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Abstract

This thesis deals with the archaeometric s
set of amphorae, from the underwater archaeol
Southern Italy), dating backytBCEhe Republica

The main aim of this study is to define t
under water shipwrecks and to verify their pos
fragments form Torre Santa Sabina ampgeowaéer
fragments recovered from the ancient | ocal pr

reference groups).

Petrographi c, mi neral ogi cal , and chemical
Torre Santa Sabina and 11 samples from Apani
pol a-t i gad mi erao/s cPoopwd e rX Di f f-rr aayc t fi donno a( XEREPROP) ), aXr
Scanning El ectron Mi cro-scgbe S & Md s c ofphee apnoal |

information on the textural features of the <c
all owi ng t he characteri zatuoderoMat ehe sdmpfes
heterogeneity both in terms of amphora for ms
bodi es. Ov ergalolu,pst wermadrde nt i fgireodi:n doinraea s cnhoarrea c

carbonate nat urrei cahn di nt hteh eo tthesrfiiogneersailbd i v o mp @m
reflected by the mineral ogi cal XaRPdD cahneanhiycsails ¢
used to determine the mineral oqiuaa Itfzecl odiéppoasri, t
muscovite@flioll iate, hleanat i t e, pyroxenes, and c
gehlenite was detected in some s abmded mirmar a
phases, adepyarntlteyw, i nweureder waltegro ss & mplnead ad tpas
XRF results showed a fairly similar chemical
although they represent amphorae of different
variability as they ar e-delpionskietd otnoa |t hees gperedca tpyi yt
pyritx. (Ke 8loerpet hi nobservation by SEM was perf.
sampl es, allowing us to better analyze the mi

conf i oaeoc o hoefe npcydr huenel eir vat er sampl es.



The results revealed compositional similar
suggesting Apani and Giancola as potenti al o
amphorae found on the TSS seabed.owsn tphaer tgirceualt

similarity to the products Hsiaem tdheseilbadcalonc

and the presence of fossil traces. However, a
bot h mpieneroaglr aphilc camalr acchteemmiicsat i ¢ s , i ndicating
Medi terranean areas such as I talian Tyrrheniart
These outcomes shed I ight on the nature of th
t he saintd its role in ancient maritime trade ro



RI assunto

Questa tesi riguarda | o stwudio archeometr.i
anfore provenckebiogiatosstibacqueo di Torre Sa

suagrienatl e, risalente al periodo repubblicanct

L'"obiettivo principale di guesto studio
rinvenut. nel contesto subacqueo ed in parti
possibile produzione | ocale. donaffrdmmenti it
recuperat. dai centri di produzione di Apani
contesti come a formare i rispettivi come gr ufj
ceramici rinvenatdi dabrrrsetB®armstubaSghiena e 11
Gi ancola sono stat:i sottopostaiminad | sho pst udg
mi neral ogica e geochimica utilizzando | a micr
del l e pol veri ( XRPD) , |l a fluorescenza ai ragg
( SEM) . L'analisi pal amiezrasaomiao f@arhute infor:
tessiturali dei corpi cer ameitctie ned s udil ac anraattutrear

i mpast i . I campi oni subacquei mostrano eterog

—+

essitura dei corpi ceramici . Comuplreppi v dme mt
sull e car atntadrrii sctei, c huenodeclalraatt eri zz,abotdaenha
anche microfossili calcarei, e | "altro con un:
utilizzata per determinare | e f asrii smilnteartad oegs
date da-fedarspa,t oK muscovitel/illite, gelhdginodlea
stata rilevataiAmpdmwmi ie @il xzmuanol a&,ampe oinn e df as

come | a pirite, sonoprpaveskheaaintissest o sebacaqgmeo

~—
]

amite XRF ha mostrato una composi zione <chin
bbene rappresentino anfore di di ver si tipi
a gmaog e variabilit?” poich® sono | egat. i al

posi zionali,) codre' das@rnvazieof&Ee®i Y2 approf oni

ratteristiche microstrutturald] dei corpi C €

o O OO o <© o

e
n
e
seguita sol o s u al cuni campi oni rappresent
a
a

mp iudmic qu e i
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sugger e

subacqu

Adr i

ati

princip

Tuttavi

mi n@reaor

ver sant

fanno

ruol

(0]

n

sul tati hanno rivelato somiglianze <co
ndo Apani e Giancola come potenzial:.
ee trovate sul fondal e di tTiopa efi Gwamit cha

cCoo mo s tafafnienoimt &8 i mapg pidodtetea endir i qpe Dtdiut

al mente per |l a distribuzione granul ome
a, al cuni frammemdant ediddglrii sabnhoi ssga
ografiche sia chimiche, i ndi ccaonndeo iolr i g
e tirrenico italiano (probabil mente re€
uce sulla natwura del carico sommer so e
el l e antiche r oetrtseo cidmnMeerdciitaelrir anmaeroi.t t i



1l ntroducti on

Seas are among the most wimémgenaltiteemegirosa m
depths hold even more wonders than we i magi ne
cul tur al heritage that can help us trace the
reconstructing ebBeomaoputi mastradeteopud shipwre
and equi pment sink to the seabadad lbacomieng epa
t he ships. thhesnysietleve $ he strong hydrodynami cs
environment, cerami c mat elrd-patl ess eanmrvee dsw a toenrg reenmo
(Ruppe, Barstad 2002) .

This makes them the most abundant mater i
wor |l dwi de. Therefore, ceramic artifacftsheare <c
archaeol ogi cal context to which they belong,
Ceramics are the result of c¢clay processing tF
mat st oat he firing of the final object (Maritar
charactecerami oonmbpdéhyiand miner al ogi cal and <c¢ch
ceramics undergo duri ngwittihhmp or tlainfte dcaytca eqgn prmr

provenance and pr(OMaggdetotni ,t £d838¥);l. oMda reist. an

Among different types of ceramics that can
amphorae are oft, e ihtehyee wieorset uasbeudn ddaontt r ansport
of foodstuffs and other goods, such as wine a
sea, especially during the Roman Empire when
(Opdebeeck, 2005)

Il n this context, an archaeometric investi g:e
archaeol ogi cal site of Torre Santa Sabina (C:
souetahst ern I taly) and from thlkeateApeki a-i akbgiso
eastern I talwi)t lwiars tchair 90ipehdeczadd gorrdo jsepcetcst r os c o p
used to analyze the petrographithemramral bgdt
in order to abtsrbgtehezseampdes! The archaeome

these sites highlights i mportant traces of C

10



interpretation of maritime trade dynamics and

seafaring history of the bay.
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e main purpose of this study is to defin
Santa Sabina and verify a possible 1I|o
spondence with sherds found i n fApahneii ran
ctaite otni meo ofdaouhieng a@arckbaesefggdenivacgrcaantt
Sabi na, and i n alfarrd ateaAmuamiccamhét G aht ¢

Us microstructur alns fcoremsd tciad n s .a nTdh ensi en etr ra

esul t of a combination of various factor

tions, the intended use, and the chemica
t heyf owera |baunmg,20i220042 TMMareft ame, i n the st
ry, t thkepeaasnt &l ycsoi nsptolwsdil t ie opaht eannodosé har s | mpor t

h tps oivretna n c e .

mpari somrf evridrhce cerami cpagrnowcms ar t wopirkal
aphical regions, helps to determine the
ng compositionathaodghypbkeogtuaody ef mdi saac i
match unique clay sources, playing an es:
tan, 2024).

r under water ceramics, especially when t|
i et/yt ypfesf qramsd i n some casecsonmplagsd nwi tthh eg
estriprodsampbescenomrs of the same type
respect to ikeesbBepwriactk tboaatdirerss t he
ri son covers both scientific and archae
graphic observetriad myg,i ccpd o amaariycsadls amd mih
cteristics of the territory of interest,

ited for the supply of clay raw materi al

reover, the discrimination of mi crostruc

rged ceramics due to interactions with

12



indicators of production technology or pr ove

archaeometric data avoiding misinterpretation
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3

3.1

Hi st ori cal and archae

THE UNDERWATER SITE OFTORRESANTA SABINA

The site O f rermhm———t

Sabina (40A45"' 2

| ocated in the

province of B L :
reg'soounelaster,insl

of the most im -

archaeol ogi cal

Medi terranean.

1970s, under wa

campaigns bro uj". _-§ -8

i mportant arCha%RJé'lgfgl:&nailc tower of Torr
evidence, including sever al

shi pwrecks and a | arge quantity of fired cl a
chronol ogy.

Thi s, linked to the str atilgrnagp hhyiosatfo myuhoen s
occupfatomnt he Bronze Age to the) Medlo®ewmae ntpierg
intense | ife of tthtehé agbrorowmdi ng sarmred aandnisnl

Over the centuries, the site of Torre Sant :
bet ween different peoples, and its seabed is r
formed by materials from wr ecbkoeadk ds hiap so'n gc awi gt
materials from pdmt sdumakiersg TE&St iani teixecse.pt i ona
of fering important insights into ancient mar.i

14



T PCYs, |
TF_TT J||| ¥ &HI | “Q.'. g
L) x Pit'e
L 2 ¢ B e .
e, <8 <& Y b
_‘3 e
3 . S
Fiug2l The overall plan of the interventions in

Sabi na 4Aur(iseonumac,e :2014) .

I n the rich submeiAge@ odeaptoesd tati dtehnet iffoioetd oaf:
bank close to the urddyarl @ofge&aqu an tSiatby naf (tFrn an s
on the basis of thebeteweaem ct hseh apred a@afndt heg pAISC
Ant i quattey 6(t h <betght ar ¢y eBCHmwyer@Ef ound. The maj o
attributed to Adriatic and Tyrrhenian product |
ones. From 1972 to 1983 systematicisesearghot
numerous ceramic artifacts heterod@gd&neoaumnsd ifnortm
supporting the hypothesis of the etAstenaerzof
20 % .

15



+ r—telelor = 3,31 sim

Fiug3l Thetrati gr aphi(cs owhrictese mma ar 2@l 8)

AreavaB divided during theda war anad eno lzoogriec ald ee
TSS 3 andbhT6Bed4fragment scamel fyrzerd timhe t2r,esa sT
characterized by a stratified deposit of ship
consisting of several ant hhropogenic and natur
campaigns carried out betsweneunmb2e0r0 70 fa nwdi n2e0 1azn. d
dated back to twer kRefpawbnd ciam tle i swdBlatwlgiralp,hi
despite being scrambled and huwerded/j | gppearepgted
pl ace at t ke vteiAme | @fmmiat, s 2dils

16



Fiug4el Picture of crushed and scr amnihlra e

3.2 GIANCOLA AND APANI

The archaeol ogi cal sites of Gianc(oAPa (aGQ@)
respectively about 13 and 16 kil omet &rigu(r4e0A4
5) darmey are very chhbocet edchi oomerer ef ngm eac|

Any production center should be establishe
for ceramic production and also needs potters
(Maritan, 2024) . These factor sotcherwek mmd wre lalp p |
production centers in the region, from where

areas that were somet &Pasleechidi 204829) . ( Manac

The archaeol ogi cal site of Giancola under w
al ongside a mound of productiromhwastcd, veemwd irc
an-diepth examination consideri hgpoaogyusepspgea
archaelOMetra&®atdaecchi , 2012).

Duri ndd%tniféc gt ur.itdre B.iCns in Apani and Gi a

manufacture both oil and wine amphorae on a |
2014, Manacorda & Pallecchi, 2fclen)t .uE D utrBiGndye t
towards the West started from these sites, (B

17



in the

age

Grotte

Fiugbsel Googl e

economi c

and

and soci al hi story of

the early years of the

LY

Fqsano, ] .
A { Torre Santa Sabina

L i =
Locorotondo ¥ i :‘

Ostuni ;

. \
v San Vito dei . APANI
Ceglie Normanni o/ g

Messapica

Giancola

Martina\Franca

Br.in\c!ls';!‘ ﬁ:

Mesagne
‘FrancavHIa
Fontana

San Pietro
Vernotico

% ‘Manduria

Earth
Apani e Giancol a.

18

Empire

phwt ohof hAplubrcatiregi oh the

Brindis

(Manaco

ar



4Geol ogi cal

Understandindocal and regional geologig crucialfor petrographic studies aimed at de-

termining the provenance of ceramics.

Geological maps are particularly valuable as they show the geographic distribution of var-
ious bedrock types and more recent sedimentary deposits like alluvium, talus, and glacial drift.
Thegeologicalmaps indicate specific lithologi@vailable in the hydrographic basin or in general
in the areaf an archaeological site and its nearby. They typically show the extent of major strat-

igraphic or lithological units using distinct colors or shading and the map's legend usually offers

framewor k

detailed descriptions of ¢hithologies within these uni{Quinn, 2022)

Raw materialslike clay and tempeiare typically sourced from nearby production sites,
reflecting the local geology (Fige 6.). These materials usually come from alluvial deposits or

outcrops located within a range of 7 to 10 kilometers from the production center. To determine

whether ceramic sherds found at archaeological sites were locally made or ex

changed/imported, their petrograptgom-
position should be compared with local geo-
logical materials. Additionally, the presence
of temper from no#tocal rocks, possibly re-
cycled from ancient objects, must be consid-
ered(Maritan 2024; Maritan 2021). These
inclusions can mislead provenance studies
unless they areorrectly identified. It is also
important to consider that recent geomor-
phological processes and changes in the land
may have altered the availability of raw ma-
terial sources that ancient potters once uti-
lized. Therefore, careful analysis and com-

parisonwith the local geological context are

Al
Q

A2
) ({: Cé=A1
?: b e V4
Qv
oo
// site C
site A = o
\ d' it
ao
Vi <8 =
CcC3??
site B
\=
)
H

1]

geological formation X
rock type X1
epoch 1

geological formation Y
rock type Y1
epoch 2

Fiug6el Schemati c

essential to accurately determine the originsour ce | ocal i %

of archaeological ceramics (Maritan, 202

19

represent
stoiuom eof Mia




~ , of

Association in m Ivmﬁ\e ISCHROETER) (CAUBRIIN)

of

Pleistocene

wel layered. Fauna a
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Fiug7el Geol ogi cal map oft aken ufnrdem stt uedl yGea ®lgad ginc a
Ost ySwoiurhadce:ps:// sgi.isprambiente.it/geol ggi al

Scala chilometrica di 1a 100000
i [ . » . L

As mentioned before Apani and GiaBnemlch ar e
ot hleutthey imstilheosame geolwgi ogalw wsetderiim| she
produttkehyg dbromi aasemnl &amhi sfoaarrneaat i ons consi st
congl omerates dataemd tspethéi Phkl gt boende Cal at
primary with respect to the congl-gmayashks maAt
clays form a | evel, as described by Vezzani 109
off oramini fera and those of t he Hymaé asnedn dGicanc
(Vezzanlheld®8)mati on of ke Twordestersi$tesanltoda 5 bo ma:

bentcyhpe | i mestones(Cabmbt hanHRFger®hocenktossils
| n gekKnneorwalleedge of the geol ogical context to
of ceramic samples help in the identification

economic connections between ceramées. wor kshop
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5Materi als and met hods

5.1 MATERIALS

For this study, 30 ceramic samples sourced
were selected for analysis. While various typg
archeol ogi cal s iotnebsp, atnihpihsortahesi s f ocuses

Amphorae are a unigue type of ceramic cont
size, shape and decoration. They typically h
neck with a stopper or | id. wlehrees ee xvteesnsse lvse | oyr iu
the storage and transport of foodstuff such
amphorae was highly functional: the pointed
maritime transporitnarwlhiwl enetctke emarbd leeds edrd ci er

Over ti me, the morphol ogy of amphorae evolve
storage and handling efficiency on ships. Thi
ceramic e¢edi dmet ermactical demands of ancient
2015; Ol eson, 2008) . Al t hough there were val

productiaomd creafticods h rel ations to theonthpe of

common met hod for <cr atfhtrioormgi nagmphor ae was wheel

For this study, 19 samples were selected f
related to the Republican deposit and situat et

B of t he under wat er site of tThoirsr earSeaant ar eS ad.

heterogeneous in terms of éAapeethhanuR@Qcturin
Mor eover, in addition to tlhle ssaa®uleess el ©C e
from Apani and Giancola (7 and 4 respectively

The samples consindosthedy iamyt eivs deorclke od dec
however, there are traces of stamps on 5 s amj
samples from Torre Santa Sabina. Stamps on am

before firing and served as cardtarsesl amar psarad a

21



These stamps included the name of the potter
origin of the production center, and a dati ncg

chronol ogical data for arkdahrestlomgi& aGr ssdau,di 201

|l denti fied stampst wmdnofbdyl NlaAtp,l eE. VhEeHleL | ME I
VEHIANANI NIl ANAt he ApanAPBPE&L laafmpbh ocOCdeEnS t hose fro
Gi anécdALahdEHIoil hos e ruencdoevrewaetder from TSS.

The typol ogical classification of under wat
Adriatic (Brindisi) type, 9 samples of Apani

one Africanrf diyperdamhypeneAl |l the samples examir
Tabl e 1, where the sample I D (consisting of
number ) , the photo of the original f raampmment ,

(when present) are reported.

Label Phagtraaphs of the s Type | Dr awi St amp
A P1 Ovoid . ANI NI A
Adrial .
(Brin¢ A
N './;‘
\-,,-"/
A P2 Apani C. VEHI
I / Gi an

22



A PR3 Apani -
I / Gi an

A P4 Apani -
I / Gi an

A R5 Ovoid MENECRAT
Adri a
(Brin

A P6 Ovoid VEHI LI
Adri a
(Brin

23



A R7

GG7

GG8

GG9

Ovoid ANI NI AN
Adri a

(Brin

Ovoi d -
Adri a

(Brin

Ovoid -
Adri a

(Brin

Ovoid APELLATE
Adri a

(Brin

2 4



GC10

TS-%

TS-8

TS-8

Ovoi d

DI OCL E{

Adri a

(Brin

Apani -
I / Gi an

Apani -
I / Gi an

Apani -
I / Gi an

25



Apani
I / Gi an

Apani
I / Gi an

Apani
I / Gi an

Lambog

TS-8

TS-8

T S-8

TSS$1

26



TS-$ 2

TS-$3

TS-%4

TS-$5

Lambog

Lambog

Lambog

FALLI

Lambog

27




TS-$9

TS-833

TS84

TS-87

Dr e s-4 €

Ovoi d VEHI LI
Adri a

(Brin

Afric -
Ovoid -
Adri a

(Brin

28




TS-38 Ovoid -
Adri a
(Brin

TS89 Ovoid -
Adri a
(Brin

TSSO Ovoid -
Adri a
(Brin

TSS1 Ovoid -
Adri a
(Brin

Tabll-¢i st of the anal yzerdelsaatmpvliee sp hwittohg rraeppho, r tteydp et,

29




Lambo@lnipshodeae produced along the Ad"Wiatic
century foentheFaynadB @ rl marily used for transpor
Adriatic (Brindisi) amphora type originated f
transporting ©89lent uom 4HBceetnh aiEgni M C i can vesse
produced in Tunisian area for transporting oi
thet @8 t hdteatClEy yBr ed steyepore2 w n use 5S¢ e mmuBttyoeB C a't
t héc elntClEr yproduced in Tyrrhenian Italy, nort he
transporting wiFien a(l Thopnai yop eol,/ Gl 9%9nsc)o.l a | | type,
Adriatic coast of southern I|taly% ewmadEpmddduce:
t he-Ihtiednt GEayndB pri marily used for transporting

Al | 30 samples were analyzed in the | abor:
Padova. A sample from each fragment was cut
for XRPD and XRF analysis. At thke deamert mae r of

examinati on ofsechtei ocne.r ami ¢ cr os s

5.2 ANALYTICAL TECHNIQUES

The complete reading of a ceramic materi al
one consisting of specific analytical proced.L
artefact has accumul ated thobugheutcliaystibi $he
finished object. Since the I ate 19th century,
as petrographic and chemical anal yses, for th
for answeri ntgi omgpoaltawmtt tqghueisr provenance and |
2019, 2024).

I n this study an archaeometric -amalepti gal
approach using advanced optical and spectrosc
Depart ment of Geosciences at th@etUnbygeapht g,

geochemical anal yses.

30



For the macroscopic characterization of th
was used -onttheagmesths for the observation of
inclusions, when visible at Vewsmafgnthecatiram
were carried out through thin section observa
a highol ution camera and related software for
it possi bl e to orbataurne iannfdo rtnyaptel oonf oinn ctlhuesi ons
of cer anircayp apsotwedser di ffraction (XRPD) was car
X0Pert PRO di ffiBaenbomebegeiomeBr §gamequiuppeped nwio
to investigate the mineral ogAlclalt cempamplt esnyv
chemically analyzed i(nhSi#@TFim&s o3¢t MeiOr MgPOor Ca
NaO, 2OK 0, and trdcSe,elVem&mt s Co,SrNi ,Y,Cur ,ZmMNb, G
Ce, Nd, Bl -rX@tyh ,f I[Wwor escence ( XRF), using a se
spect rFoome tae sanop teh imbservation of the ceramic b
Scanning El ectron Microscope (-cSceaM)e dvasse pteird mg |
selected sampFé8 S&EMNIESKANFEGLARI S.

Chemical and mi ner al ogi cal dat a wer e pr
simultaneously process and compare the numero
variations wuseful for a more detidifleedene harmad
techniques require spescoirfdids e s1d mpilnetcogpeh e p &r atoinc
shoul d bef dgorosvideRiee g usiormpasams of atts® g ampleer epr e
of the c eTrhaunsidce ubsotdayndi ng t hese parameters i s
type and quantity of the sample is collected,
(Quinn, 2022)

5.2.1 MACROSCOPIC ANALYSIS

The first analytical met hod for ancient cer
way, before going through other methods more i
color and fabric as wMat,P8&dgnt heir coded shape

31



Employing a stéresesmigraeasatcogeg agment s 1 S USE

ceramic surfaces for examination of fabric, v
anci entmagkatntgertyechnol ogy. This primary step he
samps, with the aim of identifying potenti al

according to the fabrics.

5.2.2 PETROGRAPHIC ANALYSIS

Cer amimoss tabrygposed pladndaeehbris, possible to
them through examination wit h2042 Tthel arbiszeea ds altii ¢

ceramic features at 1fsiegh imagmpieftirogtriapgmymak @ e rt

to detect various aspects that can be i mport
technol ogO02%@tr,tpatrographic analysis is the
technol ogi cal i nvesnmeZ)ot2 ™M quli reanmeent K ndwlue chg
mi neral ogy, it becomes possible to analyze ce
pl ain polarized | ight (PPL) -paonlda rcirzoesds eldi gphotl amnc
detailing characteristics such as color, <crys
while crossed polarized | ight mddeée nch aws oinrst €
and rock fragments) as wel |l t he dlelayt ua etsi voift vy

orientation (wheipodacurzreidndg) ghy orvesrgbeldtni on a

The three primary components of the cer ami
mi croscopic anal ymiicr @mrhashsi nss ¢ Qui2o0@Ps.davei ds

The ncl usi ons, representing t he coarser e
mi croscopically described by their nature, s h
|l nclusions are categorized into mineral- orgal
rounsdheadp Blar, 204 mcl usi on s i angmid nagptheeds o r pi eces of
anadre always present in ceramicanpadvdhed ebprpgamnt
on purpose to enhQu,2ARc erOamiani gqualnicttyyusi ons ir

str awe goert a, | whiibleer sar t c anc ib & Ib fciamueslengesdi ocnesr a mi ¢ s

gr Agildi tionally, finding fossil traces in cera
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is useful for revealing t hneatgeeroiladgsi.c alln cgheanrearc;

inclusions in ceramic bodies aids provenance
( Quj2mz .

The characdleay z@si @anxdofessed by some aut hor
mi cromass since the cliay ottirmagnosrftoa mte ds tdeupr iinmg tf |

of thin sections at .tCHeyp ®mlrargiined elsi dhto mmit cdrec

cont aalnumigncah si |l i cate minerals (phyllosilicat
clay mineral in thin sections due to their s me
decompositioonwand oedhetri miner al phases, which

Cl amat/rmixcromenasessents the finest part (less tha

as a homogemedowsi mgsgsiny miner al inclusions,
opaque material s. It is also the dominant <con
50% e heMidcr ognasess | mportant insights into the

mat emaina@l st hrough examinati oanndo fasiptexst solpors,si bt
information about the manufacturing techniqu
birefringence in the matrix helps determine t
or fast wheel ( Maadttams WM )as Vaheoabundance
and the presence of other fine particles such
thin sections which can-dalpossitedoihadt comei hi ®Mn
2022) .

Voids within ceramics are empty spaces Vi s
( XPand colorless in pThew pahabezethel rgsul { PB

freatdewr i ng taretdhcder yrienngeg,ase of structur al water
decomposition of phyllosilicates oarndt hceardoiosnraut p
of organic materi al during the firing process

t he production t echamnddhaeg ¥, rriaavg maetmpreiraltsures e
use and his historVhefpeesdrnce abfandbamealt s s
temperatures, while roundteudrhedseisit cloaal i ygydi thee
of pores can provide insights into the formin
often associated-bwiltdi mpl cennlgods. sVoaibds pl ay
circul ation oefneltirgautied st hteh acte rcaam cp body and | ea
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chemical el ements (Maritan, 2024). Secondary
can grow within the porous system partially ot
i's an 1 mportant factor t ooncoparsocdeesrs ewsh einn acnearl ay

under wat er .

5.2.3 X-RAY POWDER DIFFRACTION

Since thegayY9®PplbswdeX diffraction (XRPD) has
technique in pottery petrology dueftfecitti vy eaeds
XRPD nasmadyaekbhni que umieden ali npllaansaadnp | e by exar
Xrays diffract through tThhei smimmeetrhaolds 'i sc rpyasrttail cl
detecting specific mineral types and phases tI
t he manufacturing, firing, usage or degradati
presenatmiicns chebrp s ¢ ther iraev materi als and determ
mi neral ogi cal assembl age regaiahednbygr M&KtPiDora n@
conditions of the ceramic materispheresublasas f
presence or aibseinaatdormy mknewahg their stabildi
angdnvirocwomaenti ali onx0 (MarQuiAdrdi 2023 nl | vy, it i s

identify and chadepoteirizenabtaht éeaat postpr oce:

Nowadays hsacviee mtcicsetsss t o | i braries of known
mi ner al s, such as the International Center 1
Crystallography OpearrRBadtsaltasne beCdAdDbDsti ngui shed
peaks. Al gorithms analyze the detected peaks
identifying potenti al mat ches based on the kn
potenth aills maqt «en a confedehceeratijhgaidrngfityp
which matches t 6Qappnove0de)di smiss

This method all ows to classification of ho
clay materials wused, production recipes, and/
di fferentiation of their relstpeicsi necedmanmygteo
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XRD with other methods to achieve a comprehen:

independent miner a(l@ugiincna,l 2cOh2a2r)act eri zati on

I n this study from each ceramic sampwas a |
obtained by grinding in an agate mBANalyt Hc @lh
was used to interpret the diffraction pattern
comparison with reference patterns of t he PI
Diffraction Data (I CDRRPDStHataswasapetfeamedntl
on the Quadratic Huaopi deaMabi stanee atcof2015
on the basis of their mineral ogical patterns.

degree of similarity between samples, helping

5.2.4 X-RAY FLUORESCENCE

Since the 1960s, the bulk chemical compos
especially tdMaredwBEf agyef wWaoeescgmXiR&FEF9gnre off r o s
t he wiobseas gdchni ques f or cedreamainase i Tahhen ap ryosci ess so fi
highergwnyX, which expel corwWhemhester amsat a2bdm
atoms returnortogrschertide, stlady e-e mica,l 8 Ba@dondacegnX
phot onst e prrha dtéhmtac todr itshtel c s p e @infdi dceaelues mehnetfso r
identificati ont deede mivcaalt(iAdrlitednadinitgsn 2dfl 0)

By X&pFectriomcbpy possidl awide mamagehatte el em
categori zaddi metl ceomeanjtosry ewloarst epdearr ®ent ages, and
whi chusairagd | y aegxgrrtess spear .mhl miboe th e€ ponpeas,urte ment
chemical composition of a ceramic materi al re
whol e objecThhe nmdienri msuni dgfucarm @ il dyegpi esretesieeadrh ni q u e .
XREypical lay rlleegositarne so f powhdem eids salm@h epr epar e
mi xXi ng calclnatedapewda mpdaentyaimthglt oop golna zteh e
surface of pot sherds must be removed before
(Mari téan, 202
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Thet att seatwlbmkboh si mprbobaeasbaghynumber of dat
define differences or baondaidensg®m e s htleiedme e ¢ n ¢ tomeno ¢
used matdodbuster analysis (CA) anwhipcrhi nwea rpe |
obt aimedhiussiStgadgr aphics CelCl wusitem Hh9 | swEt war
samples according to compositional similarit]
Mar it &@nPri2n0c2i pal componénti aovalyfios amadypowg!
compl ex datpof( Snhiet mna2lylzzed set of samples, so

among samples as it can explain the variatio
detecting similarities and correlations betwe
The analysis of the chemical composition i

study of the provenance of cer a@miab| mat earicdlas o
scientists to efficiently process | arge amoun

By processi ng icnspeontitcaan stidismst eas,efilctee rt ahtaito nma y
occiumr cer amidcurmantgeDréitaaliisaée d mi croscopic and mir
val uabl e f orpoisdda ndl eep gpsoirsiyi eamg| s ac omdmgry ofhasg a:
treatments can be empl oyed Tthe r ex hpeerter otighrea pahtir
anal ysis of C eprraonmitneetnd phi es pscopiics observatior

analysis of imaclmpsiecihsetac t@Maizaetdpmo,n 20 2

5.2.5 SCANNING ELECTRON MICROSCOPE

Mi crostructure and chemical composition ¢
ancient manufacturi ng tdeecphonsiiquieosn,alp rad vteenraantcieo n:
Mi croscopy (SEM) is a techniqueiftforonstoddymangr
very high magnifications. SEM analysis is bas

el ectrons with the sampl e.

When the ehetise osaimplaem, It transhet heeateom
causing some of t hesvdhi @ he c tsiebchosndltas yebresllr eeg € ¢ D @
influenced by the surface topography of the s
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SEM can generate i magesastalmgiAlsertelvee ad e anh emd vi ense .
sample, a detector positioned at an angle abo
interactions between the electron bgamtamditHfF
2019EM can also be used to see the distributioc
mode (BSE), of the average atomic number (com
mat eri al ¢ersaimikt Itohwvei ng t o i dentify compounds |
di stribution, therefMaockenmeSEME exrta requwuingp esd rv
contr ol the microscope's operating conditions:t

various analytical t(a@®ukisnnusi2nog22d)yi fferent dete

An i mportant point regarding sdrgl € omne mar

made of either a metal when the conductivity
analysi s(Arstitdlei ,ai2010) . Ceramic samples typi
|l ayer of gold, carbon, or platinum. This coat

essential for obtaining cl ear( Qundngcur22t)e i m

Whil e most inclusions and features in cer al
mi cromass coaofaenst memp madbbdbetrav®Adgher magni fi ¢

and r es ol wtraedbwna roftfaardg dsvhaan cyizce mmeg@ob cosef t he key bene

SEMrtehat in theory, it requires | ess training,
dat a gauniiddkl yabi l ity to focus the electron bea
enabling dge¢achendiamiadyesi s of indivDdspitenct:
advantages, ionBEMnast tHeaprtmavgeresedr ch t o

t his ,imédthdomdawenstf i cation is often too high to p
fabunlci ke petrographywbranneedntegcdarphircouagrall yoswm sn
Mor eoSYEeM , i s significantnloy mode abinpé¢ exi Mdhan pe

mi croscopes, reqguiring techn(liQuiammn, a2 d)edi c a

EDS (Energy Dispersive SpectrometnSrEyW) topect

provide complementary chemical afArysiosi al @0
Geochemical provenance det e fEMISn athirocoru gcha nma nkad y s
base c¢clay of tempered ceramics and its compar
sampled iWhdmearndtiel&@dctron beam excites a sam

37



el ement s, which can be compared to a bfbrary

mi ner al .litncalussomcnaer delhgc&atl po-depbsoni onal al t
andompositional di fferences within a sampl e
deposiOnieoms$ . t he i s s tEeDSS loenrley iosf fterasst magEMr and
does not help i n deharcd i nrgu dihael tirmcegee eed eanmeind sl

(Quinn, 2022)

These <capabil iotniee sof matkhea nSIENV o mp atedoélost ar y
researchers studying materials at the microsc

and st rsuacmpulheest oAr e not possible with optical
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6 Resul t s

6.1 MACROSCOPICAL ANALYSIS(STEREOMICROSCOPE ON FRESBUT FRAGMENTS

From a macroscopi c cpeorianmi coffs avmpePws a nail |a nedl eQi
production sites show a thmotkonels®i mmwnagn ingt if o o
colforrem bbkeligseha hpdi nhhka wvenada mpaone textur owioisdhtlyow
characterized by voids, some of whrtlheasemel o
samples is possibtel coor eddsnhodglue shiaung@dddg u aht z |

A B

Fiug8el Fr ecsint section @f: shAwisgmeplayARel |l et s -7an dw

guartz inclusions and a texture with

As for the samples from the underwater si
stereomicroscope, before preparing thin secti
the beginning of the study. Trhg so fprsed mpli ensa,r yma
subsequent analysis under an optical mi cr os cc
mi crofabrics) have been identified based on
including the <color cef othebbedtes,ofthva spbke

magni fications, porosity and sample thickness

Macrofabric 1cTohllhsg 8T, F 7MT,S8BRPI-2H, S-S0, and
TSS81. These samples are char aomtngroi e dnnbby wa ttht
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ception T®#1s @anpgBl3e swhi ch have a thickness o
spectively. The color of the bodies varies |
th medium to | ow widespread porosity.

Macr oftavlor iioncl ud@ 8-S TS-8MPpdes as-& 3, with a thi

ngi ngmmtraoml3d Omm. The texture is fine and co
ries in shades of beige. A chromatic strati
| or, probaklleyorsaltdatoendalt @ rpasets s ensd aarnyd pthhaes epsr
firing conditions. Rounded red nodules, w

i sible and moderately abundant.

Macrofabric threeSiaBd4u@e85sampbeese thickne

om 8 mm.tdhé&8e samples are characterised by
nging from beige to yellow. The texture is I
her groups. I n these samples, rouwmmceantred n

Macrofabric fourTSedonSsE sdTnSd8 o f ws & mp It élsOc k n e s S

tooml5 These fragments stand out from the ot
dies, which display colours from |ight oran
ays.

Lastl vy, macrofabric five consists of two s
oups and differ signiTfS-%9% nhtadsy a rtohm cekancehs so tonhf
mm, with a homogeneousdedfairnke dr etde xmautrrei xa nvdi t
clusions at l owT &8 4d n ihfaisc aat i omi. ¢ kSnaenspsl eo f ar

aracterized by -pe ahcohmomgetnreioxu samd ainmgel usi ons

me of which are visible to the naked eye.

| Mi gwWmacr o photos of a representative samp

ereomicroscope are reported.
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Fiug9l Frecstht section o030;saMReTSETR)TERS TEB9 ;TSESEN

representative of the microfabr
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6.2 PETROGRAPHIC ANALYSIS(OPTICAL MICROSCOPE ON THIN SECTIONS

The observation of thin sections under the
terrestri almascagmmplugs :i n )t wone characterised by
rich cl,ayyAR-BE -8&Cand0GC ii) omieclvitédr angemownms
clay pell et2s, -GAsPaAaplceB-TAPAR® )GC Two sampl s repr
each amreuphHiogwund. @ nl

I

Fiugl6.1 Phot o mi ctraokgerma pikpso Ica miszed | i ght of some of theg At
sampl-le; APB) s7amp(lCG GG m{IDed A% mpllnea g wimdt h: 3

4 2



Il n terms of i nclusions, guartf el chs pass aal

pyroxenes are recognized. Traces of microfoss
some of them. The quanltOi%h.y of inclusions is a
Types of fossils include algae, foraminife

raw material s wer e sour ced from di fferent de

component . Addi tionall vy, car bonawri snhu dcsalomre w
observed in al#, stAmEs@sn dexGCeSetc AlPdar y cal ci t e
and around voids in some of the samples. Angt
GG7. Some of thesefifgeualteurles can be seen in

Fiuglal (Phot o mi ctreokgema pikgso lca missed | i ght of some of: (¢
sampl6; APB) fossil H0acéCihnseampldariync@Ccite -&yro(u
al gae i n2sammhgeA®i dth: 1.85 mm
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The petrographic analysis of the fragment s
grouping recognized by macroscopic examinatio

petrographic features highl i ghtli nsgandpilfefse.r ence

The underwater samples can also be divided
of carbonate origimiamd milte oantatsesr. vOivtelr add ,i radr
fine text urneiscrcoocmpyossteadl sofof quartz andumrta, |
mi cas (mainly white mica such as muscovite an
extent by clinopyrfoexlethsep arp,l aagn do ctl haesier agiuda Kt i t vy
particle size is genempl byl FEBIWIIP -ZBIMS- TeSXSc e p
31 an84TS@®here -dmeuleararienclulbsi ons ranging 1in

inclusions are more densél yhpatbhéd) makumeg. up

Al t hough no <cl ear evidence e&f afndd 4iSSH hwas

remaining samples contain fragments of <calcar ¢

di scovered in the samples from Apraminiasnhd c@irabnoc
mudstones is detected in almost all sampl es.
observed in nearly all of the samples, which
shaklwastwr sedi ments (Fei et al., 2015).

Clay pellets are present in macrofabric 2,
amount , as previously noted in the macroscop

observed in some samples of eachShac8B886dABGIi ¢
8, -I38S -1T13S,S-1T4SSan-81TSSecondary calcite is preser
and within voids. I n some sampl @asdi o¢mer phl ci he
while in others, dheyi mcte. séhamé eof ankde |l esagt ur

seefi giukz. e 1
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Fiugle.TPhot omi crogr-ppharimedrbsghtd of: (TA)387gastBr)opaod c:

sampl80TS$C) secondary calcite precipltatbDpnearir hbend
clay pallets in sample TSS38;afd)T$8dE3 t I extpe criuodnetli g
TS$5; (H) fossil trace repl atmdgby wiorBtDEBRd&MHE t,8e51i mm -& anm




Exceptions ale asma@@T8S&hITSIS are different f

from each other in terms of both nRitgunnxe aln3d. |
Thearreo evidence of fossil remains, carbonate
sampl es. d®&mpslheo wT SaS compact, and homogeneous
abundant inclusions-apgppraoxi mataenigy | 28 %P inn & hia p

200 Om and with a predominaalunvdoalncta np \cr ocxoenmp
subordinated olivine plagiocl ase -24, aidndsttd ad,
characterized by a brown matrix containing bo
inclusions account afveer gapmprno xsiinzaet ed oyme2t0i%me sh e

consist of fragments of met arhocerlpdisipcarand ivdlicreal

and quartz.

Fiugil8. 1 Phot omi crogr-ppharimedrbsghbtd of: (A) -1p9:r of
sillimanitedcandlgedaiihz i-24€] ulsimn@agqds mvind shkan

6.3 MINERALOGICAL ANALYSIS (X-RAY POWDERDIFFRACTION)

X-r ay di ffraction anal ysi s of the terrestr

mi neral ogi cal composition without any <c¢lear d
and ApanifelQdaparz, (Mostly micr ovciltien e )a, A dp kdai goi posc
pyroxene are the main mineral ph-2sesd8d&Beceed

no pyroxenes were found. Hemdat i-AA@ -GGanudbdEQui t o

gehlenite phase i ® e@lennd pmesaent sabdpll eist, e despi
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product of recrystallization (secondary cal cit
of the XRPD data reveals-lihe ghhbkeactui el pptat
the sodalite group typitcalVwlft drhe 4viarn édaBiQr! e |

talRl ¢he mineral ogical composition of the terr
temperature are reported.

SAMPLE Qz Mus/IlI Bt Kfs Pl Hem Px Cal Geh Wo Hyn Temp °C

AP 1 X X X X X X X X X 900%950°

AP 2 X X X X X X X ~ 800°

AP 3 X X X X X X X X 800-850°

AP 4 X X X X X X X X X 900%950°

AP5 X X X X X X X X 900%950°

AP 6 X X X X X X X 850%900°

AP 7 X X X X X X X 850%900°

GC7 X X X X X X X X 900%950°

GC8 X X X X X X X ~800°

GC9 X X X X X X X 900%950°

GC 10 X X X X X X X X 900%950°
Tabl-eni eralogical composition of the terrestrial
according to Warr (2021): Qz = quartz, PH ed dplpaagi,
muscovite/lllittte, Weebk wogéhbéelpni tehaBy rts,th Dneatt ietd:

temperature is also reported.
The mineral ogi cal composition of the under

as qudretlad,splir i mictecimusepyite and new phase
process as h¢4¢m&ti tpegg,r odkieompsiachel pl agi ocl ase. O

gypsum, cal cit ear ampggmietsd @anacal mote, rarely, ze
|l i ke phases, were identified idrepwrsddr wantad r phal
mi ner al ogi cal assembl age of the wunder water S

temper atrurfEablsg g3 ve
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SAMPLE Qz Mus/IlI Bt | Kfs Pl Hem Px Py Gp Mg-Cal Cal Arg Geh | Zeo | Hyn Sil T°C
TSS 1 X X X X X X X X X X 850%900°
TSS 3 X X X X X X X X X X 900%950°
TSS4 | x X X X X X X X ~ 800°
TSS 5 X X X X X X X X X 850%900°
TSS 6 X X X X X X X X X X 850%900°
TSS 8 X X X X X X X X X 850%900°
TSS11| x X X X X X X X X 850%900°
TSS 12| x X X X X X X X 850%900°
TSS 13| x X X | X X X X X X X 850% 900°
TSS14 | x X X X X X 900+950°
TSS15| x X X X X X X 900+950°
TSS19 | x X X | X X X X X 950+1000°
TSS 23| x X X X X X X X 850+900°
TSS24 | x X X | X X X X X X X 850+900°
TSS 27| x X X X X X X X 900+950°
TSS28 | x X X X X X X X X 900+950°
TSS29 | x X X X X X X X X 850+900°
TSS30| x X X X X X X X X X 900%~950°
TSS31| x X X X X X X X X 850%900°
Tabl-&Mi deralogical compositions of the underwater s
according to Warr (2021): Qz = quartz, KH ed dpslpagi, o
muscovite/lllite, Geh = gehlenite, Bt = biotite, P
MgCa l = macganecsideem = zeol i.t eEstSiithat=ediflilrimagittemp

A cluster analysiod afmdalriwan &aw i XRPEUEaEt a e an
and average |inkage met hod, was performed to
patterns considerin@gMamhiet pro s.e¢ tT hadr. rod L2WIhtei) npge adk
repoirft gd4é®hdtwwo main clusters which are the re
the mineralogy and grain size of the Dbase cl a
cont nnidledtieni ng tahe tgamowepgs a(l M, 2015) .

Cluster 1 i s fODS-MNGS-MPbYS-35 amigb83 showing é
mi neral ogi cal compalsurndymodxema aacni de ha npoérdt ghoi yt cel a
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aclcay miner alfs rtsammgmersdti inrge abet weernc a9 @0 A@ 4 rs
esent as alteration secondary phases whil e
Cluster 2 contains the majority of the sam
scovite while pl agialdmdean¢asnpde tpty rtoox etnhees saar nep
suggesting a | ower D00 A& atl My er dtsu rper easreu n

mpl es as secondary phase as wel |l as gypsum
SampT®8T7S-$39 &as&4 do not group in any <clust
tliers as already evi denTct:39 by§-heecepigyfaphi c
om al l ot hers also in terms minerTaS-%09 iicsal C
inly composed of guachz,pl agno-di hee.,pprdoreh
alcime and hematite suggesti.ngNoadefpiorsiintgi otnear
ases arpeamke&ISAMpl e 2Mmacohgi et squartz, mica
i otK-fteel)d,spar (mainlyl imkerpyeid oxen eh,dipadmaii dleil tae
mat iatse wel | Cabcst bd @almadintMegy ear e pres€Ehé fsrseg
mperatumlé&3idnisamPlo@mad®PHPI® 4 is mainly compo

scovite, feldeowadr bgd kpl dgitecl ase. NOo pyr ox
ffrmecddfoyhas wkeeateect ed, and gypsum i s spresen
ner al ogi csad g geessftesmb Inggge emper ature around 800
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Cluster 2

Cluster 1

TSS24

TS54 B

TSS19m

TS531
TS530 W

TS523 B }_
TSS511
TS513 ®

7556 W

TS529 B

TS58 = |7

TSS12 M

TS51 W
TSS28 i
TS55 ®

TS527 »

—

TS53 W

TSS15 ®
T5514 ® - ;

] ] A

Fiugld.Tfrom the cluster analysis of XR

patterns of TSS Esuacnhpildeesa,n adcicsotradnicneg atnod a v e rafgfe ils nkkaas

test.

6.4 CHEMICAL ANALYSIS (X-RAY FLUORESCENCH

Il n this studga ehdHdyminsadedyl-reay fl uoresoence
determine the concentrations of Dboth major an
MgO, CaO, Na O, K O, P O ) as well as trace e
Zr , Nb, Ba, La, Ce, Nd, Pb, Th, u) .

The chemical dat neaweedg soaaty st healmbowhti csht atk
wer e not atfdfeepcotsed iboynaposptrocesses samcdhtaerARlf or
Ti, Ce, Co, Cr, f@Quw, hagacat®dadr e Scutnhdeashpfandi sgr b b
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and ahfgooner e reli able comparisons with terrest

depositional phases companedr bomehbdbse found i

Fr otnhceh e mi c a | per srpeelcattiivvee, ttoh et hdea wsaearlhriegh r i |
degree of hiotmoigd nceaitteyd absy t he | ow standard dev
trace el ements, .abi sleuai f e dcnointsyi BadmymageeEidish i on a
characteristics acr os santoh evladranigpnl ieosh.e Hoawecvieurm
which ranges from 13.17% to 20.86%. Additiona
most siwarniffatwaoctih t he highest cendEntlI@@5% opp mk
probably rel at edynlea kteh @ hprsees evvheeeg eofsuHd ur can

(Table 5) summarizes the concentrations of various elements indicating both major and

trace elements present in the samples detected-ay Xluorescence (XRF) ilmte under wat e

samples. They have fairly homogenous <chemical
they represent which is evident from the | ow
el ement s. However, few mased amdpmrocent agemei

CaO demonstrate higherntiwvari atlinondidn tt loei, r s o onn
ppm) l' 1 ke sul fur (S) show greater variation
secondary phases, such as4aplyO)t e dfiEpBg) tpiamnla
processes.

The chemical anal-¥3i anad@dTXFxhmghes wiss the
macroscopi c, petrographic, and mineral ogi cal
compared to the other s-hdnp | eher &ke g acehdeimm gc 14 @ m

di fferences compared to the other sampl es ex

18. 76 %) , and | ower silAddint icomdlelny, (tShe s wl 5L
ppm) is too |l ow that it caasn abe elriank eoth -2 atshee
on the other hand, contains the highest amoun
values of magnesium and cal cium, this | atter

being of 5. 26 %.
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Sampl|Si,O|Ti20Ak0: [FegOs [Mn OMg O[Ca O[NaO (K20 |[P.0s TotfL. O[S Sc|V Cr [Co|Ni |[Cul|Zn|Ga|Rb|[Sr |Y Zr Nb[Ba|La|Ce|[Nd|Pb|Th|U
Apl 57.7 0.75/14.84 5.61 0.10[ 1.98|16.6 1.18/2.58 0.16/101.6[ 6.27|208 36 136|122 16 66 24 90 2 124 411|125 17212 32830 69 35 11 16 4
APZ 54.9 0.70[014.0 5.87 0.09 1.87(18. 4 1.08/2.570.16/ 99 8 14.64230 38 148|115 18 70 35 92 6 122 412|126 159|4 295|133 66 29 18 10 3
Ap3 51.8 0.72|14.7 5.71 0.15 3.60[18. 4 1.33/3.050.24, 99 87 13.8 847 31 118|120 17 67 61 119]|4 135 49227 164 (15 39531 71 35 18 14 5
Ap4 58.1 0.74 14.99 5 51 0.10[ 1.84|15.7 1.2112.48 0.16/100.9| 5.84|766 29 131|119 14 65 21 93 6 120 406 |25 169 (17 33329 65 32 17 14 3
Aps 58. 2 0.75] 15 1 5.83 0.10[ 1.83|/15.5 1.19/2.86/0.16/101.6| 8.38|220 33 129|128 14 69 24 96 4 124 390128 1719 42030 66 32 16 13 2
Ap6 54.9 0.70] 14 1 5.70 0.09 1.92(18.9 0.90[2.240.12, 99 7 16 14312 38 114|111 15 69 20 85 2 101 420123 1616 477126 63 34 12 13 3
AP7 59.6/0.78 15.54 5.93 0.09] 1.97({13.1 1.13(2.770.17/101.1f 9.02|229 31 132|140 17 74 26 87 2 128139726 1758 34332 71 33 15 17 3
GC7 53.3{0.66/13.594 5.58 0.09] 2.30({20.8 0.96/2.370.12/99.8910.74871 39 85 11616 95 23 86 7 111157324 176(18 28738 81 33 16 14 3
GCS 53.110.7114.1 5.49 0.09] 2.48[{19.7 0.99|/2.68 0.16/ 99.56 15.741005| 36 13813516 85 24 92 10 |125| 439 (24 14717 371[25 58 30 15 15 3
Gcg 57.5{0.7114.2 5.35 0.09] 2.14({17.0 1.18|/2.570.17/101.0{11.21520 28 12511014 64 18 85 4 126136926 161(19 27827 66 32 18 11 2
Gcl 56.2{0.77/15.5 6.18 0.10] 2.45(15.6 0.92|2.550.20100.4| 8.51|184 29 13214217 87 22 86 5 124|406|27 16219 425|132 70 34 12 12 2

SD |wond| nonn[ nocn| noun| noau| nopu| HdHo| nomn| nouH ndno| - - oHno|n®n{vc dpMumOHmMen jnonmn on dOT HH dnfy dhdpT OV dp [y dpp Pp e n dMo dc |p Dy [MOD| H Pp N {n By
Tabl-€h#4# mi cal composition of maj or , mi nor (expresseccdrasesdxii
SampllSiO| Ti20Ab0s F €03 ([Mn OMg O[Ca O|NaO |K:0 [P:Os | Tot|L. O] S Sc|V Cr [Co| Ni |Cu[Zn|Ga|Rb|[Sr |Y [(Zr [Nb|Ba|La|Ce Nd|Pb|Th|U
TSSl 56. 3 0.89] 16. 34 .28 0.11/3.39[9.64(1.53[2.820.15 98.50 9.62 570525 (149|140 22 97 80 11912 1271699 31 196 |15 359 |38 82 31 29 16 10
TSS3 54.5 0.78 15.716.43 0.09/3.66(13.6 1.86/2.62 0.21 99.59 6.28 200630 (135|148 21 95 48 11111 124|454 24 159|10 340 |35 78 29 11 13 7
TSS462.5 0. 93 17.4¢47.17 0.10[2.50/3.32|2.20[{2.990.15 99.4112 9 4296(13 142|142 24 84 44 111 14 136 165 31 264 13 376 |40 87 41 35 22 18
TSSS 58. 6 0. 83 16 146.54 0.10/3.10/8.82| 1.93[/3.0220.17 99.26 8.14 1337(20 133|122 18 71 56 106 12 144 312 29 206 18 374 |33 76 31 26 20 7
TSSG 55. 6 0.90/ 16.9]17.28 0.11/3.89[/9.31|2.02[2.860.18 99.1515.6 6610[25 (162|141 18 107|66 11612 1211297 30 (213 4 331 |30 73 34 20 19 30
TSSS 54.2 0.94 16.148.00| 0.13/4.22/10.8 1.27|2.75 0.23 98.75 14.6 773826 (144|164 32 138|665 13912 116|411 30 198 7 313 |29 66 37 34 22 27
TSSl 47. 4 0. 75 14 1{6.34 0.15/5.60/19.8(1.47/2.180.22| 98 1419 6 1685041 1431133 20 101 51 108 6 84 560 25 155 6 220 |29 72 37 8 14 18
TSSl 52.3 0. 92 17 .47 0.09(5.48|10.5 1.68{2.67 0.23 99.2619 7 5484(26 188|149 24 107 51 128 14 110 386 30 190 3 330 |38 82 38 38 22 47
TSSl 55. 3 0.75 14.345.98 0.07/3.71{13.8 1.76/2.5 0.15 98.5713. 4 1230430 |127|129 16 72 52 100 7 108|536 25 164 7 310 |33 69 33 18 16 18
TSSl 53.8 0.78 15.416.57 0.11/4.99(13.38 1.27/2.440.19 99.51 6.93 702 29 |140(|152 22 101|59 11612 87 477 25 149|114 314 |28 64 27 23 16 6
TSSl 53.1 0. 809 16.847.56 0.17(3.99|13.2 1.14(2.4 0.22099.6711 5 811 31 153|174 27 134 51 129 10 94 567 30 182 14 382 |32 74 34 22 18 11
TSSl 52. 4 0. 99 18.7(8.31 0.14|4.21(10.7 2.11/2.814 0.36/100.9| 2.48 188 29 195|142 28 64 45 110 18 108|492 29 206 31 777 |53 11147 30 20 3
TSSZ 55. 3 0.82 15.51 .25 0.10/5.53[12.9 1.10/2.014 0.20 99.8113.7 4610(28 (148|132 20 89 23 107 3 83 314 26 180 2 254 |32 69 36 25 18 27
TSSZ 58.7 0.970 19.217.81 0.14/2.28[{5.26(2.46[2.93 0.16] 99.96 3.46 353 17 |138(|104 23 51 31 11813 1271259 28 166 |15 533 |41 86 41 22 15 4
TSSZ 53.7 0. 709 15.4946.34 0.10(3.06|16 611 67(2. 4 0.200100. 4 7.38 3275(32 140|145 16 86 35 102 6 110 516 27 172 11 299 |37 76 37 12 11 11
TSSZ 53.2 0.800 15.5]6.14] 0.09|3.33[15.3 1.55(2.820.22, 99.0910. 2 7325|128 137|139 16 90 26 119 7 122|512 25 167 6 298 |29 66 36 11 11 15
TSSZ 58.9 0.81 13.5(6.87 0.08{4.48/(10.0{1.90[2.490.16] 99.3¢ 7.84 559825 (124|394 24 258 |37 93 2 107300 23 169 4 267 |25 53 32 11 11 7
TSSS 53. 4 0.72 14.1495.46 0.09/3.76{16.4{2.06[2.33 0.19] 98.6212.4 1210428 (127|128 19 76 26 90 4 97 390 25 162 9 285 |32 67 34 7 12 9
TSS3 57.8 0. 72 14.645.95 0.07(5.22],9.97| 2 031 94 0 12/ 98.5814.7 1268121 143|101 17 64 22 76 2 86 278 39 210 2 336 |61 116|52 24 23 58
IS D odHy| nondl mepc|nory| nonolmennf ovdpp| nvoy[nvoH nenp| - - nynndc®nmy dclcmdun@n{ nnonjmc ®n mn dc|n dcimy damon ®lo @1 [T OT|T P {MH MOl Py | Mp PHc Pn{bPn|ndn{mn o1l

Tabl-€h® mi cal composition of maj or , mi nor (expresséeccrasesaxi
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The results of the statistical treat ment
reporft gds.&@amfdg Lrbes t he amdrel @tl oaf c b mpsobchoernet we
pl,otPC2 i n most of the samples are al most sir
di fference between undeowewepl|l aaddit Efeeresalronay
Component 1 (PC1), which accAlulnt serfroestbrlivalofs
concentrated in the negative paAmomng tPhCe ,c hwa mi
el eme OB, s 3G:@ANd a1 © the variables with the highe
under water samples that are characteri-ze2d by
TS-$3, -1T4S5,S-2T7S,S-2185,S armpBdd TsHhSSwW much greater c¢hemi
terrestrial samples from Apani and Giancol a.

values of PC1 tend to diverge from the terres

Despite there is not a definite overlap be
under water at Torre Santa Sabina, the fact th
not i1isolate forming a defi oed ,% Bipnadriactaet ec |tohuadt |
share a common raw materi al for their produc

possi bl-geposiptoisamahli canl taefrfaetcitont he ot her el eme
statistical tseiastmeat.sfTatsetiveathtreat ment st
the chemical el ements and that probably repre:c

matrix (not purpose of this thesis).
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- Apani
x Giancola

ScorePlot * TSSabina
[ L T X T ¥ T ' T ' I_
4.8 N 29 o ]
28 — 8 —]
o 14 15 . |
L & i
'S - GC8 6 _
- 08 — . APz 11 o3 e ul . —
= - o APS 30 2P 3 APT > . ]
I - AP6 Mo Ap3 Tl . o4 -
'\i« ™ = 2 - GC10 27 23 il 19 7
iy P A . —
12 [ gy AP4 i
B GC7 ]
3.2 —
B 31 ]
S = I ! I | - 1 I L L]

3.2 2.2 0.8 2.8 4.8 6.8

PC1 51%

Fiugl6.T Scorepl ot of PC1 and PC2 for the studied
PC2 explaining 6athabhndalB&noé, thespec

Plot of Component Weights
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Fiugle6l.Pl ot of component weights for sPtQudiaendd sPaQ®
51% and 23% of the total variance,
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6.5 SCANNING ELECTRON MICROSCOPE

SEM pr onoir@éeapnohser odtitdhre mi € easiur ecse¢ vua @il c s

of feudeifgnsi ghts into the processessamplags er at
marine environments, ceramics undergo chemica
and appkargeaoaer al , seawadletssodofomai mMagmasi oms

potassium, amdatisdaimonal amg with ochl ori dees sul f

anions. Theseersamhits pemedrryagtedllaloimai or sabtse of
in such environments. Il n addition to precipi!H
become concentratledpAwctehient tahle., 2c0e2i@alnBt;anadd reist a n
from Torre Santa Sabina, SEM analysis reveal

including the f or mangyrni tod. creyxsotnadlas y cal ci t e

One of tmpombarmetrati on\SEMbsmagieddpe sampl es
deposition ofThsecomdrmndancal c¢fi teeal ci um i n seawa
within the pores and fr arcl® uAsehscaw f o0 $ $pialr ¢ & raa dney c
filled by secondary calcite, reveaclairmppnathe

crystallization within the ceramic structure.

I n addition to calcitmiactrtystfad smataisombaefer y
sampfud .ur avail abtbutthmeg e@r d vinteh sefa pyrite crys
mat er i al .p hSzgrMa prh <frivg Bsfheowl pyrite cryptasent iih
the ceramic body
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Fiugld.1 SEMBSE i mage aovfity( Adfaa fossil (probably
(sample AP3); (B) euhedr al pyrite)crysta
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