM of Ca(OH)2. When the pH reaches 7 the same calculation gives a dissociation of 2.2 mM of Ca(OH)2. It is reassuring to observe that despite the rough approximations, estimated values are of the same order as concentrations measured by ICP-AES. Albeit the estimations for the first samples (0.65 mM) presents the maximum discrepancy with the observed values (from 2 to 5 mM) it might be easier to discuss since no precipitation or solid phases are observed at initial contact times and the pH remains fairly stable. The simplest explanation of the underestimation of calcium concentration would be that more Ca is dissolved from other source of minerals. XRD have evidenced the presence of other calcium-containing-minerals in the ceramic: diopside (CaMgSi₂O₆), gehlenite (Ca2Al(AlSi)O7), but also plagioclase (labradorite (Ca0,6Na0,4(Al1,6,Si2,4)O8), bytownite (Ca0.8Na0.2(Al1,6Si2,4)O8), and anorthite (CaAl2Si 2O8)).

The dissolution of ceramics and minerals such as diopside, hematite, magnetite, anorthite, albite… has been studied by several researchers [START_REF] Knauss | Dependence of albite dissolution kinetics on ph and time at 25°c and 70°c[END_REF]- [START_REF] Torrent | The Reductive Dissolution of Synthetic Goethite and Hematite in Dithionite[END_REF], [START_REF] Bennett | The dissolution of quartz in diluted aqueous solutions of organic acids at 25°C[END_REF]. Most of these studies have focused on mineral dissolution mechanisms as a function of pH and temperature. It is worth mentioning, that literature results may reveal noticeable discrepancies of the constants of dissolution depending on the surface, size of particles [START_REF] Bennett | The dissolution of quartz in diluted aqueous solutions of organic acids at 25°C[END_REF], [START_REF] Bragança | Effect of Quartz of Fine Particle Size on Porcelain Properties[END_REF]. Some of these literature dissolution rates for few minerals are given in Table 13. Figure 29 simulates the dissolution according to of a hypothetical tablet of mass 679 mg made of 100% of the mineral (porosity of the ceramic (section 3.5) has been considered in the calculation). According to Figure 29, by example a tablet of anorthite at pH 3 would be able to dissolve in one hour 5.3 mg of calcium. In other words, a tablet containing 5% of anorthite (if the anorthite is homogeneous in the sample and on surface) would be sufficient to produce the amount of calcium observed by ICP-AES (266 µg) after one hour in 2.8 mL of model wine. More realistically of course, the tablets are not pure mineral, and the dissolution is not over a flow but these basic comparisons show a fairly reasonable consistency between the calculated quantities from dissolution coefficient of the literature and ICP-AES measurements. In addition, it is worth noting that Qin et al. [START_REF] Qin | Ca 2+ and OH -release of ceramsites containing anorthite and gehlenite prepared from waste lime mud[END_REF] in a very similar material (ceramsites) have evidence that in conjunction of the calcium release from calcium hydroxide, minerals (like gehlenite and anorthite) are also important dissolution sources for calcium. The results of Qin et al [START_REF] Qin | Ca 2+ and OH -release of ceramsites containing anorthite and gehlenite prepared from waste lime mud[END_REF] deserve to be further compare to our results and a detailed analysis of the calcium dissolution during the first hours may be 

𝐶(𝑡) 𝐶𝑚𝑎𝑥 = 𝑥 = 1 -e -𝑘 𝑡 𝑛 , (9) 
Where k is the kinetic constant, n is characteristic constant of the solid (Avrami constant), t is the time, and x the fractional conversion (𝐶(𝑡) is the concentration at time t and 𝐶𝑚𝑎𝑥 is the maximal concentration).

They obtained kinetic coefficients from 0.0077 to 0.0125 min -n . In 12 hours, 30 or 90 (depending on the ceramsite) mg of calcium were released per liter of water. An identical fit to our data (Figure 30) give satisfying modeling, with the following numerical results: 𝐶𝑚𝑎𝑥=153(7) mg/L , 𝑘=0.025(7) min -n , and 𝑛=0.9019 (fixed). Our ceramic has a kinetic constant twice the one obtained by Qin et al, this can be attributed to the lower initial pH in the wine (2.55) than in the water (6.5), but also to the higher porosity of the ceramic (63-80%) with respect to the ceramsite one (50%). Qin et al.

have observed the same correlations; in particular, by varying the initial pH of the solution they observed very little difference in solutions with pH from 10.7 to 4.6. However, a drastic increase of solubility (x4) is obtained when the solution has an initial pH of 2.37.

The discussion for long contact time (time > 12 hours, reported in an adapted linear scale in Figure 31) is rather delicate. The calcium evolution is clearly not monotonous.

There is a decrease of the calcium concentration after 10 h and it seems to stabilize from 100 to at least 350 hours (4 to 15 days). Then the measurement at 1500 hours (2 months)

show that the concentration has increase by a factor of nearly 4, from there it decreases slowly and apparently linearly to ultimately reach its minimum. At this stage, we do not want to make hazardous hypotheses, but several point can be highlighted:

(1) In front of the complex evolution of calcium concentration, the reliability of the measurement can be questioned. However, on regard of the previous discussion at low contact times, the measured concentration seems to be reliable up to 12 hours. Some other elements seem to have a smooth evolution (like potassium, sodium…) over the whole period of evolution. It seems unlikely that only the first measurements were correct and the other not, and we think that the concentration measured are sensible.

(2) As mentioned previously, we think that the studied solutions were in equilibrium (the solution was separated from the ceramic and left in a controlled condition for several weeks or months before ICP-AES analyses). This would mean that the differences observed are due to longer contact with the ceramic and that even at very high pH and after a very long period the ceramic still impact the wine.

(3) In the literature, the evolution (e.g. oxidation) of wine is generally analyzed in regard of organic molecules (catechin etc.) [START_REF] Coelho | Molecular and Macromolecular Changes in Bottle-Aged White Wines Reflect Oxidative Evolution-Impact of Must Clarification and Bottle Closure[END_REF]- [START_REF] Danilewicz | Role of Tartaric and Malic Acids in Wine Oxidation[END_REF] over rather short period of time. These present results reveal that there can also exist a mineral chemistry that take place during aging of the wine over long periods of time.

(4) From macroscopic observations, we know that there is a significant amount of solid phases (that seems containing some crystals) formed after a long contact.

We think that some may be tartrate of several nature (potassium bitartrate are commonly encountered in wines but calcium, magnesium, and others may also be formed) [START_REF] Aceto | Determination of metals in wine with atomic spectroscopy (flame-AAS, GF-AAS and ICP-AES); a review[END_REF]- [START_REF] Mckinnon | The mechanism of precipitation of calcium L(+)-tartrate in a model wine solution[END_REF]. And the mineral chemistry would produce formation of solid phases at some stage than can be later dissolved and release ions (that would explained the domain of low concentration of calcium (observe from ~ 90 to ~ 360 hours). One may naively imaging that above 400 hours (~ 17 days), as a consequence of the high pH potassium bitartrate (KC4H5O6) is dissolved/dissociated in favor of calcium tartrate (CaC4H4O6) that precipitates:

H2O + Ca 2+ (aq.) + KC4H5O6 -> CaC4H4O6 + K + (aq.) + H3O + [START_REF] Guerrini | Kinetic modeling of a Sangiovese wine's chemical and physical parameters during one-year aging in different tank materials[END_REF] However, at this stage an analysis of these solid phases should be very informative but has not been done yet. Before closing the discussion on calcium, we mention that some white spots appeared on the ceramics stored in the air. We think that it could reveal the formation of calcite (like efflorescence phenomena on brick walls, calcite can be one of the minerals formed by efflorescence, but other salts of sodium, potassium and calcium are usual).

𝐶𝑎(𝑂𝐻) 2 + 𝐶𝑂 2 → 𝐶𝑎𝐶𝑂 3 [START_REF] Neuendorf | Glossary of geology[END_REF] If formed, this calcite would readily be dissolved in acid medium.

To complete the description of Figure 29, as far as iron is concerned for simplification, we based our discussion on the hypothesis that the main source of iron is hematite, which has been found in a significant amount in the ceramic (4% from XRF in the mixture (Table 7)). As previously mentioned, the dissolution is accelerated in acidic solutions. But it is important to mention that the dissolution rate of (minerals) hematite is significantly faster in organic acids, mainly oxalic and citric, compared to inorganic acids [START_REF] Taxiarchou | Dissolution of hematite in acidic oxalate solutions[END_REF], [START_REF] Panias | Dissolution of hematite in acidic oxalate solutions: the effect of ferrous ions addition[END_REF].

On Figure 29, during the first hours of dissolution, ICP-AES measures concentrations of iron that would be around 50 times less that what would be dissolved by an equivalent pure hematite tablet. A basic extrapolation would suggest that the ceramic tablets contains 2% of hematite which is reasonably close to the XRF data that gives 4% of Fe2O3, (Table 7).

The concentration of iron in wines is naturally small (~ 1-10 mg/L) [START_REF] Vallejos | Solid sensory polymer substrates for the quantification of iron in blood, wine and water by a scalable RGB technique[END_REF], but when the iron concentration gets above 4-5 mg/L, some instability problems may occur [START_REF] Margalit | Concepts in wine chemistry[END_REF].

The aeration of wine results in the oxidation of ferrous ions to ferric ions, leading to a risk of precipitation (ferric casse). This iron-induced precipitation is likely to appear when the iron concentration reaches 10 to 20 mg/L [START_REF] Vallejos | Solid sensory polymer substrates for the quantification of iron in blood, wine and water by a scalable RGB technique[END_REF] and can alters sensory characteristics. Once iron concentration exceeds 20 mg/L, iron inhibits fermentation [START_REF] Coleman | Kinetics of autoxidation of tartaric acid in presence of iron[END_REF].

For aluminum reported in Figure 29, it is also satisfactory to observe that during the first hours of dissolution an equivalent tablet of anorthite would produce far more Al than it has been observed by ICP-AES.

The concentration of aluminum can be a subject of discussion, considering the toxicity of this element. The toxic impact of aluminum on human health has been linked

to the pathogenesis of several neurodegenerative disorders such as Parkinson's and Alzheimer's diseases. The European food safety authority defined in 2008 a daily acceptable adsorption of 10 mg for a 70 kg person reported by the black dotted line [START_REF] Authority | Safety of aluminium from dietary intake -Scientific Opinion of the Panel on Food Additives, Flavourings, Processing Aids and Food Contact Materials (AFC)[END_REF]. Of course, between our experiment and a real container there is scaling factor, that has to be taken into account, but the amount of aluminum may be an issue for wine in ceramic.

The evolution of the magnesium concentration described in Figure 29, cannot be explained by the unique dissolution of the diopside, but it is of course very unlikely that the diopside is the only source of magnesium in the tablet.

In this section, we have focused on the measurement of the concentration of dissolved elements (or group of elements) of a ceramic immersed in a model wine versus the time. The pH has been also roughly measured. As a safeguard, oversimplified considerations were performed in regard of the constant of dissolution of some of the minerals identified in the ceramic. The calcium dissolution is compared to the one measured in ceramsites [START_REF] Qin | Ca 2+ and OH -release of ceramsites containing anorthite and gehlenite prepared from waste lime mud[END_REF]. We can conclude that:

(iii) there is a wide range of elements migrating from the ceramic to the model wine by dissolution of the minerals constituting the ceramic. The study of relaxation mechanisms observed in time domain nuclear magnetic resonance (TD-NMR) is an extremely wide and complex domain of physics that is investigated since the discovery of NMR in 1945. We briefly evocate in Annex VII the relaxation mechanisms occurring in our experiments that can, fortunately, be simply described. The main point to consider here is that the relaxation rate of an aqueous solution depends linearly on the concentrations of the paramagnetic ions in the solution. Obviously, the intercept being the relaxation rate of the pure solution (without the paramagnetic elements) and distinct paramagnetic ions or molecules (Fe 3+ , Fe 2+ , Mn 2+ , O2) may have a very different slope (relaxivity). Of course, this depends on the temperature, viscosity, and magnetic field. In our study all experiments were performed at the same magnetic field ( 20MHz), and with great care at the same temperature (25°C). An increase of the viscosity of the solutions would produce an increase in the relaxation rate but this was not directly observed or quantified.

A point to consider is the formation of solid phases during these experiments. In NMR experiments, no solids were observed before 10 hours, first solids were sometimes observed after 24 h. However, the samples were not visible during T1 measurements and the presence of solid was observed only at the end of the measurements. After one week of contact between the ceramic and model wine, white and/or yellow solid phases were generally observed. The precipitates have been saved, but not studied so far.

Based on the experimental conditions distinct groups of samples were prepared:

Flame-sealed samples with small headspace -7 mm NMR tubes with a small headspace containing model wine and a small ceramic tablets were flame sealed. The ratios of the volume of the headspace to the volume of wine (Vair/Vwine) was between 1 and 3. The The composition of the model wine is given in Table 1. The amount of model wine used for each experiment and details are reported next to each relaxogram.

Despite its theoretical complexity, proton TD NMR is an easy experiment that allow to shed light on the complex physico-chemical evolution occurring when a ceramic is in presence of model wine. In particular, it allows performing experiments in situ without the need of recourse to any exterior probes. We have measured the relaxation times of protons, which are very abundant in the wine solution (mainly coming from water). The model wine used contains 12% in volume of ethanol (at 20°C), it correspond to a molar fraction of 96% of water molecules allowing to reasonably neglect the ethanol contribution [START_REF] Bodart | Analysis of the Proton Spin-Lattice Relaxation in Wine and Hydroalcoholic Solutions[END_REF]. At the first order, the relaxation rate of water molecules will be governed by paramagnetic relaxation [START_REF] Bloembergen | Proton Relaxation Times in Paramagnetic Solutions[END_REF]- [START_REF] Pell | Paramagnetic NMR in solution and the solid state[END_REF]. Figure 32 reports the elements concentration that can generate paramagnetic ions in solution: (Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Ti, V). Except for very long times (> 7 months), iron is the major paramagnetic aquaion presents in the solution. It may be present as ferric ions (particularly at low pH) as a result of decomposition of hematite identified in the ceramic (section 3.3.5). However, each paramagnetic ion does not have the same relaxivity ("power of relaxation"). Table 15 classes the various paramagnetic aquaions in function of their relaxivity [START_REF] Bertini | NMR of paramagnetic molecules: applications to metallobiomolecules and models[END_REF]. By crossing the ICP-AES data and the relaxivities of Table 15, it is possible to picture what can be the major paramagnetic source of proton relaxation in the solution (Figure 33). 15). Model wine elements concentrations are subtracted.

It is assumed that all elements are in the reported oxidation states. The horizontal dotted black line represents the calculated quantity for iron (100 %).

Figure 33 can be read as follow, if we look at one hour after the contact of model wine and ceramic (first point), the quantity ([Mn 2+ ]/[Fe 3+ ]) (RMn 2+ /RFe 3+ ) is 36, meaning that Fe 3+ contributes 36 times more than the Mn 2+ to the relaxation of the solution. Neglecting all other contributions Mn 2+ would contribute for 3.2% of the relaxation of the solution.

Fe 3+ contributes 100 times more than Cr 3+ . This is very likely and reasonable picture during the first hours of the contact of the ceramic with the wine. However, it should not be extrapolated for longer times since reduction of ions, crystallizations, and formation of solid phases occur and strongly modify the paramagnetic ions concentration in the solutions.

The lower ratio calculated for Cr 3+ and V 4+ at long contact time probably reflect less aptitude to crystallize or form solid materials.

At this stage, we retain that iron is probably the first source of relaxation of protons in the solution, followed by manganese. This is all the more true during the first hours of contact when the pH of the solution is low (2.6) and the amount of oxygen present in the environment is relatively high, a situation usually more favorable to Fe 3+ than Fe 2+ (Annex VIII). An additional paramagnetic element of importance must be considered in the experiment is the dissolved dioxygen in the solutions (Figure 34). has been calculated from [START_REF] Cornell | The iron oxides: structure, properties, reactions, occurrences, and uses, 2nd[END_REF], the open symbol is only reported and not used in the linear regression.

For both curves, the higher relaxation point corresponds to atmospheric equilibrium, while the intercept is associated to the relaxation rate corresponding to the solutions free of paramagnetic O2. The relaxation rate of fully degassed distilled deionized water is reported as 0.280 s -1 [START_REF] Franks | The Physics and Physical Chemistry of Water[END_REF]. The different relaxivities for the two solutions are within fitting errors but the discrepancies are likely to be attributed to the dioxygen concentration measurements performed with two different pastilles (sensors). Figure 34 allows to calculate a dioxygen relaxivity of 0.33 s -1 /mM (expressed in the same units as Table 15). As presented in Annex VII, the proton relaxation rate of a solution containing paramagnetic aquaions has a remarkable properties of linearity with the paramagnetic aquaion concentration [START_REF] Schlüter | Nuclear magnetic resonance relaxation titration[END_REF]. In the case of Fe 3+ the linearity is illustrated in Figure 36. It is interesting to note that for a naught concentration of iron we obtain the relaxation rate of the pure model wine solution (0.48 s -1 ). This value corresponds to the cumulative relaxation rate of three mechanisms: rotational and translational isotropic diffusion of water and of the coupling of protons (from H2O) with paramagnetic dissolved O2. This linearity allows reproducing the raw relaxogram in a different space where only the concentration effect of the dissolved paramagnetic ions is revealed. In a first step we subtract the model wine contribution (0.48 s -1 ) to the relaxation rate and in a second step we use the inverse linearity relaxation to calculate the iron concentration:

[𝐹𝑒 3+ ] = (𝑅 1 -0.478) /0.0649 (12) 
The titration diagram is reported in Figure 37. The ceramic is dropped at 2 hours, it is seen on the solution when the point appears at a lower relaxation rate with a visible incertitude on the measurement of the model wine relaxation rate. (Error bars are not visible when lower than the size of the points). After the ceramic is immersed in the water and hydroalcoholic solutions, the relaxation rates take a steady value barely superior to the one without the ceramic. This very slight increase of the relaxation rate can be attributed to the porous nature of the ceramic confined water molecules in the pore or in interaction at the surface have a higher relaxation rate that can increase by diffusion the overall relaxation rate of the solution [START_REF] Bodart | Access to water dynamic into the fibers of polygalacturonate gels by NMR relaxometry[END_REF], [START_REF] Bodart | Mesh size determination in polycalacturonate gels by NMR relaxometry[END_REF]. It worth noting that the porosity distribution of the ceramic could be evaluated by some dedicated TD NMR experiments [START_REF] Foulioux | Etude d'hydrogel polysaccharidique par relaxométrie RMN[END_REF], but this has not been investigated in this work. The situation is quite different in the case of the tartaric acid solution. There is an immediate acid attack of the Figure 39 illustrates the experimental design used to follow the evolution of the relaxation rate in a sealed environment to approach the hermetic condition of bottle of wine in general.

The ceramic is inserted in a 7 mm NMR tube, the tube is shaped with a flame to create a neck with a small orifice at the top (of the size of a small needle). When the glass is cold, the wine is injected with a syringe. Eventually, the thin glass neck tube is closed with a rapid exposure to a flame without heating the wine. The sealed system is weighted and transferred to the NMR apparatus in 10 mm NMR tube. Less than 30 minutes elapse between the ceramic contact with the wine and the beginning of the TD NMR experiment. Once the experiment is finished the weight is checked and controlled several months latter to test the sealing (a loss of weight by evaporation would evidence a sealing default).

Figure 40 reports the evolution of the relaxograms (three repetitions) of some model wine in contact with a ceramic in a sealed environment. In (a) and (b) the error bars are higher than in (c) and at long times, the points oscillate between two values these are artefacts resulting of an inadequate setup of the gain (the conversion of the signal from analogic to digital was too crude). However, the relaxograms remains informative. In all experiments, there is a rapid and significant increase of the relaxation rate due to the dissolution of the ceramic upon acid attack and release of some paramagnetic ions. In less than roughly 10 hours two close, more or less resolved, maxima are observed then the decrease (e.g., because of ethanol oxidation) and where the pH is increasing (as a result of the consumption of H3O + during the acidic attack) are reduced to ferrous ions. Since ferrous ions are up to 36 times less effective relaxing agent than ferric ions (Table 15), the relaxation rate decreases significantly, down to a value close to the model wine relaxation rate. During the first hours, relaxograms present at least two maxima. There is a simple hypothesis that may be envisaged: after firing, the ceramic contains small accessible particles (e.g. on surface, in big pores), that may dissolved more rapidly [START_REF] Bennett | The dissolution of quartz in diluted aqueous solutions of organic acids at 25°C[END_REF], [START_REF] Bragança | Effect of Quartz of Fine Particle Size on Porcelain Properties[END_REF] and could give rise to the first maximum, and the dissolution of the mass of the ceramic would occur at a slower rate and produce the second maximum. This seems supported by the relaxogram of a washed ceramic for which a single maximum is observed (Annex VII, Figure 71). Unfortunately, so far we did not do any complementary experiment to evaluate this assumption.

Noticeably, relaxogram (c) presents clearly resolved maxima, with a second peak around 10 hours (that may be associated with the broad shoulder observed in (b)). When compared to relaxogram (a) this becomes quite surprising because experiments (a) and (c) have close dimensions in terms of 𝑉 𝑎𝑖𝑟 /𝑉 𝑊𝑖𝑛𝑒 and 𝑉 𝑊𝑖𝑛𝑒 /𝑊 𝑡𝑎𝑏𝑙𝑒𝑡 ratios. The intensity and the position of this second peak becomes a major features of the experiments recorded with large headspace (see below). This peaks could be correlated with the amount of dioxygen present in the headspace which can here vary from one sample to another. The flame sealing may distinctively heat the air situated in the headspace (and change pressures) or consume more or less of its dioxygen. However, because of the constraints of the experimental preparation of the samples, we were unable to measure this quantity and we do not discuss in more detail this phenomenon in this section.

A comparison of the three curves seems to indicate that the delay to reach the steady state is proportional to the 𝜌 𝑆 ( ) ratio (Figure 41). This suggests that the evolution of the relaxation rate stop faster when the 𝜌 𝑆 or 𝜌 𝑊 ratio is smaller. This could be attributed to the fact that the acidic reservoir is smaller with respect to the size of the tablet when 𝜌 is small. In other words the reaction would stop earlier because the pH of the solution would increase faster and the acidic attack can no longer takes place. The relaxograms of some model wine in contact with a ceramic in a closed environment, with a large headspace, are reported in Figure 42. The headspace is qualified as large because the ceramic is immersed in 500 µL of solution in a 10 mm NMR tube closed with a cap. With respect to the previous sealed experiments (section 4.2.5), the ratio

𝑉 𝑎𝑖𝑟 𝑉 𝑤𝑖𝑛𝑒
is more than 10 times larger and the tube is not flame sealed but simply closed with an NMR cap to prevent strong evaporation. In Figure 42 (a), no significant variation of mass was observed after 8 or 18 days. These new relaxograms present similarities with the ones observed for the sealed experiment, in particular the presence of two clear maxima.

However, the kinetic is one order of magnitude longer in presence of a large headspace.

The curve in Figure 42 (a) ends with a long decrease toward the relaxation rate of the model wine. The main differences between experiments with small and large headspaces are the 𝑉 𝑎𝑖𝑟 /𝑉 𝑊𝑖𝑛𝑒 ratio and so the amount of disposable dioxygen in the headspace. a reduction of iron ions that become discernable, that can be complete in the case of (a). in an open tube (infinite headspace). Reported values on the right have the same meaning as in Figure 40.

Relaxograms of

An important point concerns the origin of the second maxima observed in the experiments performed with a large headspace (alternatively, the reason of the decrease observed around 20 hours). Figure 40 and Figure 42 indicate that dioxygen is certainly a key element of this comportment observed during the first hours of contact. We previously suggested that this could be due to the faster dissolution of small particles but here (in regard to the relaxogram of Figure 44, for which the solution does not contain ethanol, we may propose an additional assumption. The second hypothesis is that during the first hours, there is a reaction that consumes dioxygen and around 20 hours there is a sufficient decrease of dioxygen amount in the solution leading to a reduction of Fe 3+ resulting in the observed decrease of the relaxation rates. As an example the first oxidation mechanism that we can consider is the ethanol oxidation in ethanal and maybe ethanoic acid according to:

𝐶𝐻 3 -𝐶𝐻 2 -𝑂𝐻 + 1 2 𝑂 2 𝐹𝑒,𝐶𝑢 → 𝐶𝐻 3 -𝐶𝐻𝑂 + 𝐻 2 0 𝐶𝐻 3 -𝐶𝐻𝑂 + 1 2 𝑂 2 𝐹𝑒,𝐶𝑢 → 𝐶𝐻 3 -𝐶𝑂𝑂𝐻 + 𝐻 2 0 (13) 
Initially at atmospheric equilibrium, the model wine contains around 9 mg/L (2.8•10 -4 mol/L, Figure 34) of dioxygen. The molar fraction of ethanol in the model wine (12% ABV) is close to 4% (2.22 mol/L) [START_REF] Bodart | Analysis of the Proton Spin-Lattice Relaxation in Wine and Hydroalcoholic Solutions[END_REF]. Table 16 report the absolute amount of ethanol and dioxygen present during the large-headspace-closed experiment (Figure 42(a)).

Table 16: Amount (mmol) of ethanol and dioxygen (estimation) present in the 10 mm tube during the large-headspace-closed experiment (Figure 42(a)).

wine headspace O2 (mmol) 1.4 10 -4 0.08 Ethanol (mmol) 1.11 -Of course, during the contact, dioxygen can also be introduced into the solution by the dissolution of minerals but in regard to Eq.( 13) and Table 16, one may hypothesize that the ethanol oxidation can result in a significant consumption of dioxygen in the model wine (the metallic elements susceptible to catalyze this reaction are with no doubts present in the solution). The decrease of dioxygen in the solution is expected to reduce Fe 3+ and this is the truer as the pH increase. But if the oxidation reactions slow down, the oxygen concentration in the wine may rise sufficiently (because of dissolution of oxygen from ceramic minerals and from the headspace into the solution) and limit the iron reduction, the ferric ions that continue to be dissolved cannot be readily reduced (and maybe some ferrous ions can be back oxidized to ferric ions) causing the second increase of relaxation rates and this until the total amount (headspace included) of available oxygen become too low and iron reduction metals occurs again. In the sample with a small headspace (Figure 40) the amount of available dioxygen is probably not sufficient to observe the oxidation of the ferric ions occurring around 40 hours and the metals remain reduced. In this case, ethanol might be only partially reduced (as it may occur in bottled wine). In Figure 40, if the amount of dioxygen available in the headspace in relaxogram (c) is higher than in (a)

and (b), the second maximum observed at 10 hours in (c) could be associated with a similar mechanism shifted to lower time. It is worth mentioning that the oxidation of ethanol can give rise to acetic acid (if ethanal does not evaporate, its boiling point being 25°C) but it has far less ability to dissolve hematite than tartaric acid [START_REF] Miller | Dissolution of synthetic crystalline and noncrystalline iron oxides by organic acids[END_REF].

Relaxogram (a) in Figure 40 allows for reporting a new point in Figure 41. It aligns amazingly very well (Figure 43). For the experiment performed with small and large headspace, this linear correlation suggests that the time to reach the relaxation rate of the pure model wine does not seem to depend on the dioxygen available but seems to depend primarily on the ρ ratio. To check the hypothesis of the possible impact of ethanol oxidation, the relaxogram of a tartaric acid solution (corresponding to a model wine without ethanol) has been recorded and is presented in Figure 44. On this relaxogram, the valley is very weak, and the amount of dissolved equivalent Fe 3+ is higher both suggesting that there is less consumption of dioxygen at the beginning of the kinetic, probably because of the absence of ethanol. The time necessary to reach the equilibrium relaxation rates reasonably respects the linear correlation with the ρ ratio (Figure 45). 

To verify that the dissolution kinetics is determined by acidity, and to establish a relationship between the repeated use of ceramics and its effect on the dissolution of minerals, the following experiment was carried out. The relaxogram of Figure 46 42 (c) with an expansion of Figure 38 for the ceramic immersed in ultrapure water. In Figure 42 (c), it is interesting to note that when the ceramic tablet is used directly after its production there is no significant dissolution. If it has previously been in contact with a model wine the tablet is able to release some paramagnetic ions, (of course not as easy as when immersed in the model wine). The first contact with model wine may be view in this context as a stripping of the ceramic. The relaxogram Figure 46 (a) present the same shape as in Figure 42 (a) but over a longer period of time and in addition the first maximum is significantly higher than in Figure 42 (a). This means that at the initial steps a larger amount of iron can dissolve, this could also result from a stripping after the first contact with the wine. We suspect that the ceramic may be partially covered (Figure 22 (a)), it is very speculative to propose the nature of this coverage but because of the large amount of calcite in the clay, the coverage could result from some formed (during the storage period of the ceramic) or remaining carbonates present in a glass form and not detected by XRD. Such a covering would strongly prevent the dissolution at high pH (in water) but would readily be dissolved in acidic conditions. (after the first contact of experiment (a) in Figure 42) in contact with ultrapure water. Arrows mark the insertion of the ceramic in the water.

One challenging point to address is the explanation of the shift in time of the humps between the first and second contact (corresponding relaxograms are compared in Figure 46 (b)). We could attribute it to a larger amount of tartaric acid available for directly dissolving the mineral without the initial step of stripping in the case of the second contact.

This would result in more acidic condition over a longer period, less favorable to ethanol oxidation and slowing down the reactions.

Remarkably, by considering a double volume of wine (a double ρ ratio: 10.4) the time to reach the equilibrium after a second contact seems to satisfy the linear correlation (Figure 47). ). This delay should be long enough to observe migration of dioxygen between the liquid and gas phases if they were far from equilibrium. In consequence, assuming an equilibrium system, the dioxygen concentration in the headspace (𝐶 𝑂 2 ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 ) can be calculated with the Ostwald coefficient for dioxygen L (0.03255) for a 12% ABV hydroalcoholic solution according to Henry law [START_REF] Shchukarev | Solubility of oxygen in ethanol ? Water mixtures[END_REF]:

𝐶 𝑂 2 𝑤𝑖𝑛𝑒 = 𝐿 . 𝐶 𝑂 2 ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 (14) 
This equation would suggest a dioxygen concentration in the headspace of 95 mg/L. On overall we may conclude that, at the beginning of the experiment, the probable dioxygen concentrations were one third of the ones in atmospheric condition.

Once the model wine relaxation was measured, the ceramic initially placed in a special holder at the top of the closed NMR tube, was gently slid in the wine without opening the NMR tube. The relaxogram of the above-described sample is reported in Figure 48. It always presents the same singularities of two maxima but the valley between the two maxima is clearly less pronounced indicating that indeed this depression is likely correlated with the dioxygen available in the solution. The relaxation rate reaches the model wine solution slightly earlier than in comparable experiments (Figure 42, Figure 44) with a large atmospheric headspace. At 100 hours the NMR tube was opened and an immediate increase of the relaxation rate is observed due to the incoming dioxygen. From Figure 34 it is clear that the increase of relaxation rate after opening cannot be only due to the paramagnetic effect of the dissolved O2 (in a model wine, from a concentration of 0 mg/L to saturation the paramagnetic relaxation enhancement is of the order of 0.1 s -1 ). In fact the paramagnetic enhancement is responsible for the stick step observed immediately after opening the NMR tube (it lasts 2 hours), the continuous increase observed from 100 to 115 hours is due to Fe 2+ oxidation.

𝑊 In this experiment the relaxation rate seems to stabilize around 80 hours, but it does not align with the previous linear curve obtained for Figure 47. Figure 49 reports the previous correlation of ρ versus the time to reach the equilibrium but large and small headspace data are fitted separately. It appears that the correlation becomes very good suggestions that for a given headspace ρ is linearly correlated with the time to reach equilibrium but is not completely decorrelated to the amount of dioxygen available.

Moreover, the experiment under nitrogen would suggest that the partial pressure of dioxygen may also be a variable to consider. The linear dependency between the time to reach the equilibrium (as represented in Figure 47) and the ρ ratio suggests that in a pithos as described in Table 3, the equilibrium would be reached in less than 14 months. At this state, the wine would be completely reduced and of course, it would have lost its qualities long before. To prevent this reduction, when earthenware containers are used for winemaking, their internal surface is coated. As mentioned in the introduction, the covering can take many forms: a glassing formed during the firing of the ceramic (at a higher temperature, sometimes with the preparation of the surface) or by a covering applied after the firing. Traditionally, in Armenia, ceramic pithoi are coated with beeswax to preserve the wines. Relaxograms of model wine containing a ceramic coated with one or two layers of natural beeswax issued from a fresh empty honeycomb and a ball of pure beeswax are reported in Figure 50. The coating has a strong effect on the release of ions from the ceramic into the solution. When well coated with two layers of beeswax, after 30 hours of contact, the release of equivalent Fe 3+ is less than 1% of the release of uncoated ceramic (e.g., Figure 42 (a)). But an insufficient or imperfect covering (one layer) can still allow a significant diffusion of metallic ions. This could be one of the reasons why Armenian winemakers (who are using ceramic jars) encounter more difficulties in winemaking white wines than red wines, the white wines being more sensible to oxidations. For the monitoring of the pH of model wine as a function of time three repetitions have been performed. Ceramic tablets with similar parameters (mass, dimensions) were chosen to provide as similar conditions for replications as possible. Nine tablets were placed in 27 ml of model wine, considering the volume-surface ratio. Samples were stored at 25°C.

The pH of the samples was measured every 30 minutes (during first 10 hours), then the interval was adjusted up to 2 hours. Parallel to the pH measurements 600 µl of model wine was taken from repetition 1 to measure T1, after which it was put back. Not earlier than 10 hours and not later than 24 hours white precipitation was observed. In 29 hours after the beginning of the experiment model wine colored yellow. After 40 hours some yellow particles were observed in repetition 2 but not in repetition 1 and repetition 3.

The calculated standard deviations of pH values were within drawn points. The relaxogram (Figure 52) shows the typical previously observed evolution but a larger number of ions seems to be released at the early stage. This may be due to the different experimental conditions. The bottles were regularly opened and manipulated and therefore more or less shaken that foster gas dissolution in the liquid phase., probably because there is a regular opening of the bottles that saturate the headspace with oxygen (we are in a repetitions, the yellow start observation of yellowish crystals in one of three repetitions.

This pH increase strongly impacts the dissolution rate of minerals composing the ceramic. Miller et al. [START_REF] Miller | Dissolution of synthetic crystalline and noncrystalline iron oxides by organic acids[END_REF], have shown that tartaric acid was an effective dissolution agent of non-crystalline iron oxide. Forty ml of this acid can dissolve 80% (at pH 5.5) and nearly 90% (at pH 3.5) of 20 mg of Fe with 100 hours. However, tartaric acid was not able to dissolve 1% of crystalline hematite or goethite within 300 hours. In the case of oxalic and citric acids (that dissolve better iron oxides than tartaric acid) the dissolution rate drastically decrease at pH 6 [START_REF] Zhang | Interactions of Metal Hydrous Oxides with Chelating Agents. 7. Hematite-Oxalic Acid and -Citric Acid Systems?[END_REF]. We did not encounter equivalent data for tartaric acid, but such an effect seems also visible at pH around 6, where simultaneously the pH evolution seems less rapid and the relaxation time reach the second maximum (Figure 52). It must be noted that in some of the earlier experiments the ρ ratio can be significantly smaller from 1 to 5 mm. In such cases, the increase of pH is expected to be faster when the ρ ratio is smaller.

In order to check the consistency of the relaxogram, in particular the calculation of the equivalent ferric ion concentrations, with the ICP measurement, Figure 53 resulting from the dissolution of hematite [START_REF] Torrent | The Reductive Dissolution of Synthetic Goethite and Hematite in Dithionite[END_REF]. For the first hours the ICP-AES and calculated apparent Fe 3+ concentrations agree quite well. From 5 to 90 hours, the ICP concentration oscillates from 5 to 10 mg/L, above 90 hours up to 4 months the solution contains less than 5 mg/L to severely decreased to 30 µg/L at very long times (more than 8 months see Figure 29). The relaxogram is an in situ and in tempore experiment which is not the case of the ICP-AES experiment (the wine has been separated from the ceramic at the reported time, flame sealed and reserved in obscurity, at 25°C). It is only after more than 16 months from the beginning of the experiment that the samples were altogether analyzed by ICP-AES. This extend period of time could lead to some crystallization and only the supernatant was analyzed. As a safeguard, we roughly simulated the dissolution of hematite (assuming that 4% of the ceramic is composed of hematite according to the XRF data of section 3.2). The simulated concentrations are consistently always above the measured and calculated iron concentrations. And we had to start our investigation by a characterization of the clay and ceramics.

The starting material is extracted from Shahumyan deposit it contains calcareous clay (15-21% of calcium oxide) with high silicon content ( ̴ 60%). The clay fraction is mainly composed of smectite, kaolinite, mixed-layer clay and illite. After firing, the ceramic is mainly formed of diopside, hematite, gehlenite and minerals from the plagioclase family. The obtained data on the porosity of ceramic tablets, prepared according to the method of Armenian potters, indicate that we are dealing with highly porous ceramics

In this thesis, we have presented works that demonstrate the tremendous importance of studying the interaction between ceramic and wine. However, this work is just a first step. To complete the research on wine-ceramic interaction, various directions could be suggested:

• To analyze the solid phases performed during the contact of the model wine with the ceramic.

• To study the interaction between model tablet -model wine.

• To study the interaction between model tablet -real wine.

• To study the interaction between real ceramic and real wine.

• To continue to study the effect of coating of the ceramics.

The study of the above-mentioned points can have an important input in the improvement of winemaking in ceramic containers.

Lexicon alluvial

Alluvium is loose clay, silt, sand, or gravel that has been deposited by running water in a stream bed, on a floodplain, in an alluvial fan or beach, or in similar settings [START_REF]Armenian Highlands -Alchetron, The Free Social Encyclopedia[END_REF] . Each method has its own advantages and disadvantages. An energy dispersive detection system directly measures the different energies of the emitted X-rays from the sample. A wavelength-dispersive detection system physically separates the X-rays according to their wavelengths. The Xrays are directed to a crystal, which diffracts the X-rays in different directions according to their wavelengths (energies).

The range of detectable elements varies according to instrument configuration and setup, but typically EDXRF covers all elements from sodium (Na) to uranium (U), whilst WDXRF can extend this down to beryllium (Be). Concentrations can range from 100% down to ppm and in some cases sub-ppm levels. Limits of detection depend upon the specific element and the sample matrix, but as a general rule, heavier elements will have better detection limits. XRF is widely used as a fast characterization tool for applications as diverse as metallurgy, forensics, archaeology, environmental analysis, geology and mining.

X-rays form part of the electromagnetic spectrum, and are characterized by energies lying between ultra-violet and gamma radiation. Wavelengths are typically in the range 0.01 to 10 nm, which is equivalent to energies of 125 keV to 0.125 keV. The interaction of X-rays with matter is more complex than simply 'passing through'. On reaching a material, some of the x-rays will be absorbed, and some scattered -if neither process occurs, the X-rays will be transmitted through the material. When absorption occurs, the X-rays interact with the material at the atomic level, and can cause subsequent fluorescence -it is this X-ray Fluorescence which forms the basis of XRF spectroscopy. the X-rays can also be scattered from the material. This scattering can occur both with and without loss of energy, called

Compton and Rayleigh scattering respectively.

The ratio of absorption/fluorescence, scatter and transmission depends on the sample thickness, density and composition, and the X-ray energy. The absorption of X-rays The X-ray fluorescence process: A sample (solid or a liquid) is irradiated with highenergy X-rays from a controlled X-ray tube. When an atom in the sample is struck with an X-ray of sufficient energy, an electron from one of the atom's inner orbital shells is dislodged. The atom regains stability, filling the vacancy left in the inner orbital shell with an electron from one of the atom's higher energy orbital shells. The electron drops to the lower energy state by releasing a fluorescent X-ray (Figure 56). The energy of this X-ray is equal to the specific difference in energy between two quantum states of the electron. The measurement of this energy is the basis of XRF analysis. When X-ray energy causes electrons to transfer in and out of these shell levels, XRF peaks with varying intensities are created and will be present in the spectrum, a graphical representation of X-ay intensity peaks as a function of energy peaks. The peak energy identifies the element, and the peak height/intensity is generally indicative of its concentration [149]. The X-ray powder diffraction method has been applied for identification of clay minerals since 1920s. For determination and classification of the type of clay minerals very often it is quite sufficient to identify the minerals present in the ceramic body by X-ray powder diffraction. XRD is a technique used to find out the nature of the materials as crystalline or amorphous. XRD works by irradiating a material with incident X-rays and then measuring the intensities and scattering angles of the X-rays that leave the material.

Crystals are regular arrays of atoms, whilst X-rays can be considered as waves of electromagnetic radiation. Crystal atoms scatter incident X-rays, primarily through interaction with the atoms' electrons. This phenomenon is known as elastic scattering; the electron is known as the scatterer. A regular array of scatterers produces a regular array of spherical waves. In many directions, these waves cancel each other out through destructive interference, however, they add constructively in a few specific directions, as determined by Bragg's law (Figure 58). The position of characteristic XRD peaks of clay-minerals allow to access to the interlayer distance (d) thanks to the Bragg's equation

nλ = 2dsinθ ( 15 
)
where 𝜆 is the length wave of the irradiating X-ray , n is the diffraction order, and 𝜃 is the diffraction angle. current should be fixed based on the specimen's requirement analysis. The standard database (JCPDS database) for XRD pattern is used for phase identification for a large variety of crystalline phases in the concrete specimens [START_REF] Vishwakarma | Environmental impact of sustainable green concrete[END_REF]. This technique not only provides information on the crystalline structure of ceramics, which is not obtainable by any other method, but it also requires such a small amount of material that it can virtually be classed as a non-destructive technique. An adequate sample may weigh less than 50 µg and be hardly visible to the naked eye. This is particularly important in the case of rare and valuable objects. The method consists of mounting a few grains of powder on the tip of a gelatin filament* and placing it in a special camera where it is rotated in a very fine beam of X-rays; this radiation is diffracted by the crystals of the sample to form a series of concentric cones which intercept a curved strip of the film within the camera. The pattern so formed is characteristic of the particular substance and can be regarded as a type of fingerprint. Many thousands of these patterns have been collected and filed by the American Society for Testing Materials (A.S.T.M.)*. The cristobalite occurs as a product of the devitrification of the glassy phase. In earthenware with a high lime content a calcium aluminum silicate may be formed, though this is relatively uncommon in the material we have examined, e.g. anorthite (CaO . A1203 . 2SiO2, A.S.T.M. 10-379) and gehlenite (2CaO . A1203 . 2SiO2 A.S.T.M. 9-216) [START_REF] Bimson | The Examination of Ceramics by X-Ray Powder Diffraction[END_REF].

Ceramic tablets have been dried at room under constant conditions (temperature, relative humidity, airflow). As the curve shous in the initial stage the weight loss has a linear appearance. Drying process goes through various stages. First, the moisture content decreases linearly at the beginning of drying. Then the drying rate decreases. These two phases lead to the shrinking of the ceramic tablets.

In the literature, drying shrinkage has mostly been expressed as change in length [START_REF] Oummadi | Drying behaviour of ceramic green bodies: experimental characterization and numerical modeling[END_REF], mass [START_REF] Oummadi | Optical method for evaluation of shrinkage in two dimensions during drying of ceramic green bodies[END_REF] or the volume [START_REF] Miranda | Ceramic sanitary wares: Prediction of the deformed shape after the production process[END_REF] Figure 62 reports the total shrinking of the samples; measurements were performed after the shaping and after firing stages. This first batch correspond to a traditional work of the paste, the second corresponds to a more controlled process. At first glance, there is a big difference between the first batch (yellow) and the second (green) i.e., if the weight lost is comparable for the two batched, the other dimensions do not agree. This noticeable result come from the operation chain during the elaboration process of the samples. For batch 1, each time about 100 samples (from a new paste) were extruded, then measured and finally weighted. During this chain the samples have dried, and the last measurements reveal more shrinking (in length or weight) than the initial records. During the process (as in real pottery situation) the paste dries also, and small amount of water are added when necessary to obtain a paste with the desired plasticity to be shaped.

In the second batch, a total of 140 tablets was extruded from the same paste, the total process last less time and the drying does not show a strong effect. The green columns show little dispersion.

When compared to the Kaolin tablet (used as a reference for its non-swelling property), a stronger shrinking is revealed in the Armenian tablet suggesting the likely presence of smectic clays. The colormap highlights the concentration of elements from lowest value (red) to the highest value (green). The relaxation rate of the intra molecular rotation is described as: [START_REF] Kruk | Understanding spin dynamics[END_REF] 𝑅 1 ,𝑟𝑜𝑡 (𝜈) = 𝐶 𝑟 [ 𝜏 𝑟 1 + (2𝜋𝜈𝜏 𝑟 ) 2 + 4𝜏 𝑟 1 + 4(2𝜋𝜈𝜏 𝑟 ) 2 ], [START_REF] Grim | Clay mineralogy[END_REF] where the correlation time 𝜏 𝑟 is expressed as the combination of the correlation time of the rotation of the hydrated ions (𝜏 𝑟𝑜𝑡 ) and of the exchange time corresponding to the residence time (𝜏 𝑒𝑥 ) of the water molecule in the hydration sphere of the ions:

1 𝜏 𝑟 = 1 𝜏 𝑟𝑜𝑡 + 1 𝜏 𝑒𝑥 . (17) 
When only two protons are interacting, the dipolar coupling constant 𝐶 𝑟 is given by:

𝐶 𝑟 = 3 10 ( 𝜇 0 4𝜋 𝛾 2 ℏ 𝑟 3 ) 2 , (18) 
where 𝛾 denotes the proton gyromagnetic ratio, 𝑟 is the internuclear proton distance, while the other symbols designate usual physical constants. Inter molecular relaxation (translational diffusion)

In the case of an isotropic diffusion, the relaxation contribution issued from the translational molecular process can be expressed as: [START_REF] Kruk | Understanding spin dynamics[END_REF], [START_REF] Ayant | Calcul des densités spectrales résultant d'un mouvement aléatoire de translation en relaxation par interaction dipolaire magnétique dans les liquides[END_REF]: The associated dipolar paramagnetic relaxation rate can be written in the case of two spins as [START_REF] Solomon | Relaxation Processes in a System of Two Spins[END_REF]- [START_REF] Pell | Paramagnetic NMR in solution and the solid state[END_REF], [START_REF] Koenig | Relaxation of solvent protons by paramagnetic ions and its dependence on magnetic field and chemical environment: implications for NMR imaging[END_REF]: [START_REF] Kharazian | Geological map of Republic of Armenia[END_REF] In practice, at low magnetic field, 𝜏 𝑑1 = 𝜏 𝑑2 = 𝜏 𝑑 [START_REF] Bertini | Solvent 1H NMRD Study of Hexaaquochromium(III): Inferences on Hydration and Electron Relaxation[END_REF]. Equation ( 22) evidences two dispersions that can be observed at different frequencies (Figure 70).

𝑅
𝑅

Paramagnetic contact relaxation (Bloembergen mechanism)

The Solomon mechanism is not always sufficient to reproduce the NMRD profiles.

In particular, in the case of the paramagnetic nuclei present in wines, an additional fermicontact interaction (Bloembergen mechanism) must be considered. This interaction arises from a delocalization of the electronic wave function of the paramagnetic nuclei to the physical location of I-nuclei.

The relaxation rate in the case of two spins experiencing a contact interaction (scalar or hyperfine interaction) is given by [START_REF] Koenig | Relaxation of solvent protons by paramagnetic ions and its dependence on magnetic field and chemical environment: implications for NMR imaging[END_REF], [START_REF] Bloembergen | Proton Relaxation Times in Paramagnetic Solutions. Effects of Electron Spin Relaxation[END_REF] (experiment in flame sealed 7 mm tube). The purpose of the experiment was to remove any tiny particles that could be present on the surface of the tablet or in accessible pores. In order to limit a rapid dissolution of particles as it is known that the dissolution rate may strongly increase as the size of the particles decreases (particularly in the nanoscale range) [START_REF] Bennett | The dissolution of quartz in diluted aqueous solutions of organic acids at 25°C[END_REF], [START_REF] Bragança | Effect of Quartz of Fine Particle Size on Porcelain Properties[END_REF]. The sodium exchange was used to exchange potentially some exchangeable ions at the surface of the ceramic. This exchange that should more realistically named as a washing with an ionic solution has probably little effect, but we have not further analyzed it. However, after washing the ceramic the relaxation rate curved is far smother, a single This experiment is also subject to artefact since it has been recorded with only 8 points. A control experiment performed at time t= 790 hours give a relaxation rates of 0.446 ± 0.006 s -1 , possibly slightly lower than the expected model wine level (0.465 s -1 ) this within incertitude, this decrease ( ̴ 0.1 s -1 ) is compatible with a total consumption of dissolved dioxygen.

Relaxogram in low oxygen environment and large headspace 35). If we assume that the evolution of the relaxation time with ABV (the slope at low ABV) does not vary with the amount of dissolved dioxygen, it is possible to have an estimation of the ABV of the solution (Figure 73). A rough calculation gives a value of 1% ABV. The relaxogram is very similar to the one observed in water (Figure 44) with a smaller second hump and with also an initial higher relaxation rate when compare to a contact in a model wine (Figure 42). An interesting aspect of this experiment is that we followed the evolution of the dioxygen content in the large headspace (diagrams b) this record highlight a linear correlation with time with no observed departure at the early stage ( time < 200 hours). This would mean that no evidence of important consumption of dioxygen can be observed at his scale in water. The persistent of the same rate of diffusion at very longtime clearly indicates that it a diffusion from the exterior into the headspace through the vacuum-greased interface of the NMR cap and the glass tube. This allow to estimate that the uptake of exterior dioxygen is of 150 µg/L within 200 hours. 
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 1 Figure 1. (a) Four octahedrons sketching the octahedral sheet in gibbsite. (b) Tetrahedral sheet composed of six tetrahedrons (adapted from [11])

Figure 2 .

 2 Figure 2. Classification of clay minerals (adapted from [18]) Based on the number and arrangements of tetrahedral and octahedral sheets present in the clay, the layered silicates are divided into three categories: 1:1 type of clay mineral. Each individual layer is assembled from one tetrahedral (SiO4) and one octahedral (AlO6) sheet. The sheets are bonded together by sharing of O 2-

Figure 3 .

 3 Figure 3. Geological location of Armenian Highland[START_REF]Armenian Highlands -Alchetron, The Free Social Encyclopedia[END_REF] 

Figure 4 .

 4 Figure 4. Geological map of the Republic of Armenia and its geologic time scale (left,

Figure 5 .

 5 Figure 5. Illustrating Armenian pithoi (karases) buried in the sand. The volume of one pithos can reach 1000 L [37]

Figure 6 .

 6 Figure 6. The tablet and their average dimensions before (a) and after (b) heat treatment

3 Figure 8 .

 38 Figure 8. Shrinkage and weight loss between the dried and fired stages on (big and small) Armenian and kaolin tablets. Number in brackets correspond to the tablet population, FP correspond to the firing protocol (800 or 930 °C), the number preceded by a # is the batch number. Error bars correspond to standard deviations (see Annex V for further detail).

Figure 9

 9 Figure 9 reports the volume versus weight of three batches of big and small tablets FP930 the slope indicates a fairly stable density of 1.88.

Figure 9 .

 9 Figure 9. Volume versus weight of three batches of big and small tablets FP930

  Relaxometry experiments are performed in 10 mm diameter tubes (8.8 mm interior diameter), and the sample has to be situated in the homogeneous magnetic field: the height (𝐻 𝑠 ) of the sample (ceramic in the wine) should not exceed 1 cm and the total volume of the sample (𝑉 𝑠 ) should not exceed 0.6 mL. The geometrical constraints are therefore: (i) the ceramic must be completely immersed in the wine (ii) diameter of the tablet: 𝐷 𝑐 ≤ 8.8 mm (iii) height of sample (ceramic & wine): 𝐻 ≤ 1cm.

Figure 11 .

 11 Figure 11. Dimensions of a cylinder immersed in 600 µL of wine that would satisfy a ρ ratio of 1.8 m.

Table 4 .

 4 Example of different experiments with tablet diameters and heights, model wine volumes, and associated ρ ratios. Small tablet in a sealed 7 mm tube, inside a 2 Wine volume :10000 mm 3 𝜌 ratio : 0.004 m There are diverse analytical tools and methods available for the identification and characterization of clays, clay minerals, and ceramics but also for studying the ceramicwine interactions. The most suitable methods to answer our research questions were the following, which are reported below.

Two

  Shahumyan clay samples and the potter clay body (2:1) hereafter referred as clay body were analyzed. For each, 5g of fine-grained homogenous sample was placed on single-use sample holder with a prolene membrane. X-ray powder diffraction method is used for identification and characterization of crystallized clay-minerals present in clayey samples and ceramics. The samples have been characterized by X-ray diffraction in the laboratory of Université de Poitiers / Ecole Nationale Supérieure d'Ingénieurs de Poitiers Institut de Chimie des Milieux et Matériaux de Poitiers (IC2MP)5 . The ceramic was produced in the laboratory from the clay body provided by the Armenian potter with the firing protocol FP930 (Figure7). After elaboration, the tablet was crushed in an agate mortar to avoid sample's contamination.A Brucker D8 Advance diffractometer, equipped with a copper anticathode (radiation CuK = 1.541838 Å after filtering through a nickel blade), mounted in / Bragg-Brentano configuration was used. The optical system eliminating the divergent components of the incident and diffracted beams consists of anti-divergence 1/4°2 slits and a Soller slit system (0.04 rd). The spinner type sample holder has been used (rotation speed 4 rpm). The detector is of solid semiconductor type allowing simultaneous counting over an angular sector of 3°2. The analytical conditions are 40 kV, 40 mA, angular range 2.5 to 65°2 (powders), 2.5 to 35°2 (oriented clay preparations), counting time of 45s/2°2.

  Bourgogne (UMR 6303 CNRS -Université de Bourgogne) with an ASAP2020 Micromeritics device by measuring nitrogen adsorption and desorption (T= 77 K up to 1 atm). The samples (5 ceramic big tablets with the mass of about 5g were kept in vacuum (P ≤ 0.7 Pa) at 350°C for 4 hours prior to the measurements.

  1 H time domain NMR measurements were performed to characterize the processes occurring in model wine being in contact with ceramic through spin-lattice (longitudinal) relaxation processes (T1). Low-field NMR experiments were recorded at 25°C on a minispec mq20 (Bruker) operating at 19.65 MHz equipped with static probe. Longitudinal relaxation times were measured with an inversion recovery pulse sequence. For the 90° and 180°, the pulse lengths were set to 2.8 µs and 4.4 µs respectively. The receiving gain was set to 68 dB, except for the flame-sealed sample (Figure 40(c)). The recycling delay was set 6 times to T1. Sixteen points were scanned for building the relaxation curves for all the experiments except for three samples (Figure 35, Figure 40 (a, b,)). For each acquisition, four scans were collected. Total measuring time varies from 10 to 20 min.The pH of the model wine being in contact with ceramic tablets were performed with a Five Easy F20 bench pH-meter, using a LE438 3-in-1 plastic electrode with integrated temperature sensor.From the TGA analysis of the Shahumyan clay performed by several scientists show, that the main constituent clay minerals are montmorillonite and hydromica in various proportions, as well as kaolin in small quantities. As impurities in the clay sample, there are fine-grained carbonate and silty material 0.05 mm in size, represented by grains of quartz, feldspar, chloride, mica and ore minerals[START_REF] Abramyan | A report on the results of exploration work carried out by the Shahumyan party at the Shahumyan clay deposit in the Artashat region of the Armenian SSR in 1969 with a calculation of reserves for 1970[END_REF],[START_REF] Hamamchyan | INVESTIGATION OF THE CHEMICAL COMPOSITION OF THE CLAY DEPOSITS OF ARTASHAT, ARARAT, YEGHEGNADZOR REGIONS[END_REF].The results of the analysis of the thermal stability of the row clay powder are presented on Figure12. The thermogram composed of the weight loss or TG curve (green) and its derivative (DTG, blue). The weight loss curve, showing the mass variation with temperature presented three steps.The first weight loss (4%) is observed in the range 28°-196°C. The second mass decrease occurs between 270°C to 630°C, is very slow (9% up to here). A fast and sharp weight loss starts at about 650°C up to 750°C. A cumulative mass loss of 19% is eventually measured.

Figure 12 .

 12 Figure 12. Thermogram of Shahumyan clay recorded under air flow at 15°C/min TG (blue), DTG (green) curves, as well as the cumulated weight loss (%) are reported with indication on the structural clay mineral modification as a function of temperature.

  (goethite) Three types of material were analyzed: a raw clayey sample from the Shahumyan deposit, a purified Shahumyan sample, and a ceramic fired up to 930°C (FP930). For the two clay samples, a total mineral (material analyzed as received) and mineralogy of the clay fraction (after an orientational preparation and four treatments: air drying, vapor ethylene glycol solvation, heat treatment at 350°C and 550°C) have been performed. The mineral composition of the raw clay (Figure 14) seems quite close to sandstone marl. The marly part consists of a mixture of carbonates, mainly calcite (3.04 Å) associated with a little dolomite (2.90 Å) and a complex assembly of clays (4.51 Å) (probable smectitechlorite mixture (broad reflection at ≈ 14.5 Å), kaolinite (7.16 Å) and illite (10.0 Å)), the sandstone part is composed of quartz (3.34 Å and 4.26 Å ) and feldspar from the plagioclase group (albite type (3.20 Å)). The two main phases are therefore calcite and quartz. Traces of gypsum (CaSO4 • 2H2O) were observed (7.62 Å). Finally, very weak reflection at 9.04 Å unidentified.

Figure 14 .

 14 Figure 14. Diffractogram of Armenian clay powder from Shahumyan/Yuva deposit as received. Minerals: (C) Chlorite, (Ca) Calcite, (Do) Dolomite (?), (Gy) Gypsum, (I) Illite, (K) Kaolinite, (P) Plagioclase (Albite-type), (Q) Quartz, (Sm) Smectite.

  clay mixture (clay-sand) was used for the purification. The yield of clay after purification is 1.7% by weight. The diffractogram of purified clay (Figure15) reveals a sample mainly clayey with a small amount of quartz and traces of plagioclase (albite).

Figure 15 .

 15 Figure 15. Diffractogram of Armenian purified clay powder (Shahumyan/Yuva deposit). Minerals: (C) Chlorite, (I) Illite, (K) Kaolinite, (P) Plagioclase (Albite-type), (Q) Quartz.

550°C.

  Weak reflections, (5 Å; 4.5 Å; 3.3 Å) fixed for air-dried sample, remain during the ethylene-glycol and heat treatment.

Figure 16 .

 16 Figure 16. Diffractograms of oriented preparation of purified Armenian clay from Shahumyan. Air-dried (AD), ethylene-glycol (EG) saturated and thermal treatments at 350°C and 550°C. Minerals: (C) Chlorite, (I) Illite, (K) Kaolinite, (ML) Mixed-layer (C/S type), (P) Plagioclase, (Q) Quartz, (Sm) Dioctahedral smectite, (X) Non identified (zeolite or amphibole probably).

  ) of quartz (3.34 Å), plagioclase(3.18 Å) (albite-bytownite sequence) associated with diopside (2.99 Å), gehlenite (2.86 Å), and hematite (2.69 Å). The formation of diopside and gehlenite is the result of the decomposition at about 800°C of the calcite present in the clay[START_REF] Traoré | Gehlenite and anorthite crystallisation from kaolinite and calcite mix[END_REF],[START_REF] Trindade | Mineralogical transformations of calcareous rich clays with firing: A comparative study between calcite and dolomite rich clays from Algarve, Portugal[END_REF],[START_REF] Rodriguez-Navarro | Thermal decomposition of calcite: Mechanisms of formation and textural evolution of CaO nanocrystals[END_REF]. Moreover, by realizing CO2, this decomposition also contributes the porosity formation. The presence of hematite in ceramics is noteworthy, as it is a source of iron. If Fe can move to the wine in its oxidized form (Fe 3+ ), it can catalyze wine oxidation. The determination of these minerals is crucial for the rest of the study because they are constituents that may be in direct contact with the wine and form the source of migrating elements.

Figure 17 .

 17 Figure 17. Diffractogram of the ceramic (FP930). Minerals: (Di) Diopside, (Gh) Gehlenite, (P) Plagioclase, (Q) Quartz, (He) Hematite

Figure 18 .

 18 Figure 18. Porosity of big (big triangle) and small (small triangle) ceramic tablets fired at 800 °C (open triangle) or 930° C (filled triangles).

  Scanning electron microscopy may provide high-resolution imaging of the surface of materials. SEM images allow evaluating the differences on the surface of the sample as well as between different samples. When associated with energy-dispersive X-ray spectroscopy (EDX), SEM allows for a chemical analysis of the surface. For our study, SEM images (on a µm scale) and EDX analyses have been performed in the laboratory of the National Research Institute for Agriculture, Food, and Environment (INRAE) in Dijon.Numerous images of the clays and ceramics have been recorded. We have selected very few of them to illustrate morphology, porosity and chemical composition aspects of the ceramics discussed in the three previous chapters.Ceramic tablets made up of Shahumyan's clay deposit (Armenian) and fired up to 930°C were used. To obtain internal images of the ceramics, the tablets were simply cracked.

Figure 19 .

 19 Figure 19. Microstructure of raw clay powder from Sh1 sample (Shahumyan deposit)

Figure 20 .

 20 Figure 20. SEM images of clay powder from Shahumyan deposit (Armenia). Diatomite (Bacillariophyta) (a) (~ 5 µm in diameter, and ~ 15 µm in length) Coccolithophore -Coccolithus pelagicus (b) remains (~ 8 µm in diameter).

Figure 21 .

 21 Figure 21. The change of the microstructure of tablet before (a) and after (b) firing at 930°C.

Figure 22 .

 22 Figure 22. SEM image of ceramic tablet fired at 930°C showing the melting process.

Figure 23

 23 Figure 23 compares the exterior and interior parts of the ceramic tablet under SEM On its external surface, the ceramic is covered by an apparently homogeneous layer and the porosity of the ceramic is not directly open to the exterior.

Figure 23 .

 23 Figure 23. SEM images of ceramic tablet fired at 930°C. The surface of the tablet (a) and interior part (b).

Figure 24 .

 24 Figure 24. Elemental average concentration in ceramic, measured with 26 points from seven areas. Blue columns represent elements identified only by SEM/EDX. Green columns represent elements identified by both ICP-AES and SEM/EDX methods.

Figure 25 .

 25 Figure 25. Elemental analysis of model wine alone (without contact with ceramic). Open columns correspond to elements below the limit of quantification (e.g. [Cu] < 11.7 µg/L).

Figure 26 .

 26 Figure 26. shows the evolution of the elemental analyses of 19 model wines left in contact with ceramic from periods of time ranging from 1 hour to 16 months.

Figure 26 .

 26 Figure 26. Concentrations of elements released from 1 g of ceramic tablet during aging from 1h (1 hour) up to 16m (16 months), d stands for days. Model wine elements concentration is subtracted.

12 .

 12 Evolution of concentration (mg/L) of elements released from 1 g of ceramic to the model wine (wine elements are subtracted). Diagrams for elements with concentration lower then 1 mg/L are not reported. The time sampling is as follow: {1h, 2h, 3h, 4h, 5h, 6h, 7h, 8h, 9h, 10h, 11h, 2d, 4d, 8d, 15d, 2m, 4m, 8m, 16m, (where h, d, m stand for hour, day month)}, but for the sake of visibility only one contact time over two is reported in the label of abscise axis. Red diagrams correspond to paramagnetic elements. an illustration, Figure27reports the elemental composition of the model wine after an 11 hour contact time with a ceramic (elemental composition of model wines for all contact times is reported in Table25of Annex VI).

Figure 27 .

 27 Figure 27. The concentration of elements released from 1 g of ceramic after 11 hours of contact with the model wine. Wine elements are subtracted. Elements with zero values were present in the model wine but their concentration did not increase after the contact with the ceramic. Open columns correspond to elements below the limit of quantification (e.g. [Hg] < 28.4 µg/L).

Figure 28 .

 28 Figure 28. Blue: the evolution of calcium concentration in the model wine measured by ICP-AES (in mM) versus the contact time between the model wine and the ceramic (model wine subtracted). Red: evolution of pH. Because of few model wine was available the measurements were done by pouring a few drops of model wine onto some pH-paper, it is subject to significant uncertainties estimated as ± 0.5 and reported by error bars. The dotted line corresponds to the pH of the starting model wine (2.35).

Figure 29 .

 29 Figure 29. The mass of elements (µg) released from one tablet, measured in 2.8 ml of model wine by ICP-AES (full circles). Simulated dissolution from literature data of an equivalent tablet (same surface area, average mass of 679 mg) are reported with dotted lines. The upper horizontal dashed black line figures the level corresponding to a mass of 679 mg.

Figure 30 .

 30 Figure 30. Refinement of the dissolution of calcium during the first 12 hours contacts with an Avrami law: 𝐶(𝑡) = 𝐶𝑚𝑎𝑥 (1 -𝑒 -𝑘 𝑡 𝑛 )

Figure 31 .

 31 Figure 31. Evolution of calcium concentration (in linear scale) (a) from 12 to 350 hours and (b) from 300 to 15300 hours released from 1g of ceramic tablet. Potassium, magnesium, and iron concentrations are reported for comparison.

  ii) the most abundant element is calcium. It can be explained by the high amount of calcite in clay. iii) the model wine pH increases with the contact time between the model wine and the ceramic, from 2.35 it reaches 5 in 4 days and 7 in 8 days. iv) for the few elements over flied (Ca, Fe, Al, Mg), the amount of minerals present in the ceramic and their dissolution rates are compatible with the elemental concentrations measured by ICP-AES. v) elements show different migratory behavior in function of time․ This may be due to the quick and sharp increase of pH of the model wine, as well as to the chemical process occurring in the solution during aging (precipitation/ crystallization, dissolution, re-precipitation/-crystallization). vi) the volume of the model wine over the surface of ceramic (R) is 0.186 m in Armenian amphorae and 0.009 m in IC-AES measurements. This means that there is relatively about 20 times more wine in amphorae, concentration measured in the 10 mm tubes are overestimated. In real conditions, one may reasonably assume that at least at the beginning of the contact of the wine with the ceramic in real condition, these concentrations should be 20 times inferior.

7

  mm system was inserted in a 10 mm NMR tube, closed with an NMR cap, to run the experiment (Figure39). Large headspace samples -unlike flame sealed samples, the samples with a large headspace were prepared directly in a 10 mm NMR tubes and closed with an NMR cap.Required volume of model wine was firstly added in NMR tube, after ceramic tablet was genteelly dropped in model wine. Before dropping the tablet, T1 of model wine alone was measured. The Vair/Vwine ratio was 17.Degassed environment -the sample was prepared under a degassed environment in a glove bag. In a 10 mm NMR tube was put a needed amount of model wine, the ceramic tablet was hung in the tube with a special sample holder, the tube was closed with an NMR cap and vacuum grease was put over the cap. After the T1 measurement of model wine the tablet was dropped in model wine without opening the NMR tube. The sample had an Vair/Vwine ratio of 17.Beeswax coated samples -model wine and ceramic tablet coated with beeswax were placed in 10 mm NMR tube. Tube was closed with NMR cap. Ceramic tablets coated with one and two layers of beeswax were used for this set of experiments. A sample with model wine and beeswax alone was also prepared. The Vair/Vwine ratio was 12.

Figure 32 .

 32 Figure 32. Metallic element concentration (µg/L) per mg of ceramic immersed in 2.8 mL of model wine in sealed glass 10-mm NMR tubes, measured during aging by ICP-AES. For each element, from left to right, one bar chronologically corresponds to a contact time (1 hour to 16 months).

Figure 33 .

 33 Figure 33. Ratios (in percent) of paramagnetic ions concentration with respect to the Fe concentration (extracted for ICP-AES data) versus aging time, with ponderations relative to their relaxivity (Table15). Model wine elements concentrations are subtracted.

Figure 34 .

 34 Figure 34. Titration of O2 concentration in ultrapure water (blue) and 12 % (alcohol by volume -ABV) hydroalcoholic solution (red), at 25 °C. Abscise of open symbol

A

  typical curve obtained by recording the 1 H relaxation time of model wine in contact with a ceramic versus time is shown in Figure 35. For the shake of simplicity let's call this curve a relaxogram according to the naive definition of "a diagram obtained by relaxometry".

Figure 35 .

 35 Figure 35. Typical proton relaxogram of a model wine in contact with a ceramic. The ceramic is dropped in the wine at ~ 2 hours and initiate the increase of the relaxation rate.

Figure 36 .

 36 Figure 36. Titration of ferric ions concentration in a model wine. This curve has been obtained by individual synthesize, (no dilution of a stock solution was used). Number in brackets are the incertitude given by the linear regression on the previous digit.

Figure 37 .

 37 Figure 37. First hours of Fe 3+ titration diagram of a model wine in contact with a ceramic.The concentration is labeled with an asterisk to recall that it is an apparent Fe 3+ concentration. It considers a constant atmospheric level of dioxygen in the solution. Even if we have seen previously that iron should be the dominant source of relaxation in the solution, other possible contributions should not be completely forgotten.

Figure 38

 38 Figure 38 reports the relaxation rate of water, hydroalcoholic solution (12% ABV)and tartaric acid solution with and without contact with ceramic. The first four or five points are the relaxation rate of the solution, they are constant and the higher relaxation rate of the hydroalcoholic solution results from the higher viscosity of the solution in presence of ethanol. There is not impact of the pH i.e. of the tartaric acid (the first four points of water superpose the points of the tartaric acid solution)[START_REF] Bodart | Analysis of the Proton Spin-Lattice Relaxation in Wine and Hydroalcoholic Solutions[END_REF] 8 . In the solutions the

Figure 38 .

 38 Figure 38. Relaxation rate of water (green •), hydroalcoholic solution (blue ♦) (12% ABV), and tartaric acid solution (purple ) before (up to 2 hours) and after contact (after 2 hours) with ceramic.

  ceramic that dissolve paramagnetic ions in the solution which induce an increase of the relaxation rate due to a dipolar paramagnetic relaxation mechanism. It is interesting to note that error bars are clearly visible indicating that upon the time required for the data 0point (20 minutes) the solution is evolving. This is a neat illustration of acid corrosion observed on earthen ceramics (widely used for constructions) and mentioned in the precedent chapter.

Figure 39 .

 39 Figure 39. Experimental design of the flame sealed environment

Figure 40 .

 40 Figure 40. Three repetitions of the evolution of the relaxation rate of model wine solutions in contact with a ceramic. Samples are in a sealed 7mm-NMR tube with a

Figure 41 .

 41 Figure 41. 𝜌 𝑆 (black) and 𝜌 𝑊 (orange) ratios versus the delay to reach the steady state. The point at 40 hours is obtained from Figure 71 of Annex VII.

Figure 42

 42 result of identical experiments but in (a) the NMR tube was closed with an NMR cap and in (b) the NMR tube was left open (the cup was reversed on the top of the NMR tube to avoid major accidental particle or dust coming into the solution) so the amount of available dioxygen can be considered as infinite. Over a long period of time (10 days), the open experiment in Figure 42 (b) does not reach the relaxation level of pure model wine, meaning that the ferric ions are unable to be reduced to ferrous ions because dioxygen saturation in the solution. Of course, during this long period significant evaporation occurs: 33.7 % of the wine has evaporated. If we assume that no reduction occur in the solution, this evaporation would induce an equivalent increase of the equivalent Fe 3+ concentration and an increase of the relaxation rate, which is not observed meaning that the reduction albeit not complete remains important. This being mentioned, a close look at the first hours of the experiments in Figure 42 (a) and (b) shows very comparable behaviors. In particular, the clear decrease at 60 hours in (a) is also present as a shoulder in (b). We attribute this inflection point at 60 hours to the combination of two mechanisms (i) the increase of pH significantly reduce the dissolution rate of iron. (ii)

36 Figure 42 .

 3642 Figure 42. Evolution of the relaxation rate of model wine in contact with a ceramic. Samples are placed in 10mm-NMR tube with a large headspace. (a) in a closed tube (b)

Figure 43 .

 43 Figure 43. 𝜌 𝑆 (black) and 𝜌 𝑊 (orange) ratios versus the delay to reach the relaxation rate of pure model wine, open symbols correspond to experiment with a large headspace.

Figure 44 .

 44 Figure 44. Relaxogram of a solution of tartaric acid (5g/L) in ultra-pure water.

Figure

  Figure 45․ 𝜌 𝑆 (black) and 𝜌 𝑊 (orange) ratios versus the delay to reach the relaxation rate of pure model wine. The open symbols correspond to 5g/L of tartaric acid in ultrapure water.

  (a) was obtained with the same ceramic tablet used in experiment of Figure 42 (a). At the end of experiment of Figure 42 (a) the ceramic tablet is removed, cleaned from solid phases deposed on the surface, rinsed, left for four/five hours in HPLC water then dried with paper and reintroduced as in experiment Figure 42 (a) in a fresh model wine. The relaxogram of the washed tablet in ultrapure water is reported in Figure

Figure 46 .

 46 Figure 46. Relaxogram of model wine during first and second contact of ceramic with fresh model wine. The ceramic was washed between the two contacts. (a) second contact, (b) superposition of relaxogram recorded during the first contact (red from Figure 42 a) and relaxogram of the second contact(blue). (c) (•) raw tablet in contact with ultrapure water (extension from Figure 38), (•) washed tablet

Figure 47 .

 47 Figure 47. 𝜌 𝑆 (black) and 𝜌 𝑊 (orange) ratios versus the delay to reach the relaxation rate of pure model wine the open symbols correspond to 5g/L of tartaric acid in ultrapure water.

Figure 48 .

 48 Figure 48. Relaxogram of a model wine in contact with a ceramic in an environment containing 1/3 of atmospheric dioxygen concentration. [𝑂 2 ] 𝑤𝑖𝑛𝑒 𝑖𝑛𝑡 is the initial dioxygen concentration in the model wine. Model wine pH=2.31 (at t=0)

Figure 49 .

 49 Figure 49. 𝜌 𝑆 (black) and 𝜌 𝑊 (orange) ratios versus the delay to reach the relaxation rate of pure model, big and small symbols correspond to the large and small headspace experiments respectively. Open symbols are N2 degassed experiments.

Figure 50 .

 50 Figure 50. Relaxograms of model wine solution containing (a) a ceramic tablet coated with one (a, •) and two (a & b, •) layers of natural beeswax, or beeswax alone (b, )

Figure 51 .

 51 Figure 51. Model wine aged with ceramic coated beeswax. a) 3 months aged, b) 1 year aged.

Figure 52 .

 52 Figure 52. Relaxogram of model wine in contact with ceramic tablet (•) and pH of the solution (•). White star indicates the observation of white precipitation, the vertical yellow arrow, apparition of a yellowish color of one out of three

  reports the iron concentration measured by ICP-AES (Chapter 4), the equivalent Fe 3+ concentration calculated from a relaxogram recorded in a comparable experiment (closed 10 mm tube, 5.2 𝑚𝑚) and the simulated iron concentration

Figure 53 .

 53 Figure 53. (a) Comparison of the equivalent ferric ion concentration calculated from a relaxogram (blue) and the ICP measurement (green) on the left numbers refer to the statistics performed on all the ceramic tablets used for the ICP experiment. The relaxogram correspond to the one displayed in Figure 42.b. Diagram in (b) additionally reports (continuous red line) the theoretical labile iron resulting of the dissolution of hematite (estimated as 5% of the mass of the ceramic) . (c) is an expansion of (b).

  extremely complicated physico-chemical reaction, transformation, and transportation occurring during the contact of a ceramic with a model wine TD NMR allows, in situ and in tempore to qualify and quantify some essential aspects. (i) The migration of elements from ceramic in model wine is massive (on the scale of what the model wine could accept). Ceramic has to be coated minerally during the fabrication (by dedicated thermic treatment) or organically after the firing by covering the surface with beeswax, pine pitch… for proper use. (ii) In contact with the ceramic, model wine pH can rapidly and strongly increase. (iii) In Armenian ceramic iron is the most abundant paramagnetic element released and it is very likely the principal responsible for the relaxation observed. (iv) The oxygen plays an important role in various oxidation/reduction reaction occurring in the model wine and its concentration strongly affect the relaxograms. (v) A first contact with the model wine stripe the ceramic and during the forthcoming contact the element migration can be more pronounced. From time immemorial, Armenia has been one of the active winemaking centers in the world. This is evidenced by many winemaking complexes, which were excavated at different times by Armenian and foreign experts (archaeologists and historians). Vessels made of fired and/or unfired clay, in which wine was stored, were found in all the excavated complexes mentioned in the introduction of this dissertation. The technology of making wine using this traditional method is still up-to-date both in different countries of the world and in Armenia especially. However, despite the historical antiquity of the technology of making wine in ceramic pots and the increasing demand, limited scientific research has been done to study the nature of the interaction between the wine and the ceramic. These circumstances, as well as certain problematic points previously noticed during winemaking in ceramic vessels by our team in Armenia, such as the significant change in pH of real wine during aging, served as the basis for studying these relationships, choosing Armenian clay-based ceramics synthesized in laboratory and model wine as a simplified research model. The aim of this work was to look at the interaction between ceramics and model wine. Of course, it covers a very wide field, and we only opened a few doors. The chemical and mineralogical composition of raw clay and ceramic, the impact of two heat treatments on the porosity and micromorphology of ceramic, dissolution of ceramic in contact with model wine, and migration of elements from ceramic to model wine were studied. One of the first difficulties we faced, was the limited or almost nonexistent scientific work related to the mineralogical composition of Armenian clay and ceramics. The existing Russian literature, apart from being old, contained conflicting data.

Figure 54 . 2 .

 542 Figure 54. Original drawing from [1], fig 139, p 102 (Figure 10) and the revolution curve (red dots) with its digitalization reported in the two columns on the left.

Figure 55 .

 55 Figure 55. XRF spectrum of elements [147]

Figure 56 .Fraction

 56 Figure 56. Emission of X-rays [149]

Figure 57 .

 57 Figure 57. Plant remains in clay powder from Armenian clay deposit Shahumyan.

Figure 58 .

 58 Figure 58. Illustration of the Bragg Law

Figure 59 .

 59 Figure 59. XRD Diffractogram of a clay

Figure 61 .

 61 Figure 61. Schematic representation of a typical Bigot's curve[START_REF] Oummadi | Drying behaviour of ceramic green bodies: experimental characterization and numerical modeling[END_REF] 

Figure 62 .

 62 Figure 62. Total shrinkage and weight loss on big and small Armenian and kaolin tablets. Number in brackets correspond to the tablet population, FP correspond to the firing protocol (800 or 930 °C), the number preceded by a # is the batch number. Error bars correspond to standard deviation.

Figure 63

 63 Figure63reports the shrinking and weight loss between the drying and firings stages. There is far less variation between the samples. The Kaolin tablets keep showing a weak shrinking, but interestingly, the shrinking upon firing of the two batches of Armenian tablets is fairly reproducible. This is likely to be a valued property of Armenian clay for traditional potters and may contribute to the high quality reputation of the Shahumyan deposit.

Figure 63 . 3 Figure 64 .Figure 64 .

 6336464 Figure 63. Shrinkage and weight lost on big and small Armenian and kaolin tablets between drying and firing stages. Symbolism is as described in Figure62.

  Table 23. Concentrations (mg/L) of elements released from ceramic to model wine determined by ICP-AES․ Samples are aged from 1 hour (1h) up to 16 months (16m), h, d, m stand for hour, day month respectively. Sample 0 corresponds to model wine alone (without contact with the ceramic). The ratio ρ corresponds to the ratio of the volume of model wine (Vw) to the surface of the tablet (St).

Figure 66 .

 66 Figure 66. The two types of dynamics modulating the dipolar interactions

Figure 67 .

 67 Figure 67. Simulation of the isotropic rotational diffusion relaxation rate for water molecules (𝜏 𝑟 = 2.6 10 -12 𝑠) versus the proton Larmor frequency of the magnetic field.

Figure 69 .

 69 Figure 69. Simulation of the relaxation profile of water with translational and rotational contribution

2 ( 26 )Figure 71 .

 22671 Figure 71. Relaxogram of a flame sealed sample, the ceramic has been washed with HPLC water and Na exchanged before contact with the model wine.

Figure 71

 71 Figure 71 reports the relaxogram of a ceramic washed with HPLC water and Na-exchanged

  observed at the same time and the relaxation rate decreases to a level just above the pure model wine relaxation rate.By comparison with curves (a-c) of Figure40we may attribute the multiple maxima observed in the range 0-8 hours, the more visible in relaxograms (a) and (b) of Figure40to the more rapid dissolution of small particles than can easily diffuse into the wine (or be easily washed) and be rapidly dissolved producing a rapid increase of relaxation.

Figure 72 reports

 72 Figure 72 reports the relaxogram of an attempt to follow the evolution of model wine in contact with a ceramic a closed (with an NMR cap and vacuum grease) 10 mm NMR tube. It is a large headspace experiment. This experiment did not reach its goal (because the degassing of the wine was performed for a too extend period of time through an exchange with a big N2 reservoir. It results in a vaporization of the ethanol this is clearly visible on the relaxogram where the relaxation time of the pure "model wine" was 0.30 a value that cannot be reached by a 12% ABV model wine but is very close to what a water solution would give in a low dioxygen environment (Figure35). If we assume that the

Figure 72 .Figure 73 .

 7273 Figure 72. (a) Relaxogram of a model wine with a weak ethanol concentration (estimated around 1 % ABV) in a low oxygen content (initial dioxygen content in the headspace 14 µg/L). (b) Evolution with time of the dioxygen content in the headspace.
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 15 Figure 34. Titration of O2 concentration in ultrapure water (blue) and 12 % (alcohol by volume -ABV) hydroalcoholic solution (red), at 25 °C. Abscise of open symbol has been calculated from [137], the open symbol is only reported and not used in the linear regression. ....................................................................................... 92 Figure 35. Typical proton relaxogram of a model wine in contact with a ceramic. The are the incertitude given by the linear regression on the previous digit. ....................................................................................................... 94 Figure 37. First hours of Fe 3+ titration diagram of a model wine in contact with a ceramic. ............................................................................................................................... 95 Figure 38. Relaxation rate of water (green •), hydroalcoholic solution (blue ♦) (12% ABV), and tartaric acid solution (purple ) before (up to 2 hours) and after contact (after 2 hours) with ceramic. ............................................................................... 96

). Model wine elements concentrations are subtracted. It is assumed that all elements are in the reported oxidation states. The horizontal dotted black line represents the calculated quantity for iron (100 %). .................................................................................... 91 ceramic is dropped in the wine at ~ 2 hours and initiate the increase of the relaxation rate. ..................................................................................................... 93 Figure 36. Titration of ferric ions concentration in a model wine. This curve has been obtained by individual synthesize, (no dilution of a stock solution was used). xiii Number in brackets
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Table 1

 1 

. Composition of model wine Model wine Tartaric acid -5g/L Ultra-pure water Ethanol -12% pH 2.3-2.4

Table 5 .

 5 Lines used for determination of elements with ICP-AES.

	Element	ICP-AES (λ) (nm)	Element	ICP-AES (λ) (nm)
	Al	396.152	Mg	279.553
	B	249.773	Mn	257.611
	Ba	455.403	Mo	202.03
	Be	313,042	Na	589.592
	Ca	317.933	Ni	231.614
	Cd	214,438	P	214.914
	Co	228,616	Pb	220.353
	Cr	267.716	S	182,036
	Cu	324.754	Sr	407.771
	Fe	259.941	Ti	334.941
	Hg	194.164	V	292.402
	K	769.869	W	207,911
	Li	670.784	Zn	213.856

Table 6

 6 

	Significant amount of Fe2O3 (5.5-7%) and MgO (2.3-5.1%) are also quantified. The other
	elements consist in small and trace amounts. The loss on ignition (LOI) is almost the same
	for all experiments (16%).

resumes the chemical compositions of Shahumyan clay (reported in the literature)

7 

. Main components are SiO2 (41-51 %), CaO (13-18%), and Al2O3 (12-14%).

Table 6 .

 6 Chemical composition of Armenian clay powder from Shahumyan reported from

	1960-2001.							
				Concentration (% w/w)		
	Oxides	1963	1966	1970	1983	1991	2000	2001
		[28]	[30]	[31]	[27]	[63]	[64]	[62]
	SiO2	42.22	44.2	41.22	44.2	44.0	43.0	51.30
	Al2O3	14.08	14,3	12.78	14.3	12.20 14,05 13.15
	CaO	13.96	14.0	13.99	14.0	18.21 13.44 18.00
	Fe2O3	6.61	6.6	5.86	6.6	5.49	5.90	7.00
	MgO	5.06	5.1	4.21	3.36	2.28	3.67	4.10
	MnO	0.12	0.1	-	0.1	-	-	-
	TiO2	0.96	0.9	-	0.9	0.8	0.6	-
	Na2O	-	-	1.2	1.19	1.88	1.80	-
	K2O	-	-	1.47	1.63	2.04	1.10	-
	LOI	16.64	16.6	15.52 15.96	16.8	-	16.00

Table 7

 7 

	. Chemical components of two clay powders from Shahumyan (Sh1 & Sh2) and a
	clay body obtained by XRF.			
	Composition	Concentration (% w/w) Sh 1 Sh 2 Clay body
	SiO2	62.78	58.21	73.77
	CaO	15.04	21.93	9.69
	Al2O3	8.75	8.18	6.57
	Fe2O3	5.42	4.98	3.95
	MgO	2.94	3.23	2.53
	K2O	1.95	1.49	1.53
	Na2O	1.15	0.83	1.05
	TiO2	0.67	0.70	0.48
	MnO	0.09	0.08	<0.01

Figure 13. Representative histogram of Table

Table 8 .

 8 Comparative table of the proposed mineral compositions (%) of Shahumyan clay deposit (m.c.: main constituent, s.q.: small quantity, a.: all together. dominant minerals are in red. Mmt, ML, carb. stand for Montmorillonite, Mixed layer, and

	carbonate respectively.				
		Gulyan E.	Petrosov I.	Navasardya	Hakobyan	Hamamchya
		et al.	(1983)	n K.	R. et al.	n M. et al.
		(1970)	[23]	(1991)	(2000)	(2001)
		[65]		[63]	[64]	[62]
		The			Petrograph	Thermograp
	Technics	method is not	XRD	XRD	y and Roentgenog	hic and X-ray-phase
		mentioned			raphy	analysis
	Smectite					
	Mmt	m.c.	20 a		23	yes
	Hydromica Illite	m.c.	50-80	24.8	5	
	Kaolinite	s. q.	20	2.1	5	
	ML clay		20 a			
	Chlorite		20 a	4.8		
	Feldspar				15	
	Plagioclase			26.3		
	Quartz			11.3	11.2	yes
	Calcite			24.5	22 (carb.)	no
	Apatite					
	Sphene Magnetite			2.7		
	Hematite					

Table 9 .

 9 Mineralogical composition of clay fraction of the raw Shahumyan sample

	Clay mineral	Position	d (001)	Area	Ratio
	species	°2θ	Å	cts. °2θ	%
	Smectite	5.295	16.68	975	49
	Kaolinite	12.3709	7.15	389	19
	Mixed-layer	5.842	15.12	273	14
	Chlorite	6.183	14.28	181	9
	Illite	8.855	9.98	176	9

Table 10 .

 10 Minerals identified in Shahumyan row and purified clay materials and ceramic products (minerals for chlorite and smectite groups are reported as possible minerals in clay), Mmt stands for Montmorillonite.

		Clay	Ceramic (FP930)
	Chlorite			
	Clinochlore: Chamosite:	(Mg, Fe 2+ )5Al(Si3Al)O10OH8 (Fe 2+ , Mg, Fe 3+ )5Al(Si3Al)O10OH8	Diopside	CaMgSi₂O₆
	Calcite	CaCO₃	Gehlenite	Ca2Al(AlSi)O7
	Dolomite (?)			
	(only in non-	MgCO3•CaCO3	Hematite	Fe2O3
	purified clay)			
	Gypsum	CaSO4 •2H2O		
	Illite	K(Al,Mg,Fe)2(Si,Al)4O10(OH)2,H2O		
	Kaolinite	Al2O3 2SiO2•2H2O		
			Plagioclase:	
	Plagioclase (Albite-type)	NaAlSi 3O8	Albite Labradorite Bytownite	NaAlSi3O8 Ca0,6Na0,4(Al1,6,Si2,4)O8 Ca0.8Na0.2(Al1,6Si2,4)O8
			Anorthite	CaAl2Si 2O8
	Dioctahedral			
	Smectites:			
	Ca-Mmt	Ca0.2Al2Si4O10(OH)2 •10H2O		
	Na-Beidellite	Na0.5Al2.5Si3.5O10(OH)2 •H2O		

Table 18 (

 18 Annex III). The mean values of the elemental composition of the ceramic acquired from 26 points is presented in Table11. The EDX analysis indicated the presence of oxygen, silicon, calcium, and aluminum as the main element in the sample. Elemental mapping of ceramic is presented in Table19and Table20of Annex III.

	a

Table 11 .

 11 Mean of the SEM/EDX analysis of ceramic fired at 930°C. The observations have been performed at the point levels on a scale of 10 μm. The number of points analyzed is 26. The results are expressed in atom and weight (%).

	Elements	Atomic %	Elements	Weight %
	O	52.9	O	40.58
	Si	14.6	Si	13.06
	C	9.93	Ca	12.23
	Ca	7.6	Al	11.51
	Al	5.82	Fe	6.76
	Mg	3.03	C	6.66
	Fe	2.08	Mg	4.21
	K	1.32	K	2.27
	Mn	1.23	Na	1.14
	Na	1.07	Ti	0.55
	Ti	0.29	F	0.4
	S	0.06	Mn	0.21
	Cr	0.04	S	0.09
	F	0.03	Cr	0.04
	P	0.009	Mo	0.04
	Cl	0.008	Cl	0.01
	Mo	0.009	P	0.008
	Total	100	Total	99.75

  pp. but is considered as a strong base (pkb1=2.43, pkb2=1.41) [115, pp. 4- 44]. All measured Ca concentrations are bellow 5mM, bellow the solubility of Ca(OH)2. It is difficult to estimate the kinetic of solvation, but one has to remember that the analyzed model wine should be at equilibrium, because after the separation from the ceramics the model wine was kept in a flame sealed tube at a controlled temperature for generally a very long period of time (from 16 months for the first samples to several weeks for the last ones).

Table 13

 13 

	Mineral	Formula	pH	Kd (Mol cm -2 s -1 )	Reference
	Anorthite	CaAl2Si2O8	3	2.7x10 -12	[104]
	Bytownite	Ca0.8Na0.2(Al1.6Si2.4)O8	2-3	10 -12	[105]
			7	10 -15	
	Diopside	CaMgSi₂O₆	2-3	2.9 10 -14	[103]
	Albite	NaAlSi3O8	4	4.7 10 -17	[102]
			6	4.6 10 -17	
	Hematite	Fe2O3	l	5.8 10 -14	[106]
	Iron (III) hydroxide	Fe(OH)3	4-6	10 -13	[118]
	Quartz	SiO2	2-3	3.6 10 -17	[116]

. Dissolution constant (Kd) of some minerals identified in the ceramic. The reported values are generally obtained by a flow experiment. Quartz is given for comparison. l stands for low (not measured) dissolutions constants in bold were used for the calculations of Figure

29

.

Table 14 .

 14 the ceramsites in the mentioned article present many similarities with our ceramic. Table14compares the materials and some results of Qin et al. with ours. Comparison of materials and some results obtained on ceramsites by Qin et al[START_REF] Qin | Ca 2+ and OH -release of ceramsites containing anorthite and gehlenite prepared from waste lime mud[END_REF] and those of this work on ceramic.

	1.E+07				
	1.E+05				
	(µg)				
	Mass				
					Fe (µg) in 2.8ml Mw
					Mg (µg) in 2.8ml Mw
					Al (µg) in 2.8ml Mw
					Ca (µg) in 2.8ml Mw
	1.E+00	1.E+01	1.E+02	1.E+03	1.E+04
				Time (h)	

Table 15 .

 15 Relaxivity (r) of aquaions at 20 MHz, 25°C. Grey cells report non-majoritarian

	forms. It is worth noting that at a lower magnetic field (1 MHZ or lower) or
	different temperature the relaxivity may strongly vary particularly for Mn 2+ and
	V 4+.										
	Aquaion Fe 3+ Mn 3+ Mn 2+ Cr 3+ Cu 2+ Ti 3+ V 4+ Ni 2+ Fe 2+ V, V 2+ , V 3+ Cd 3+
	Relaxivity (s -1 mM -1 )	15	15	10	5	1	1	0.8	0.7 0.38	-	-

  of rocks, soils and minerals as well as wood and artificial materials through contact with water, atmospheric gases, and biological organisms. Weathering occurs in situ (on site, with little or no movement), 21

	123
	succeeding Iron Age. Pithoi were used for bulk storage, primarily for fluids and grains,
	38
	Riss-Würm period
	Riss-Würm Interglacial Stage, a major division of Pleistocene time and deposits (2.6 , 26 million to 11,700 years ago) in Alpine Europe. [24], 25 biostratigraphy smectite Biostratigraphy determines the age of rocks through the use of fossils. Determining the also known as "swelling clay", is a diverse group of clay minerals with a 2-1 layer silicate environment in which the fossil species lived is inherent in this type of analysis., 66 structure that can expand and contract upon wetting and drying. The smectite group ceramsites (shows large chemical variability, 22 Ceramsite is a lightweight porous material, and is used to, 81, 82, 87 tandoor chlorite Cylindrical clay oven used in cooking and baking, 26 Chlorites have a 2-1 sandwich structure. The typical general formula is volcanogenic-sedimentary (Mg,Fe)3(Si,Al)4O10(OH)2•(Mg,Fe)3(OH)6., 22 rock that consists of volcanic and sedimentary materials, 26 diluvial weathering A coarse surficial deposit formed by the glacial drift [23], 26 erosion is the deterioration
	is the action of surface processes (such as water flow or wind) that removes soil, rock, or
	dissolved material from one location on the Earth's crust, and then transports it to
	another location where it is deposited, 21
	fatty
	Fat clays are cohesive and compressible clays of high plasticity, containing a high
	proportion of minerals that make it greasy to the feel., 27
	feldspar
	are a group of rock-forming aluminium tectosilicate minerals, containing sodium,
	calcium, potassium or barium, 21
	illite
	identifies a clay structure, which is of 2-1 type, dioctahedral, non-expanding, aluminous,
	and contains nonexchangeable K as the major interlayer cation, 22
	kaolin
	is a name given to a group of phyllosilicate minerals whose layers have a 1-1 structure
	with a composition of Al2Si2O5(OH)4, 21
	loss on ignition
	Sequential loss on ignition (LOI) is a common and widely used method to estimate the
	organic and carbonate content of sediments [49]. The analogue of LOI is
	thermogravimetry., 51
	Minerals of the group of silicates built by stacking tetrahedral layers (, 44
	palygorskite-sepiolite
	Like all ideal phyllosilicate minerals containing 2-1 layers where there is an octahedral sheet
	between two opposing tetrahedral sheets, the palygorskite-sepiolite minerals have
	continuous planes of tetrahedral basal oxygen atoms. However, unlike the ideal 2-1
	phyllosilicates, the apical oxygen atoms point away from the basal oxygen atom plane in
	opposing directions to form ribbons of joined pyroxene-like chains, 22
	pithos
	(plural pithoi) is the Greek name of a large storage container used among the civilizations
	that bordered the Mediterranean Sea in the Neolithic, the Bronze Age and the

Table 18 .

 18 SEM/EDX semiqualitative analysis of ceramic fired at 930°C measured for seven different areas at 26 points (pt1, pt2 …). The results are presented in atomic %. Numbers in brackets [(1), (2),…] represent areas.

	Elements																	
		C	O	F	Na	Mg	Al	Si	P	S	Cl	K	Ca	Ti	Cr	Mn	Fe	Mo
	Areas/Points																	
	(1)_pt1	52.53 37.04	0	0	0	7.81	1.89	0	0	0	0	0.73	0	0	0	0	0
	(1)_pt2	52.77 37.94	0	0	0	6.54	1.66	0	0	0	0	1.09	0	0	0	0	0
	(2)_pt1	42.13 41.72	0	0	0.71	7.87	3.97	0	0	0	0.29	1.68	0	0	0	1.64	0
	(2)_pt2	6.74	51.93	0	1.12	2.88	5.77	16.16	0	0	0.03	0.52 11.57 0.25	0.29	0.05	2.7	0
	(3)_pt1	4.4	60.25	0	2.89	0.11	7.9	19.45	0.13	0.02	0	2.39	1.61 0.14	0	0.06	0.65	0
	(3)_pt2	5.22	52.51	0.78	0.27	2.48	3.67	12.29	0	1.53	0.16	0.19 17.62 0.87	0.13	0.18	2.1	0
	(4)_pt1	3.74	58.34	0	1.37	2.62	6.49	17.7	0	0	0	0.43	7.16 0.16	0.07	1.93	0	0
	(4)_pt2	4.55	59.89	0	1.08	3.88	6.2	14.28	0	0	0	0.52	6.73 0.24	0.05	2.58	0	0
	(4)_pt3	6.05	13.18	0	0.5	2.92	7.43	29.13	0	0	0	6.07	16.9 1.83	0	16	0	0
	(4)_pt4	5.07	31.79	0	1.05	3.08	8.22	31.89	0	0	0	2.93	8.92 0.78	0.18	6.09	0	0
	(4)_pt5	6.81	62.46	0	1.19	2.17	3.72	8.7	0	0	0	0.46 10.72 0.22	0.18	3.36	0	0.02
	(5)_pt1	5.35	58.08	0	0	21.49 1.27	3.27	0	0.08	0	0.03	8.3	0.08	0.03	0.12	1.9	0
	(5)_pt2	5.52	62.59	0	0.29	2.15	2.07	11.9	0	0	0	0.13 14.22 0.1	0	0.03	1	0
	(5)_pt3	4.66	62.35	0	3.09	0.56	11.4	14.03	0	0	0	1.39	2.05 0.05	0	0	0.41	0
	(5)_pt4	5.01	31.45	0	0	10.89 3.03	5.57	0	0	0	0.1	24.28 0.33	0	0.8	18.55	0
	(5)_pt5	4.44	31.83	0	0	6.07	2.1	3.68	0	0	0	0.2	36.88 0.46	0	0.57 13.61 0.15
	(10)_pt1	3.52	64.9	0	2.08	1	5.66	19.32	0	0	0	1.95	1.08 0.04	0	0	0.42	0.02
	(10)_pt2	2.88	64.09	0	2	1.3	5.78	19.97	0	0	0	1.77	1.51 0.06	0	0	0.61	0.03
	(10)_pt3	4.15	65.87	0	2.06	1.36	5.22	17.94	0.1	0	0	1.49	1.29 0.05	0	0	0.48	0
	(10)_pt4	2.65	60.73	0	1.49	2.28	7.07	18.19	0	0	0	0.69	5.23 0.16	0	0	1.51	0
	(10)_pt5	2.28	64.56	0	0.95	1.43	3.25	24.34	0	0	0	0.61	1.78	0.1	0	0	0.7	0
	(11)_pt1	5.57	60.61	0	1.43	1.58	6.62	16.63	0	0	0	2.76	2.27 0.24	0	0.15	2.12	0.02
	(11)_pt2	5.83	56.62	0	1.39	2.21	7.04	18.42	0	0	0	2.59	3.72 0.31	0	0.06	1.8	0
	(11)_pt3	5.57	62.92	0	1.31	1.8	6.43	15.61	0	0	0	2.08	2.58 0.34	0	0.05	1.31	0
	(11)_pt4	6.25	62.84	0	1.23	2.24	5.53	13.36	0	0	0	1.28	5.16	0.4	0	0.07	1.65	0
	(11)_pt5	4.58	59.25	0	1.15	1.64	7.1	19.45	0	0	0	3.32	2.4	0.23	0	0	0.88	0
	Average	9.933 52.913 0.030 1.075 3.033 5.815 14.569 0.009 0.063 0.007 1.315 7.595 0.286 0.036 1.235 2.078 0.009

  Batch 1 samples. Dried samples were measured xx days after shaping, fired occurred xxx days after shaping. Batch 2 samples:

	Small Arm #2	shaped 19/03/2021 dried	fired 09/04/2021
	Big Arm HP3 #2	shaped 22/03/2021 dried 24/03/2021	fired 09/04/2021
	Big Arm HP4 #2	shaped 22/03/2021 dried 24/03/2021	fired 09/04/2021
	model big HP3	shaped 26/03/2021 dried 29/03/2021	fired 09/04/2021
	model big HP4	shaped 26/03/2021 dried 29/03/2021	fired 09/04/2021

Table 21 .

 21 Tablets dimensions (in mg, mm; mm² and mm3 for the weight, length, surface, and volume respectively) and shrinkage between the dried and fired stages of the firing protocols.

	tablet	Dimensio n	after drying	+/-	final	+/-	shrinkage (%)	+/-
	Kaolin small (51) FP930	Weight Height Diameter Surface Volume	143.80 6.04 4.40 113.83 91.75	8.15 0.39 0.00 5.45 6.01	133.42 5.99 4.40 113.14 91.00	7.40 0.34 0.00 4.66 5.13	0.07 0.00 0.00 0.00 0.00	0.00 0.01 0.00 0.00 0.01

Table 24 .

 24 The concentration (mg/L) of each element released from 1 g of ceramic to the model wine after contact with the ceramic (wine element subtracted). Open columns correspond to elements below the limit of quantification (e.g. [Hg]). Red diagrams indicate paramagnetic elements. The time sampling is as follow: {1h, 2h, 3h, 4h, 5h, 6h, 7h, 8h, 9h, 10h, 11h, 2d, 4d, 8d, 15d, 2m, 4m, 8m, 16m, (where h, d, m stand for hour, day month)}, but for the sake of visibility only one contact time over two is reported in the label of abscise axis.

	Samples	0	1h	2h	3h	4h	5h	6h	7h	8h	9h	10h	11h	2d	4d	8d	15d	2m	4m	8m	16m
	Mass of the tablets (mg)	-	748	709	683	733	669	635	691	724	600	553	718	709	606	695	692	718	658	668	668
	𝜌 (m)	-	0.0086 0.0090 0.0087 0.0102	-	0.0096 0.0094 0.0090 0.0086 0.0092 0.0088 0.0092 0.0091 0.0098 0.0091 0.0087 0.0093 0.0094 0.0088
	Al	0.35	4.96	10.20	12.60	14.60 10.10 16.50	10.60	11.20	9.05	11.70	15.70	21.40	24.30	1.10	0.86	5.32	2.89	0.33	0.52
	B	0.52	0.16	0.68	0.71	0.37	0.70	0.17	0.25	0.54	0.32	0.36	0.41	0.36	0.52	0.40	0.48	0.00	0.44	0.30	0.59
	Ba	0.01	0.23	0.24	0.20	0.24	0.15	0.14	0.18	0.19	0.24	0.20	0.25	0.31	0.19	0.07	0.13	0.15	0.15	0.21	0.03
	Be	0.03	0.06	0.03	0.03	0.03	0.03	0.06	0.03	0.03	0.03	0.03	0.03	0.06	0.03	0.03	0.03	0.05	0.03	0.03	0.03
	Ca	0.34	95	129	142	152	140	167	148	164	149	149	193	106	33.7	34.1	33.3	109	91.7	79.9	11.5
	Cd	0.01	0.01	0.01	0.03	0.04	0.01	0.01	0.01	0.05	0.04	0.01	0.04	0.01	0.01	0.01	0.01	0.01	0.01	0.03	0.02
	Co	0.03	0.02	0.03	0.03	0.03	0.03	0.02	0.03	0.03	0.03	0.03	0.03	0.02	0.03	0.03	0.03	0.02	0.03	0.03	0.03
	Cr	0.01	0.07	0.12	0.11	0.11	0.09	0.10	0.10	0.11	0.08	0.10	0.13	0.11	0.14	0.09	0.36	0.76	0.86	0.59	0.50
	Cu	0.01	0.02	0.04	0.04	0.05	0.04	0.08	0.05	0.04	0.08	0.05	0.24	0.05	0.09	0.01	0.02	0.02	0.01	0.01	0.01
	Fe	0.01	2.27	4.35	6.03	8.01	12.40	5.86	6.81	4.89	3.71	27.10	7.08	3.60	6.68	2.18	1.02	3.31	1.37	0.02	0.02
	Hg	0.03	0.01	0.03	0.03	0.03	0.03	0.01	0.03	0.03	0.03	0.03	0.03	0.01	0.03	0.03	0.03	0.01	0.03	0.03	0.03
	K	0.17	2.20	4.65	6.67	8.17	7.84	8.66	8.95	10.60	9.91	9.20	12.60	13.00	14.90	11.20	13.30	30.60	34.00	45.50	64.90
	Li	0.01	0.02	0.03	0.04	0.06	0.05	0.19	0.06	0.06	0.05	0.08	0.07	0.13	0.15	0.19	0.15	0.15	0.14	0.13	0.15
	Mg	0.18	7.09	12.00	14.30	12.70 12.10 12.50	12.40	13.20	12.40	13.00	16.80	32.10	38.90	9.41	4.88	4.44	2.63	0.17	0.17
	Mn	0.01	0.10	0.16	0.18	0.21	0.17	0.22	0.16	0.17	0.17	0.18	0.23	0.48	0.45	0.01	0.01	0.06	0.03	0.01	0.01

  ̃𝐷(𝜔 𝐼 , 𝜏 𝑑1 , 𝜔 𝑠 , 𝜏 𝑑2 ) = 𝐶 ̃𝐷 [ 7𝜏 𝑑2 1 + (𝜔 𝑠 𝜏 𝑑2 ) 2 +Where S is the electron spin number of the paramagnetic ion, and S-subscript refers to paramagnetic ion. Correlation time 𝜏 𝑑𝑖 is a composition of the reorientational correlation time of the paramagnetic ion (𝜏 𝑅 ) due to Brownian rotational motion, longitudinal (i=1) or transverse (i=2) electron relaxation time (𝜏 𝑆𝑖 ), and of the lifetime of the nuclei on the paramagnetic ion (𝜏 𝑀 ):

		1 𝜏 𝑑𝑖	=	1 𝜏 𝑅	+	1 𝜏 𝑀	+	1 𝜏 𝑆𝑖
								3𝜏 𝑑1 1 + (𝜔 𝐼 𝜏 𝑑1 ) 2 ]	(22)
	With						
	𝐶 ̃𝐷 =	2 15	( 4𝜋 𝜇 𝑜	𝑟 𝐼𝑆 2 𝑆(𝑆 + 1)(𝛾 𝐼 𝛾 𝑆 ℏ) 2 6 )	(23)

by I. Petrosov[START_REF] Kh | Clayey rocks of the Armenian SSR: Clay formation in the inner regions of geosynclines[END_REF] 

by Ed. Kharazian[START_REF] Kharazian | Geological map of Republic of Armenia[END_REF] Black Sea

which creates natural movement in the wine while aging

The sample is considered as well dried when there is no more significant weight loss

First XRD, exploratory experiments were performed at Ecole Supérieure d'Ingénieurs Numérique et Matériaux (ESIREM, Dijon) and in the Institut de Science des Matériaux de Mulhouse -(IS2M), and a precise analyze was performed at the Institut de Chimie des Milieux et Matériaux de Poitiers (IC2MP).

H, Li, He and Be are not observable

The method used for chemical composition analysis is not mentioned.
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an ancient pithos [START_REF] Twede | Commercial Amphoras: The Earliest Consumer Packages?[END_REF], fig [START_REF] Schlüter | Nuclear magnetic resonance relaxation titration[END_REF], p 102 (Figure 10). The calculations are numerically performed by integration in space of the surface of revolution describing the container (see Annex I) Figure 10. Original drawing used to calculate the equation of the revolution curve; units are dm (right). Reconstruction of the pithos to calculate its volume and surface (left).

We reduce the geometry of the container to a single parameter ρ defined as:

𝜌 =

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑤𝑖𝑛𝑒 [START_REF] Twede | Commercial Amphoras: The Earliest Consumer Packages?[END_REF] When expressed in meter, the ρ ratio can be related to the inverse of the normalized surface-area-to-volume-ratio (surface area/volume), which is the amount of surface area of an object per unit volume of this object. For illustrative purposes Table 3 reports the estimated ρ ratio for Bordeaux bottle and barrel, and for the pithos of Figure 10.

(63%). Ceramic fired at 850 and 930 °C did not show variation of porosity and the surface area was comparable to was have been measure in fragment of Armenian pithos. When in contact with model wine, the acidity of the solution (pH 2.55) favors the dissolution of the ceramic, in response the pH of the wine increases and the migration of all types of elements present in the ceramic occurs rapidly. ICP-AES made it possible to follow the migration of 26 elements over 16 months. Time Domain NMR is used to guide the approach to questions regarding the impact of headspace volume and oxygen concentration, ratio of the volume of wine/ surface of the ceramic on iron and ethanol redox processes in wine concomitant with the dissolution of the ceramic.

Summarize the research work, it: (i) updated the chemical and mineralogical composition of the Armenian clay of the Shahumyan deposit, (ii) recorded valuable results

for winemakers working with ceramic pots, (iii) shed light on some of the processes that occur between ceramics and wine, in particular with respect to the oxidation/reduction processes occurring in the model wine in contact with the ceramic, and (iv) showed how coating is critical in limiting the mutual impacts of ceramic and model wine.

by a particular material varies according to the energy of the X-rays. As a rule of thumb, low-energy X-rays are absorbed more than high-energy photons.

To expel an electron from one of the orbitals, the X-ray energy must exceed the binding energy of that electron -however, if the X-ray energy is too high, then the coupling between X-ray and electron is inefficient, and only a few electrons will be knocked out. As the X-ray energy reduces, and approaches the electron binding energy, so the yield of expelled electrons increases. Just below this binding energy, a drop in absorption is observed, since the energy is not sufficient to emit electrons from that shell, and is too high in energy to emit electrons from the lower energy shells. Not all the incident X-rays result in fluorescence. The fluorescence yield is the ratio of fluorescence X-rays to incident X-rays. The diagram below illustrates the K and L fluorescence yield as a function of atomic number, Z. Detection limits depend very much on sample preparation and are in the range 20 -1000 µg/g for low-Z elements, from 5 -10 µg/g for medium-Z elements and from 1-20 µg/g for high-Z elements. It is clear that the yield for the light elements is very low, and this is reflected in achievable sensitivity for these elements [147], [START_REF] Streli | X-ray Fluorescence Spectroscopy, Applications[END_REF].

XRF analyzers determine the chemistry of a sample by measuring the fluorescent (or secondary) X-ray energy of wavelength emitted from a sample when it is excited by a primary X-ray source. Each of the elements present in a sample produces a set of characteristic fluorescent X-rays ("a fingerprint") that is unique for that specific element (Figure 55), which is why XRF spectroscopy is an excellent technology for qualitative and quantitative analysis of material composition. Having an idea about the physical and chemical process clay goes through during drying and kiln firing will help in avoiding with problems such as cracking, breaking, exploding of ceramic products. During fabrication, the ceramic product is exposed to thermal and mechanical stress. Due to thermal stress, Shahumyan clay is mainly used as a raw material for making ceramic jars (arm.

[karases]) for winemaking in Armenia, as it does not crack when heat-treated at the temperature (930°C) chosen by the pottery makers.

During drying and firing clay bodies change their size which leads to shrinkage of the product. Product sizes also matter. The larger the product is, the more movement of shrinkage will take place. When clay starts to dry, water evaporates from it. As this happens, the particles of clay are drawn closer together resulting in shrinkage.

Clay shrinks both in drying and in firing. Different clay bodies shrink at different rates which can be as little as 4% or as much as 15% for some clay bodies. Even one percentage point can make a difference in the final product depending on the need for precision [START_REF]Clay Shrinkage During Drying and Firing | Preventing Defects[END_REF].

In the ceramic industry, the drying step is necessary before firing ceramic bodies at high temperature. Drying process includes the extraction of water from clay/ceramic body.

One of the methods for the description of the drying process is the weight loss over time as shown in Figure 60.

Weight loss during drying 

Relaxation mechanisms in water

The relaxation is the mechanism that allows to the spin system to release the energy it has accumulated during the excitation step of an NMR experiment. This relaxation is due to the molecular dynamic of the molecule's rotation and translation of water molecule due to Brownian motions. In most isolated water molecule there can exist only one NMR interaction: the dipolar interaction between the two protons. The oxygen atom can be neglected because the only NMR active isotope of oxygen is 17 O with a natural abundance of 0.04%. The dipolar interaction between two protons depends on the angle between the internuclear vector and the direction of the static magnetic field (Figure 65) Figure 65. Schematic representation of a water molecule with the internuclear vector r and the energy levels of the coupled system that depend on the angle 𝛽 between r and the direction of the static magnetic field 𝐵 𝑜 ⃗⃗⃗⃗ .

If the water molecule is not isolated, the dipolar interaction can also occur between two distinct water molecules. In this case the movement rotation and translation of each individual molecules modulate the dipolar interaction but the rotations are generally neglected with respect to the translation motions Figure 66.

where 𝑁 𝐻 is the number of protons per 𝑚 3 and 𝑑 is the closest approach distance of the interacting water molecules, assumed to correspond to the diameter of a water molecule (2.75 Å).

The translational correlation time, 𝜏 𝑡 is defined as:

where 𝐷 𝑡 is the relative translational diffusion (not self-diffusion) coefficient of the water molecules. The complete relaxation profile of water is obtained by the sum of the two contributions (Figure 69).

Where A is the scalar coupling constant of the spin exchange interaction between nucleus and electron, and 𝜏 𝑐 is given by:

Several aquaions, (e.g. Mn 2+ [START_REF] Bodart | Quantification of manganous ions in wine by NMR relaxometry[END_REF], [START_REF] Koenig | Relaxation of solvent protons by paramagnetic ions and its dependence on magnetic field and chemical environment: implications for NMR imaging[END_REF] Fe 3+ [START_REF] Bertini | 1H NMRD profiles of paramagnetic complexes and metalloproteins[END_REF], [START_REF] Bertini | Nuclear and Electron Relaxation of Fe(OH2)63+[END_REF], Cr 3+ [START_REF] Bertini | 1H NMRD profiles of paramagnetic complexes and metalloproteins[END_REF], [START_REF] Bertini | Solvent 1H NMRD Study of Hexaaquochromium(III): Inferences on Hydration and Electron Relaxation[END_REF] ,VO 2+ [START_REF] Bertini | 1H NMRD profiles of paramagnetic complexes and metalloproteins[END_REF], [START_REF] Luchinat | Can metal ion complexes be used as polarizing agents for solution DNP? A theoretical discussion[END_REF]) may experience this contact interaction, In wines, Mn 2+ has been shown to govern the relaxation profile [START_REF] Bodart | Quantification of manganous ions in wine by NMR relaxometry[END_REF] and a representation of the relaxation profile is given in Figure 70. It must be pointed out that if the above simulations have been performed with realistic parameter for the water, model wine or Mn concentration encountered in real wines, but in other conditions (viscosity, temperature) or systems, the paramagnetic relaxation may be present dispersions at very different frequencies.

We conclude this rapid theoretical description by emphasizing two properties that are of prime importance in this study.

Linearity

Importantly, the linearity of the relaxation rate of the solution with the paramagnetic ion concentration is evidenced as follows: the paramagnetic longitudinal relaxivity of the water protons (𝑅 1 𝑝 ) is given by [START_REF] Koenig | Relaxation of solvent protons by paramagnetic ions and its dependence on magnetic field and chemical environment: implications for NMR imaging[END_REF], [START_REF] Aime | Gd(III)-based contrast agent for MRI[END_REF] 𝑝𝑞

where p is the concentration of the ions compared to the concentration of the solvent molecules (water) and q the number of metal-bound water molecules. Assuming a fast chemical exchange of the water molecules (𝜏 𝑀 ≪ 1/(𝑅 𝐷 + 𝑅 𝐶 ) the relaxation of the water proton can be written:

where 𝑅 can be associated to the background or solvent rate in the absence of paramagnetic ions, 𝑅 𝐷 and 𝑅 𝐶 are the dipolar and contact paramagnetic contribution from the exchange of solvent nuclei with the hydrated paramagnetic ions (first sphere of coordination). 𝑅 ̃𝐶 and 𝑅 ̃𝐷 refer to two-spin systems as presented in the equations, but 𝑅 𝐷 and 𝑅 𝐶 refer to macroscopic paramagnetic contribution to relaxation.

Additivity

We may also recall the remarkable additive property (used implicitly above) of the relaxation rate induced by the different mechanisms or by different paramagnetic ions present in the solutions. The relaxation rates 𝑅 𝑆 of a solution containing a number n of various paramagnetic ions at concentration 𝐶 𝑖 is the sum of the relaxation rates of the pure solution ρ and of the relaxation rates 𝑅 𝑖 of individual solutions at the same concentration

The stability field of water is delimited by dashed lines, solid phases are in bold.

These Eh-pH diagrams reported are strictly valid for a single redox couple, at low concentration (when activity can be identified to concentration). In the case of wine, they should be considered with lots of caution.

E-pH diagram of the system Fe-O-H, ΣFe 10 -10 mol/kg, 298.15 °K, 10 Clay-based ceramic vessels (jars, pithoi, etc.) for wine fermentation and aging processes have been used in several cultures for millennia. This know-how still in practice in several countries of the Armenian highland is gaining worldwide in curiosity, popularity, and interest. Ceramic pots are famous among traditional winemakers for their benefits such as temperature regulation, natural cooling system, favorable oxygen exchange, and impact on pH, which are different from those of stainless steel, wood barrels, or concrete.

Despite a 5000-years-old history of the use of clay-ceramic vessels (amongst other in Armenia), there is only few scientific regard on the impact on wine quality. To approach this subject, it is necessary to recourse to many analytical techniques and we only report some results obtained by ICPAES and proton NMR relaxometry on a model wine.

ICP-AES is used to identify the migration of elements from the ceramic to the model wine. The results of the elemental analysis of the model wine in contact with ceramics over time, showed that a large number of elements, were transferred from the ceramic to the model wine with different migration behaviors. The noticeable amount of migrating iron attracted attention.

NMR relaxometry is used to follow in situ, the migration of paramagnetic elements (like iron), reduction of iron, but also the consumption of dioxygen in the model wine in contact with the ceramic. It is also shown that coated ceramic (e. g. with beeswax; a traditional Armenian method) can drastically limit chemical exchange.