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Prefa@ae m and structure of t he

This doctor al thesis aims to evaluate the 0>
geol ogi callhi sedosr das . ¢c o mpH a&tx imewdlane s mmany

di fferent reactions, i it dDrerpeechida thegg aomd tealet er a
environment al conditions in which the pyrit
chemi cal weathering .$one@gropatbngser | esser e
to difeeni x@ileaneresi cul um, we focus on the deve
met hodol ogies for the characterization of th

weat hprodgcts on the surface and the assess

di stribution. I n addition, pyrite oxidation
scal e, to provide some insights on the fact
Consequentl vy, al | tbesdednebfpodaltaagi ®&msal wesri es
met hods, whi ch ar e a power f ul t ool for ma n
demonstraheaag helwp in tackling complex geol o
The structure of this dissertation is divide

eight :chapters

The fi,rswhipalrti ncl udpersovi wes clameergsener al

information on the physicalpramrde scsheemi cal pro
|l eading to its formation awedatthheer imagi n reacti
mec haniAlm this background information i s es:¢
the studies carried out during the period of
Th second part, whi ch al so i ncludes t wo

instrumentation and data analysis methods e

gener al mat hemati cal gr atmeerdorrdikvted or under st

ap

e
s
knowl edge of the principles underlying thes
n
pr ofaclhleswe d

Th third part consists of a description of

a hapter devotled pgarttéiaccufliao5t t Beémdy was t he
acquisition of a Raman | ibrary of sever al m

processing facilities. The second study desc
Hy
de

a pyrite sample usedThe valirdase utdlyi slemetr hbde

e
c
q

devel opment ofi ss ofimawea e mMfeart tan d data pre
0
perspectr al |l maging for the evalwuation of
s

cribing each of the steps followed and th

BA A



t hdea-t i >emer i ments carried out in the | aborat
of pyrite oxidation, providing results on

positively or negatiFvelay |l gff e¢edbte flust mech ami
the application of some of the analytical me
case study whrerTeaiwmname at hered pyrite was foun
The objective of this study was to find a c!

persistence in this geological cont ext .

This doctor al project has been made possible
from t hMl UR aplriogrect Di pa20 12802t i di Eccel |l en:

BAAA
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ChapBackgro‘lnd

,, The dust we tread upon was once al

0 Lord Byron

Met al sul fides can be considered one of the
groups. Thesd heomposwnds>adr € benbani aog ®ith

di fferent met al s, which act as the cation.

combination of S and As or Sb as the anions.
speci al category of sulfide JdmKnerals foll owi

in whM ochan be constituted by some metals su

whereas T is commonly As, Sb or Bi and X 1is
Sul fide miner aknmnownr egrao uwe royf wehlilch sever al I
mi nerals have been discovered in the nature.
mi nerals arefoomsngeded tockheir abundance &
mi nef dll] sThese ar e pyrite, pyrrhotite, chal
sphalerite, being pyrite and pyrrhotite the
should be made to another type of amorphous
beneath the surface ofengeme maedki niawg t ®€oialngd a
greigite. Compared to pyrite, these two an

met as[t2albl e

The i mportance of sulfide minerals groups |
have on the environment, releasing metals ac
being potenti al sources of soil, water or ai
the atmospherecdedeéeldaitse fsaudtf ucan be | inked t
wastes, known as acid mine drainage or by ro
case known as acid rock drainage.

Therefore, this chapfermawiibnpaboutdepgeneeal
wi || be hel pful when discussing in | ater cha

analyzed in some of the studies carried out



4 Chapter 1. Background

1.1 Pyrite

Pyrity)e i(9FetShe most abundant sulfide on the Ez¢
over 95% of][ 4Tohtealn asnuel fgidweesn t o this miner al
from t hpey ridattdirsn t fipey r Grt edesk Iiihti ks means fist one
on firedo or Iftbsurentiynngo|lsotgoyneadl.l udes to the fac
fragment of this mineral i s .Bhirssick against
quality made pyri tteo ufsieghathc eni aeschame it 6 mes

ultimately associated with the concept of fi

I't is found mainiy opywypediemefadmymemd sk s
organichh bl ack mudrocks), but also in ores
deposits), intrusive mafic and wultramafic r
ophiolite compl eixne ss)k arans d eaprogsei tnsa sfsoersmed by
met amor phi sm, or ilm hydeowuBevramakaygeipes .

f ouaidt her di ssemi nat ed orn caododciet®mornat eidt i n | ¢

creates pyrrédlesgdfealslmd &a st .bdgebri s

Al though pyrite is widely wup®dita the produ

economic value is | ower compared to other co
such as chalcopyrite, gal ena, and sphalerit
carry gol d e6guspbesmones, pyrite is an indica
deposits, al so helping geologists to deter mi
sedi mentary roRkmsitweries far meg. mi ner al to ut
Earthds <climate change at geol ogi cal scal e,

gl obal carbon, oXyhkln, and sul fur cycl es

I n the past ;yetlheo vsphgi anliyd,re bdrfaas s ypeopl e t o mi st e
identify this mineral as genuine gol d. For t
Af ool 6s qelcdd®o.t aOneliisstfoourcdal i f atd08, when Jo
Smith, following €Chei st dpherpouNechhpassrecdapt ai n

more than one thousand tons of sand from | o
believing it to be | adlerf owittuhs &ted lyl, fhreag ment
badck Lamdoemtir e esdhinpplyoraadiApodt her hi stori cal

exampl e isKFoladr é i armheof t(Qeaenaydkon Territor
during the gold rush in the | ate 1980s. Ma

northern wastelands in an attempt to seek th



1.2 Chemical and crystal strucdcture
depodoweswmest ohfadt teom deal wi t\heitm® numerous p
present, so thepromepactecpopiednaed hods t o

di fferentiate goclod ofrr otne sptyirnigt eu,n dsewrc hdiafsf er e n

conditions or even hardness evaluati on.

Tabll & Physical properties of pyrite

Transparency Opaque
Luster Metallic
Color Brassyellow
Streak Greenishblack
Density 4.85.0 g.cm
Hardness (Mohs) 6.06.5
Tenacity Brittle
Cleavage Poor indistinct
Fracture Irregular, conchoidal

Ot her properties differentiate gold from py

h
j

P
P

-

P
S
S

i gh
ewe
res

rop

er density ,t hwahni Ipey rgiotled iMo rveeorvye rmal | eabl €
l ers to shape it into fine ornaments, p
Sabé e 1.1 summari zes some of t he mo st

erties of pyrite.

2 Chemical and crystal structure
t is composed %jf aan df ear rda ugu | df aitdido mae(i Pen ( S
atio of 1: 2, though some slight (< 1%) st
espect to the cation or anion concentratio
ubstit Ptoiro BnsofwiFéh endogenous cations or ar
adius and charge expl[ali2n]l Howetvepnf these de)
resence of trace el ements can also |l ead to
emionducting bulk properties, thus affecting
ur fdee 13]

Pyrite typiccuablilcy oorc cpuernst aigngmal ptiedeaahedr al

mor phobaotyioecksad(d dersasl f.t egmanyl ypcati ons,



6 Chapter 1. Background

massi veor@rdamul mtge i s al so present. Speci al
tbramboi dal-y @lylro w ei, n bwkafstabl astoe thmbng ht |,

form. I n cubic morphology, pyrite has the sa
(NaCl), where -8 hbeorcdesntoeac wpfy tthhee Ssame positi
i ons Zdinansfeare placed i di drhe. skonwe weors,i ti on
cubic pyrite shows |l ower symmetry than hal.i
octahedr al at'renmge ié mtat o btnoFesi,t he ascihx SS a
being coordinated at the?fismma diisnteomwtieadch one

tetrahedrafl 6jcoordinati on

Figurle Sbme common crystallographic forn



1.2 Chemical and crystal struc/ture

Il n nature, pyrisevemambberaevensfobéndcdorphol ogi
for instance as strihsed par go yisttiadrs ofe sad bii e gal
dodecahedFabugeowt A. shows some examples of

found in nature showing different crystallog

Moreover, pyrite is thebwosarcomebngpmbyeor p
stable than orthorhombic marcasite. The occl
more restricted, commonly found near the s
presumably formed at |l ow temperatures. It C
mi ner al deposst andi massadigme@undwater precipi
l' i megtid6p Marcasite is even |l ess stable than
and moMahwyrenarcasite Mgmpdtececeso mpoereed as
completely into a crumbly mass of yel |l owi s
noticeable stain of, afpaperamptedetahel ot h

sample, due to the sulfuric acid generated i
I f pyriteaguiag tlzootrec ailci te veins, it degrade:
and/ or hydroxides, typically in the form of
types of compounds is an indicator of gold a
surroundings. I n genmeareala,l pwhiicthe eiasidry wrxdtda
It naturally contains traces of As, so it [
met al which | ewvadheas iifntpoyrgrteurd exposed to &

This situation is typical during coal mining






ChapRewncrct S

The internal machinery of | ife, th
the parts, is something beautiful
that all l'ife is interconnected wi
0 Ri chard P. Feynman
I n general, pyrite formation requires | ow o0X
conditions, as we |l | as i ron and sul fur aval
di fferent geol ogi cal settings through di f f
processes. These daousnat pgni mechaniasimp't di ff

mor phol ogi es.

Al t hough pyrite hasyedn owhphsaiglueer padleorbrwlsaen
preserved and fresh, it darkens and tarnish
oxydéen guywehiz.hl)is a symptom of its instabild@i

certain environments, transforming into diff
releasing sul furic aci d, whi ch contributes
environments. The oxi daa icornucoifalpyirmpac tovoermr t

pl anet earthdés history.

This chapter wi || di scuss the processes of
weat hering, which willi esservieedasouthei athiss f c
thesi s.

Figurle Partially oxidireeddi phripa¢ei samphe.somee
surface is a symptom of the formation of iro



10 Chapter 2. Reactions
2.1 Genesi s

Ther e ar e three mai n geol ogi cal formati on
met amor phi sm, hydrother mal process and sedim
2.1.1 Metamorphic formation
Meamor phi sm i s a geological process t hat i
mi neral ogy, texture and chemical compositior
high pressure and temperature. Pyrite for mec
valuabl e information 8Bwsdantuenet amorhghsitoor i ¢
conditions of the host rocks. There are diff
formation: prograde, retrograde, contact and
Prograde me.tTehmor pphrioscress refers to the chang
undergo when they are subje®OD®P to an increa
and pressur e, ad edipt ruiaa li oano d nyppre ecdash in oocf
procé¢d9emdh8] presence of reducing fluids is f
facilitate ion transportation and miner al ro
ranges from neuf t.@a]l ft opysrliitgen tways aaclirdeiacdy pr e s
can recrystallize into | arger crystals with
some iron minerals such as hematite or magneé
react wbehrismg f&tuids to foasne pgfite. Mor eo
carbon dioxide or water vapor molecules duri
formation since this fact increases sul fur
prograde metamorphic pyrite formation are f
met amor ph-osedkEnbuadyst ones or shal es) of t he
Hi ghl ands, and in-titeh metckmo f phummded ni tdre Lab
trough, Canada.

Re tgrroamhet amor.®mi srhe domt rparoyc,ests refers to t
changes that rocks under goecwleaars et hey are s
temper at ur eduarnidn gp ruepsisiufrte and exhumati on. Her
facilitate pyrite formation but, in this pr
necessarygromwyhi oecues due to[ 58] fur rel ease
The two dominahe faemperatwhiecirange over
equilibration wahd codeiivietgati hnaendd ndiutriianlg pyri t e
pyrrhotit®omeatdxwammplrenmt aoer oOhepyrite in vei

as

sociated with reaahnidnv artoecdk sf atuh ats haanvde f r act
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regressed to greenschi st facies conditions,
Mount ai ns.

Contmetamor.dlhismtype of met amor phism is cau
intrusion of hot magma i nt oavhtilceh rcacekast easnd s u
an aureola ar.dundnghéehesterpsbonasses, high te
are achi e8v0efdC) (lbpt toel atively | ow pressures
prograde metamor phi sm. These magmatic fluid
vol atile molecules which can infiltrate into
reducing environmenbseariThg mkPaebhabt wnth iro
roxkforms pyrite. I n addition, the heat acc.l
cause ther mal met amor phism, while the sul fur
by the magmatic fluid cahinagafome t he f or ma
examples are the pyrite formation in carbone
granitic intrusions such as those of the sou
pyrite found in metamorphic aureoles around
hornfel s, wth inteht aammoer pchoonsteadc s hal e.

Regi mealamor.prhiismtype of metamorphism affects
of the crust, which is [tly8piThalsl pracsecssi at ed
can be originated in a widéromnbewof temper a
grade (greenscrisde f(@aampersi)b dloi the gchnd gr anul i
Pyrite is generated by-beheingattuobds. oTfThesul"
rel ease of vol atiles during progressive mei|
stability. Some examples are the pyrite fou
rocks such as t hoasleayoafs tahned Ailnp sv calncda nHicm r o c |
association with sulfide deposits.

2.2Hydr otther mat i on

I n volcanically and magmaticaitly active env
fluids interact with rocks and flow through
f ormati on aHwydd rdoetphoesrintailonp.yri te often shows di
signatures comparedi hoadddi memetad gt pgceseof
such as cobalt,,whickelmayamncdiacasaeai dydr ot he
formation. Pyrite produced in these environm
ot her mi necrhaallsc psppylréilteersi t.e elahed ag &1 d rwa

systems in which pyrite can be formed: magma:

Sy

st ems.
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Ma g mahy ccr ot her mahli ss ypsrtoecnress.s i nvol ves the circ
hydrot her mal flui dfs2.0]rTohnm smatgynpaet i €f royxktsem i
typically associated with granites and por |
igneous rocks. The temperature of these syst
magma bodi es, reaching high pressures and te
AT . Fluids are rich in sulfur and metals suc
releasing vobatThespduaoh tked#le fluids is aci
and the presence of sulfur species provides
gradients make thesgh fiuadsumigrane pore sp
During migration, they start cooling and m
subsurface fluids, whicmetralducemspltdédres, ol ubil
l eading to the precipitatiom ofeipgrite and

stockworks, or dissemina®Oed eaameplra@si svithin
the porphyry copper deposit in the Andes, wh
with copper mineralization.

Seaf-hpydrot her malls os yksntoewomc eaasn miiddge sy st ems

obl ack smoker s, i nvol ver itdmh fdlisicharagt twhe ho
ocean fal @ s@aci aned wi tamddsvledgentopl aberes

boundp@®2kn thissadeanpironment , high pressu
temperatur df @ue wech#éeded, involving fluids
sul fur and a high chloride content. The mech
foll ows: first, seawat er infiltrates the oc
underl ying magma which gtmies ah-es met al | eacl

rich fl uihd caugghendsacrones. ahidepenooasgnter wit|
cold sweater | eads to fast caorooluinndg, whi ch ca
hydr otventmaa,l forming chi mneys and massive su
seafBExaompl es of thidackstsenmkiemclvede st lmé olmg t
mi-Atl anti ct ekackkge Pamdn i ¢ hBi s@ci ent vol canogetl

massive sulfide deposits such as those of th

2.35edi mdmtrammayt i on

Sedi mentary pyrite f or nateinbtat i s mpactruci al g

the sul fur PRyrdi tiea oins cfyccrl nreesdt hrno ssgeldiamnent ary b

series of complex interactions involving bio
and mipmercalpTheat mann source of pyrite is re|]
sul-fattecing microorgani sms, which are ubiqui

provide a set of enzymes to promote the oxid
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production of pyrite anS3evoetrhaelr pmweo caesstsaebsl e i |
can be distinguished: di ageneti c, syngeneti

pyrite formation.

Di agenetic pyTrhiitse pfroorcneastsi oilfshe aeailey out dur
stages of sediment buri al and compaction wi:
[ 23, 24donissi dpeo-detdpoas i t i @nahapr boawppens at I

temperat AIC¢s apdl®Dde sisturies , craaudsleadi gy sul fat e
bacteria,despd ebr¥dgemvironments (anoxi c) ar e
second important fagaod hsghheeaebasl abi bi ggn
matter as a carbon source for microbial acti
formation is as foll ows: first, mi crobi al d
anoxic conditions as oxygemeduscimgi ng consu:
bateria provide a seimaot eenaygmascantbomssoarg
to red®uoc eS80t hehyodmrongeord sul feilkec ttrlornough an 8
mechahRS5nmRebactive iron ofdrectrm i g arl e mivanteagrad s

react st owi F&@S®8) whi ch undergoes further reacti
form pyrite and other metasdraddri ani ner al s. S
rich marine sediments such as those found i
and ancient bl ack -Mihsad iess il pkieant hbel alrekv osnh alne s
Nort h A mearniduy atihtee f ormati on i n coal beds, <

Appal achian Basin.

Sygmenetic pyriltne tfha rsmgptriobcee ifs gt rhngs

deposition of sedi megqinai.ndd diss odmiema tfioaumd @
nodul es within[ &8dAiogxnitcarcyonldayterosns bet ween

sedi-maner interface are crucial, al ong with
matter and a corfirmmoseawap@elry oof p®9®e wat er s
process ior gaanifolrmaotwtser sinks into the water
oxygefhwlnfragseuci ngproad&iceerFianabhy fr om

hydr ot her mad tdrsiotuarlc eisrSgtno rfe@arcm sp wi itthe wi t hin

the sediSwmemet sexampl es are t e gaemdicment ary pyr

rich bl ack shal es, such as ©hetRer mian Kupf
pyrite formed alongside -irom Pobxi ch&tsi onmns Pr eca
Replacement e f@Ghemicahn. reactions i nvol ving
fluids rexpglsadengprmd neral s i n [s23d]i mentary roc

The movement of these fluids through sedi men
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i nteract wi t h -teaabiomat msnamal ss romch as hema

magnetite. These chemical reactions |l ead to
mi neral praeaodpthation of pyrite, which cryste
shape of the replaced mineral. This is know
examples are the fossil repl acement such as

the Jurassic sedi ments ofcéymet Regi pyr Emgl an

found in some carboniferous of Europe and No

T

rambiydalt e flotr nragfieorns. t o the formation of s

Q

ggregates ohragcns emblce yatradspberry. It is a cc

mo sstedi ment 2B, AT 2T r the previous sedi mer

-

ocesses, anoxic environments are key for |

e presence ofZamrdg anreiaccS unlavg = er coi nis @

A R—

cteria creat ehemtelte ora& & ¢arnicdm merootns twa k e s

ace, f arlcll evae d omy o myhwwmlggeemationorystals
herical Ffambmbiodalls. pyrite can also increas:¢

alesce into more masSonee epxyamptlee sgraariens oV

o O ©

und fiimeaheed masdofaeroswiedi maatns such as th

aclkinflpraestuarine and deltaic sedi ments wit

w W " o0 W T T —~ O

c

ch as the Mississippi Del t a.

22We at heri ng processes

Mi ner al weathering is a 6undamerktaalt hsochem
sur flancet his process, mi nerals are decompose:l
secondary mineral s whndh c&iod 8 b Ufecardneait d s ,

nutrient cycling, | andscapeoxeyvgoelnuta nod , and
sulcfyucmhee.r e armedhi dfiegsmsntand factors controlll |

weat hherwhnigch can be physical, chemical or bi c

On the @megshamad, weashersngf the decompositi
mi nerals and rocks into smaller fragments wi
compo$i2Bilotn can be originated by diverse phel
through crac&msd i mi. ntehrfed lesoctkrseezi ng, it i ncr e
volume and thRdmpekat breatk|l uctuati ons cause
expand and contract, |l eadi ng t o t he f or mat

di sint;eg3r)atwionnd, water, ice or ot her rock pat
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grinding, l eading to the eovceknst dial abrasion
mi nearad sdetached in | ayers due to the releas
overlying stadttersiodlusti ons peoaertefase into the |
the rock. The pressure exerted by the salt c¢
evaporation of these solutions causes the di
On the od¢hemi dalndwealt hes i agemi c al reactions
change the composition of mi ner al s, al so | ¢
di ssolved ions afp@ 8 sAa 8tphnoduagrhy moisnte rcaH esmi c a l

weat hering processes ar e compl ex mechani s
environment,alt hceoynddan olme subdivided into se
types: 1) hydrolysis, where the reaction wit
of mineral structure and the formation of cl

involves the reaction with byxpigeal loyr ot her
associ at-eartiongi rmminnerals such as pyrite; 3)
carbonic acid resulting fnomatbe Headsel uti on
to the dissolution of carbonate mineral s; 4°
incorporation of water mol ecul es in the ©cr
weakening and the expansion of the mineral;

mi nerals i mnhearet elasadofotheir respective io0

Fi naliloy,0gi cali nweodtvheesr itnhge acti ons of plants,
mi croorgani sms, which contribute to both phy
proceneqnds onegd28alBddpene exampl es ar e: 1) pl ant

which penetrate the cracks of rocks and min

promoting the breakdown. I n addition, they c
enhance chemical weat heri ng; 2) mi crobi al a
fugi and bacteri a, which produce acids and
facilitate miner al AdiidsistoHiud b ami.l |Fuosr fienrsrtoaonxcie
andeptospirillomtdleyzeook hfd&ito&k é'dati on of

accel eraxii gt itgrert ihtee;ac3)ds produced by | iche

chemically weather rock surfaces, facilitati
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150, + 8H,0 = 2Fe, 05 + 8505 + 16H* o
Pyrite oxidation

Carbon cycele

Sulfur cycle

Figar2 Pyriteo6s relationship with the sul

The weathering of sulfide minerals such as p
especially chemicalyrwdaet hveeraitrhee.r i hgwevaere,l y
in natur al tehnrvoiurgohn nae nstisn lad crmentbhi annaitsi no n

of oxi dat iameal, prhiycsrichailalpr ocesses.

For i nstance, p hy ssinceant  swuer af tahceersi, n g e nehxapnocsi en g
mi crobi al whe athh ecrpiynagl tye e® xi dati on, al so knov
Oxi dative Weat(lOaMR)INY] | nf ppayrtiitcaul ar , it shoul

highlighted that the oxidative weathering of
depletion of oxygen |l evels in the atmosphere
role in the oxygen,hrowlgfhwor tavrod ect &rabnd m 6csy c | e
[ 3, 1]invol ving both pyrite formation and weat

scheme shown in Figure 2.2.
More specifdgahéyatachedBrO ng the OWP is |in
carbonate and si |l i gcaotnes uwrepattihoenr iinsg ,t hwohui gchht G Qb

responsi ble fermsbobrinmp8d, 8 Blneygeeacti ons

invol ved can be summari zed as foll ows:
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BH6060 0008 O8O (1)

BHoNMA B0 TOOCEM 080 CYQU ¢d O @)
TOY p6 piO0 O pE YO TODO (3)
B M6 5 0Y60 dhd COBG YO (4)

8OO OYOO0 8 YO CYQS datito  (5)
TOQYp 6 WHEE OB WwWd YYd wo  ( 6)

The carbonic acid generatwdtby t baddi 6ot hei
weat hering of carbonates (Eqgn. 1) and silic
at mosphient o;. B®O0Oeover, pyrite oxidation (Eqn.
sul furic acid production which can also dis
(Egn. 4 and Eqgqn.5). Ultimately, the carbonat
and the deposition of careloenmaastesofi nCQ@ he ocea
to the atmosphere (Eqn. 6).

However, OWP is a very complex mechanism inv

pat hways, depending on different factors

2210xi dative weathering of pyrite

Pyrite ioxidaei onmin responsible for the aci o

wat.erVhen OWBDYyi sandausoegd gtetnaine wimscd $ oanc i d

mi ne dr ai nlang ead(ddiMD)on, this process is econo
for two separation methodol ogies in the mini
and | eaching, where pyrite must be separated
The interaction with obesseoes|l eependsuonnighél

oxidation, which can i mpart yhydreophilicity

surfi8ctgf pyrite is not properly separated, t

concentrate ciosntmendnae¢edoandagvi th S, Fe and oth
incremekesi P @Duadtngg | eaching, oxidation is t
process in the[] 8Bpsebtit manheobfpyhetdaily cos
mining industry for OWP treatment and the r
environment is more thap3%Ll million in the U

As ment i onedorbreufl cart& ,oah ¢ trpayirifetde oxidati on
mechamusim i nclude fundameddmtli faisgpatcitosn saufc h a
t hrealt ie mistpiencg e sl iamidt irmmg est eps. I n addition, c

regarding water chemistry, surface and micro
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addressed bot h for weat her ed and fresh py
intermedi ate s9Ppaelcuteisonanidntseurrffaaccee model | i ng.
OWP has been studied for decades, there i s s
of these aspect st,r oicnheantidciatli oonr tpou rteh ec heelneicc a |
of OWP. Neverthel ess, some agreements have b

oxi dati on.

On t he o @aé mohsapnhde r i cg emxirddteisonproduct s and
intermedi poé ys s WE h deud f{aB ersh yadmyo x i de
(FeOOH) [ 988t iTehee surface is progressively bei
oxidation patina which can prevent further c
surface | evel of freshly fractured samples d
di fferent speci es i nveoawaegde. chaonr eloeveed ,t d hteh e
reduction of S:Fe stoichiometry of 2:1 due t
el ectronic differences][ b.ediAletemduche SQr f ace a
is considered the main weahlhedriongderoduct, f
speci es, there is stildl debate on the prodi
pol ysJl4f2ildhé snospheric oxidation begins after
exposed to air, std&spengewitlBombéeodei ocaftidani
to #$3@ achieved even when the exposition to
However, the rate of oxidation in moist air
by the formation of a ferrous sulfate thin
transport, whi ch maked | telde biye axtyigeem rdatfd ucd
through [t4Bi]s | ayer

On the odadeeohanmgi 8asten than atmospheric o

and involves not only chemical, but al so el
(T.ferrpogatdahygdidsd, ptdbthhwavtsype of oxidation m
rel eas@emrsd®$fet o t he solution. Calcareous or ac
may | ead to the formation of additional we
el ement al sul f2ur, ipohyoxliddesceGGaCc® as Fe
oxlyydroxiZdepo!l $0Kh0A2D HAt atehdi (o s udof ates (S

). h®€ maianct @amwnise summari zed as foll ows:

¢OYy x0 ¢0O0 © ¢'0Q 1Y T0
TOQ O 710 °© 1t0Q (00 U]

0QYp tOQ YoOOu o plOQ ¢YO p @ w
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l hhe beginning, oxygen is the main oxidant p
pyrite oxidation (Egn. 7). Then, the rel easet
iron (Eqgqn. 8). As ferric iron is a more effi
[ 39, 46 p4*tlite preferentially oxides with thi
sul fate and f elrhreosues rieraocnt i (oEhgsn .ar9%) .f ar from e
and have no reverse rate. I n some studies, t
to*was two orders of magnitude higher than

di ssol véd.blipweyen, oxygen i s important to rep
depl athirmBIgrB..Ot her studies evaluated pyrite
hydrogen peroxide, obhesensiumgptaoni diowibal ngat e
t he rate of tot al i ron prod®dcti on, whi ch

decompositfi3dd Thg BEame study reported that r e
pyrite surface such as corners, crystal edge
and fractures are more relevant in determini
tot al wshurcfhacrea,y | ead to consider the morphol
factor aqueous OWP. Mor eover, ot her studi es
al kaline to neutral conditions, the preciopi
oxidant diffusion is retarded by coatings of
[ 48, 49p the assessment of pyrite alteration
fundamental to understand pyrite persistence
records.
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,, I f a machine is expected to be inf
al so be intelligent

0 Al an Turing

I n the present thesis, several anal ytical me
assessment of pyrite and its weathering proc
spectroscopy has been used as the main analy

characterizatitomerof mipnyerriatles aned ated to the
weat heri S mer wdestsh.e contri buttiheens of the th

devel opment of characterization methods bas:

i magi ng. Compared -ptod ntt r Raimtainonandal yisngl,e t hi
appthoat¢!l ows for the spatial assessment of th
better understanding of the chemical transf
underTgwoe ss.peci fic studies using hyperspectral
described in the following chapters. The dat
these images in these studies demonstrate t
spectroscopic anal yfsors,f steuwve ngt awd iseos aasp @l ibe
other mcheft akesges.

I n addition, Micanos ®®p)Yl| Energnw Dispersive
Spectroscopy was used for el emental analysis
Luyéefai wan)est whether these samples had trac
their coOmpotshda i oinhéuvcthianal y ocpotuipcladd pl as ma
emi ssi on sgred 6 n o scchorpoymat ogr aphy wer e used f
quantitative anal yasniadni @ins motd altli ion, elwhmemt s
hel ped to better understand the i mportance o
water in the oxi.dFatiavieggperdodsmsa ncfe py rqiuti «
chromatmgtrlaepdhywas devel oped for the quantifi
sul fur extracted as a proxy for the weath

environment s.
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3. Raman spectroscopy

ThRaman effectiwad¥ydB nddwerr epchysi ci st C. V. R a
He observed that when I ight interacts with s
of the dispersed radiaheodi ssosvdiytefl { hi swa
effect earned him the Nhbeasl ePrfiexzde i RhyDi C

known as Raman scattering

The Raman Effect emerges from the interacti:
radi ati onMama n@mdewthefm. cal $gympl e i s irradiated
visi bl e noornoicnhfrroantaetditci om,nofstewmér ghe | i ght

elastically scattered, meaning that the e
me as that of the excitation radiation, r
is is known asHoRwewleei,ghwhsematat esrmanigl. fract.i

> T 9 O

otons exchange energy with the molecule's

wavelengt hwolkiofotwne acan sikdmaittti er i ng .

=4 @2 T H 0

ere @o es itdnilot:u ald)li eneasal efsundament al vi brationa

velzaf)sor b a photon and then emit a photon

s e, the emitted radiation results in a shi

® O

citation r adiSttoRema nwhsiccalBd lead gk § e d

-

sults in a shift t 0o sAmebritodRremaav el engt hs, W

attemfThaege processes areThlepwaveldenaqt Fi gur |

n un

h
e
a
X
in an excite@ velhrtata omadt snvalifechi gher energ
e
c
hift of the inel pgtoivd allelsy as enotl teemud &drr dd inagteir
n

e

ique to the specific chemicand bonds and s\

the basis of[] Rm2rjaAs spbaet rSdokepy | ines of
ectrum have high®trtokeaed elnismey dhant ¢ htehannu

- T »n

mol ecul es i n a fundament al vi brational [

ectrum are used in Raman spectroscopy. The

s 9 o o w

Y

s wanmtkeerr 8 HoovmvesSt okheasi |l ines are specifical
hen mol ecules are prone to emit fluorescen
interfere, compalrheéds tpcheStome@®n!| i sesgoverned
qguantum mechanics, whemtet rea moil ertcwdle ¢ mrenpy

state -bmibtengea scattered photon.

ARaman spectrum is often referred to as a mo
uni quel y refl ects t he vi brational and rot e

mol ecul eds structur e. These characteristic.
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rangement of at oms, bond l engt hs, angl es,
teracts with a mol ecul e, the inelastic sc
ectrum reveals distinct spectr al |l i nes, e ¢
brati onal enamgyutr ampeicttirand. pRhitsern al |l ow
entification and differentiation of mol ect
no two compounds produce identical Ra man
ndi tions.

l arizability plays a central rol e in Ramasl
se with which a moleculeb6s electron cloud
ectric field, such as the oscillating fie
des that i nducdenhea pohamgeabil ity of the n
assifiadtayeRamanm instance, symmetric stre
ters the electron cloud, which typically d
nversely, an asymmetric s tnroett ¢ h or bendi
fficiently change theipatarveability and m
e sel ection rul es for Raman activity de
|l arizability tensor of a molecule during \
mamctive i f the polarizability of the mol ec

is during thesviiboat iionf.r aTlids (diRf)f esrpect r
ere a vibrational mode is active only if

| ecul e mantpol €én centrosymmetric mol ecul e

des t hatacaries eRaman ngaecnteirvael layndl Rvi ce versa,
enomenmoMmn as mutual exclusion.

sol i ds, vi brati onal modes mani fest as pho
ttice vibrations. These modes can be categ
ich involve relative motion of atoms withi
e typicadtliyveR@manacoustic phonons, whi ch
|l l ective | attice vi bmatcitarnvse amd easrse ad @ reg rea
strain or other effects. The Raman spect
sights into these phononsyt ucecthnurbd,i ng anal.y
nding properties, and | attice dynamics.

e symmetry of mol ecules or crystals determ
brational modes. Group theory classifies t

|l attice symmetry. Phonon symmetry proper:t

reduci bl e r ecprryesstean téast ipoonsnto fgrtohuep, i . e. , ir
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symmetric crystals, such as cubic systems, |
may not exhibit Ra man activity depending C
determination of Raman activity relies on ¢
symmetry operations hidkénvetatobooas, Mukefl Eenh|
notation provides a systematic way to | abel
of symmetry groups in molecules and crystals
vibratio@Qrmlt mo desrcglédygeander ate modes are denot
by A B (symmetric/dhacylmmmenirddoge,newhnit lee

modes are denoted by E andgelrad@gespectivel y.
andnger(aude refl ect symmetric or anti symmetr

i nver si on.

On the other hand, the position and width of
various intrinsic and extrinsic factors: 1)
vi brate more slowly, | eading to | ower wavenu

2) bondi ng s tnrgeemrgtbhondssi,ncseucsht raos tri pl e bonc

hi gher vibrational frequencies and higher wa
higgmmetry environments yield sharper, more
to wefined selection rul es;i nd)sodtirdasi n, Si nc
shifts phonon frequencies, altering Raman bz:
peaks; 5) di sorder , since structur al di sor
vi brational coherence, causing peak broadeni
crystalline neifest spoisnthcee vactas, or substit
introduce |l ocalized vibrational modes or mod
the spectr um; 7) size effects, since in nani
causes shifts and broadbkerrngaocbp®amiol e aks
often exhibit redshifts and asymmetric peal
coherence | engths.

Ther edfRaarmespect romet eri g Fp gwanmed [BI.t1 cla)

i nstrusneedntt o provide detailed information ab
and crystal structures, making it invaluabl e
industrial applicati-dest becttugse techsigukash
does not require sample preparation
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Rayleigh Stokes Anti-Stokes
scattering scattering scattering
E=hv E=hv-AE E=hv+AE
j ---- Yl iatuiniataiaial -r--—----- %—T—--—-- Virtual state

=1
v AE

Fundamental
electronic state y=()

(a)

Rayleigh filter

Focusing
.> / .> mirror

Excitation

source
Beam
expander *
- rating
CCD -
camera
S 1
Focusing ample J
mirror
Microscope

(b)

FigBr@®a) Raman effect amsgpeCh)y osmeheme

Raman spectroscopy has been widely wused 1in
such as biology, medi ci ne, materi al science
chemistry and it can be applied to the measu
sampl es. I n par taindu leaxra,mptl heesr ei narteheabluintder at u
use of Raman spectroscopy as a tool for the

rel ated S8a@rmpl es
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3.1.1 Hyperspectral I maging

For solid samples, the | aser spot of the in:¢
the sample, which depends on the type of | as
Table 3.1 summarizes the theoretical di amet e
spectrum of a single acquisition wil!/ includ

the mol ecul es wiAshicnant hbee airneaag icnoevde,r ead .homoge:

surface (chemically speaking) can be char a
acqui sitions, which in gener al can be perfo
spectr al guality, depending on the | aser p

acqui sihabwpsi pepoant and the exposure ti me.

Tab3.elheoreti cam) doifaniehteersp(ot of the | aser depending on
and the monochromatic radiation employed.

5x 20x 50x 100x
532 nm 5.226 1.568 0.836 0.784
633nm  7.981 2.394 1.277 1.197
785 nm 6.436 1.931 1.03 0.965

Howewe mmgdient analysis is not a viable way t

surface characterization .lofi thlee¢e eprogeamrtous s a

t hesi s, this is an important l i mitation sinc
t o compl etely weat her ed pyrite sampl es i s
approach during mineral analysis starts wit
samglee g. , optical mi cfroorscopaq )ien miedfdrealtsed |

whi ch requires t he expertise of an oper at

mi neral ogi cal pphoaisnets . a nTahleyns, e ssianrged eper f or med
di fferent mi neral ogi cal phaseaeppsfoache sur f ac¢
presents some obvious | imitations, as the co

of analysis are not representative enough of
Thus, for the study of pyrite and its weat
approach I mowtedbde of gain better knowledge of

alteration features on the surface and to

oxidation mechani sms.

I n this regard, the technology of many spect
provide a solution to oyweorndmeantaheg si smitat:i
Hyper spect (Ha), wmaghngefers to the acquisiti

i mades.traditional RGB i mages, each pixel i s
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val ues or channel s, waxwelresptomdi ofg tloe sypiesi b
spectrum, i .e. .0Dad,t hgreemtandy,bl aach pi xel
hyperspectral i mage contains a multitude of
natur e of t he el ectromagne«isi bblaaed,i ati on ef
Ra man, fl uor e sicrefnrdfegr,peldi.eear tor Rmiman spectrosco
it

(72}

possible to scan a surface area of a s

each pixel con6tdali ns a spectrum

The data generated after the acquisition of
organi zediimensitomade data array as shown in F
t wo are spatiYalcodirde maiterss of X each pixel ) anct

the spectra)Thei nseinzsei omf (t he resulting i mage
sever al A r asnpeatteirasl: trlreesotliusti amce i bet ween t he
mi dpoint of the area covered by the | aser s

and the next point cover;ed2)as$tphect malvi ng t he
region acquired, ¢€;9g3) fhemspgéeottal 12680k mt i

the gap between the wavenumber value of one

ol - -
| | 4 % 1 pixel
. o
Y c 0.5 1 spectrum
/L & (n variables)
1 .r E
- 3
X
Fi gB8r®Bhrciemensi onal data array of a hy|
I n general, the amount of data included in o
huge. For this reason, the application of mu
has become essential, as will be explained i

Al t hough many r edcSdmt astmudite s tdlrepledyaf eel ds
fewxampl es for the analysi@@abél Isiutld i de mi n
i mageroy -smidgdadéot |
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32 Scanning El ect rXesRhay Mi crosco
Energy DispersiveEB®erctroscopy

Thasal ytical technique provides qualitative
on the surface morphol ogy an[d6.5l ement al com
First, the microscope part is used to scan t
beam t o olkktsailuthmegihibtleacikmages. These i mages

generated thanks to the detection of the se

el ect

-

on(sFi@gmirtetadBde @YW st udy the morphology of

sample and to check for di fSeeccoemdarnyi crocrys

electrons are elastically emitted when the |
sample. Generated images include contrast to
is useful to have an overall i mage of t he

el ectrons havd hamerr5d@dy elVowmnd arme emitted by i
of the beam Whehi mhagesampsed on backscattere
generate contrast zones whose brightness var
wei ght of the el ements that form the diff el

samprlhe. magni fying power of the most advanced

as 100,800 spmesal resolution up to 1 nm.
Then, aelpadtnraarfry bhiegm $ nf ecaassed on the regions
i nt eresssutl ti ng i n tshteeldj eecltd cotnr oonfs ifnrnoer t he a

present i Nhhihecasamps$ acahya reantitsesriiosnt iacs X |l ectr on

e

from higher ener gy FligwealldsBfiiBlflaadtdXe vacanci es

have specific energies that correspond to th
v
a
c

|l evel s characteristidcinfaltiltye alne 5t deitre ctt loe

measures the enearagyys afo tphreo deursiet taed pXctrum i

each of the peaks corresponds to one of the



3.2 Scanning EIX&Kkatyron Microscdbpy
Energy Dispersi v-eEDSpectroscopy (SEM

Primary electrons (PE)

-
S €
€ o
e,c. - = SE PE
o o
¢ N
:
: _ Secondary electron (SE)
b BSH PE
. o o
“\» Backscattered electrons (BSE)
~2-5um
—+ Characteristic X-rays
SE PE
o o
Charactenstic
Continuous X-rays X-ray
A 4
Fig8r8 PrinciiEb&s of SEM
As in Raman, the information ocnolyl ected by th
point anal ysi s, but al so the possibility of
sampl e, generating hyperspectral i mages. I n

(®f the generated data matrix does not cont a
di screte values in each of the channels refe

second (cps/ eV) of each of the el ements pres

This technology has been widely used in many
of solid material s. I n particul ar, t here are
of &EHENM for the analysis[@B2]pyrite in diver sc¢

33 I nductively Coupl ed Pl as ma
Emi ssion Spectroscopy (I CP OES)

Thiasnal yti cal technique i s used for t he an
composition of6.%]jirgsuti,d tshaempd e&empl e i s transfor
fine aerosol in the nebulizer wusing a strea
passkeddithgegh spray chamber which removes | arger
carrier gas transports the aerosol i nto an

extr éaro@loOpw O)0r hk at oms and ions then absorb th
whi ch causes the displacgmeandoé sBome el ectr

an exciAfetdersviuaaridesg, tdhe transition of the exci
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t hger oshdte, electromagnetic raidsation of a v

emitted. Tdreeg emmiss Ioénm etnit ee meadg t heéi f f er ence

bet ween t he exgcriotgendd ts@tsa tseh oavnd itnheFi gure 3. 4.

analyzerds optical system catches the [|ight

di fferent emission spectral |l i nes which are
n=4

Specific
wavelength(})
emitted

A AN

'Yie
\V \f \

Fig8réd Princi@E®s of | CP

The |l ight emitted by an el ement can have dif
t her e ar e mor e i kel y transitions and, t heli
di ff8omatemission |ines of an atom may inter
|l i nes of sTohme mdaesnermeeseanmo uonft of emi tted | i gh

each wawvaehehgohsabdcul ate the dofdememnati on o

el ememttshe sampl e.

Some of the advantages of this technique ar e
simultaneous!l pnahlfdgtsi Beespriesd afwi de dynamic

and high precision, beilngiablwe dted ydaittedti zterda
in various fields suchomastlkeavimbohment alh mbn
heavy metals in[ &a3.,i7M]weatee rf caordd i snadiulsst ry f or
detection of cont gmiiSnirmt] s hanghadmatevtaint al

i ndustry for gual ity cCoOmt7r, @mBd na nd toxicity
geochemorsttihhe analysis of mi ner al content,

metal s[ 78, 80] I s

34Chromatographic methods

I n general, chromatographic methods are anal

separation, identification and quantificatio
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mi xtfwBrld These techniques exploit different pr
to be separated such as the <charge, the si
specific affini tTyhef osranaplset attoi donea rayn ap hyazseed. i s
into contact wdrt hellauTeimatb iglemeplaaeed fl ow i s pa
through a stationary phase whatesthe mol ecul

thus achieving separation.

There ar earodimaft @ger@atpheé ¢ techni ques based on |
mobiahd stphasesrgnd the mekheagnmogm of separat
chromatographygacat elgroo mats cagar lagpghwyi d( GC)
chromatography (LC)

34 Lon chromatography (1 C)
|l on chr omastloigg uwipd yc h rtoentaht migofudep h yt h e
separation and anal y[s@%]n ot hiasii 6 es hmingluec,at i

col umnboewicthhanger « ems edhe st atiTlhhreary phase

mobi |l e tpyhpa sc@mmip sysaegdui emdfus sol utions with varyir
strengtihhersemMHaration is achieved based on
equil i brium of t haéaieononesx cihnatnegrea cstiitnegs woift ht h e
Once the different ions are separated, t hey
through the detector system, which measures
di fferentl nprloipgeuritde eshr omat ogr aphy, the most
detector s -Vmesa saubrseo r p¥ i on, fluorescence, cond

coupled systems sudliC dypmaas | ypacterso motnaus.t i

detec s . There are many examples in the | it:¢
chromatography. I n particular, this techniaqu
for the analysis of different ionic species

mi n e[r &a& 7s]

342Hi eplrer f or mance Liquid Chromatogr a
This a versatile and widely used technique f
quantmblieogl es in[@aidhequiedhsatppeei nvol ves

use mofbid e phase that carries the sample throc
a stationary phase. The stehpearpaotliaorni toyf ocfo mp on
the mol ecules and the interaction with the
Depending on the solvent or solvent mixture

mat eri al packtehderien arhee tcwd ummani,n types of HPL(
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lhormpalaksRL,C i n which the column is polar, anc
i s mwlharrevdnsaease, HPhbCwhi ch the -stationary pha
pol ar and the mobile phase is polar. This is

One of t he most used detect owhsi cihs t he Di ode

all ows simultaneous detection and quantifica
col brased on the | ight absorpti-on at certain
Vis range. Other detector s assrug etshda hfel uor esce

fluorescence emitted by certain molecul es wh

and the coupbtpagt wombt ar mass

As in the case of 1 C, there are many exampl e
HPLC in geochemistry for8®2He study of sul fid
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Thworld is generally multivariate
,, 0 Edward Tufte
I n many areas of knowl edge, experiments th;

mul tiple wvari gblpersoopem mat emriccadees st i | |
performed f ol |l oowherag i-tathd iemnp @doldd s n al

appr oach i-csonosfutmd m gt imrmes i shiavicen.in tdraa sat

driven experiment pl anning all ows us to as
significant and lhoewwtehéy asdr & oc qqruraenlitatiegd ,t hei |
on the desOmeda trlkes poingri fi cant variables hayv
t hneext objective is to find their optimal va
tddt esponse.

I n addiftliomfrd, ddth&® generated by modern anal yt.i

data analysis approaches focused on mul tive

process and extract usef ul i nformati on, whi
wi athni var i atlen aphpirsoacehg.ar d, in 1974, Svante
Kowal ski funded the International Chemometr.i
wor d fAChemoanedhdmmiswalasdiisci pline that wuses m:
statistical met hods to desigmisel ect opti ma
provide maxi mum chemical i nformation by anal
graphical representation of this informatior

aspects of. dNoevidsyirsy i s not a discipline e

chemistry, and soci ety knows it by ot her
recognitionodo or fAimachine | earningodo methods.
The analysis of the data generated in the s
could be divided i n daabaidiefnf edeesnitgns ceemdar i 0 S
pl anning of | aboratory experiments to extrac

as possiblienpaldtaetttor Be aff eqtlitny aOWRLt e
anal ysiostciomelbdede anal yti chhi 4 ecthaptqaures appl i
provides a brief explanation of the multiwvar

to address these two scenarios
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4. Experi ment al desi gn

Design of (®oEkérimemat statistical approach to

uni que experiments by varying all the variab
[ 93, 98fased on mathemati cal principles, each

scheduled from the bed®nreri ndef @lxlpewii mge nd esme

are compl eted, the information generated i s
model s to evalvwaartieaitdhedshsei gymitfuirccamotf t heir i nf
Depending on the objective, sdéveral experi me
this point, it is important to define some t
Respongpeoperty (y) linked to the quality or

under eval uati on.

FactomMdhese are gtex k). vigahh axta bd rees ixdi fi ed i n e
experiThmentactors analyzed may influence the

| esser extent.

Levkefers to thed haitf faerfeanctt owralcuaens adopt dur

experiments.

Experi mentBéf @dosmai @ t he spacel ti ni swhich the f
usually defined by thevatlasxoiweudn faonrd enmaicnhi mu m
factor.

Experi me®@fakenrdefined sirmpfleyr sast ol eax pseirnigreent 0
measure of the responsekfaafctteorwBii mphosi ng val u

defineswsiahpoi hhe experi ment al domai n.

Experi mentRaelf edessitgon speci fic arrangements of

ru in the expPepeéemeint@l odomhéeénobjective, t

=]
(7))

mul tiple experi ment al designs, each wi t h |

' i mi t hBheynsan becdieamndpti modeast iganrs .

Repl i.Eapesirmemdnd umhteeede t he kfalcues sof t he

are identical
Mo d.ellt refers to t he mat hemati cal rel ations
respoabewlmptiedcal ly from experimental data

O Qo hid iy M
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Nor mal |l vy, DoE is divided into a series of st
order | yf 9®&¢ hi on

1.

De
be
on
es
of
o)
Fi
pr
t h

ma

P

an

ac

e X

.E X

e X
SO
pr
me

. Mo

gu
cCo
on
vV a
e X
es
do

pr

finition of thEhianalytacaltupirabl esmep tha

carefully addressed. First, the respons
t he syst éem/cahnogseern .stTuhdeyn t he objective m
tablished, i . e., a screening of the rele
those factors to maximize or minimize t
me restrictions or l'imits may have to b
val It he factors to be evaluated must be

evious experimental risnftd(hrama tmagn ,afif .ee.t, a
e response, considering also the possi bl
y present .

anning the Bapedi menté&e information gath
appropriate experimental design must b e
count the quality of the information to |
periments required.

ecution of Fedkvwierg me mtes. experi ment al pl e
peri ments are conducted in the | aborator
urces of error Innotgecnoenrsaild,era dg o ond DotEand a
ocedure iesxpteogi mennalhapdamalogaer
asuring the responses in the same condit
delling andRdat @as aincal ymodel s are calcul i
antitatively weigh the significance of
efficients or model parameters) and the 1
the response. A factor is considered si

rnatliecads vaoi ati on of t he response gr ea

peri mehheaen, erm®rqual ity of the model must
ti mation of experimental error, model pr
mai nlL f emoctfier mpepce is satisfactory, it c a

edict the response within the experiment



39 Chapter 4. Data analysis met

41. $creening designs
I f the objective is the identification of thi
response, then a suitable experimental desi

selected during the definitiwaearpyf the anal y!

i mpor tamt eixfampl e, there are a | arge number o
the response. ScreetnhPcrgetiespghnacapkepabed. pr
effect on 80% of a given response is caused

noi se thheshtol @t egy of these designs consi st

factors at the same ti me, obtaining the des
number of [eX&]Dreipmerrdtisng on t he number of fac
need or not to evalwuate the interaction bet"
can be subdivided into f actBorrinaln, fractional
dessi gn

Contrary to the wunivariate approach in whic

independent and where the effect of each f a
depend on the muothéwafhbatersegression model s
polynomials according to the nature of the r
response, i.e., linear, i ntQrrdaicntaroyn or quadr
Least Squa)yesthegreebaobnonship is modell ed a

@1 T&® o E T o -

wheyies t he xriesshiedb @ s g rss itnhteetr € g th e

coef fi cikdmtctfodirs athhttee resi dual response not e
t he mPdadrel experi ment al designs that eval uat e
factor s, additional ter ms shoul d be include

D1 X1Xo, which expresses thexiamkehacti on bet wee
models are wusually cal cul atseqdualryesmeans of r

regression (MLR).

412P 1| acBertman desi gn

For screening a | arge number of factors and
Pl acBuertmban [d@%Jwmisch are considered a <c¢cl ass
factori al desHogwesv,erar ei tusmeusutl . be assumed t
interaction between factorso atnlde yquarde ati c ef

advisable for |inear regression
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These -Aeeeltworthogonal designs, whi ch means
analyzed ©me 2ndmlved so(fNDexperiechemtss t he first
mul tiple of four greaHoewe tehrg,e iatlei samber of
to perform more experiments to increase the
available for the estimabeoerxpkritmeneanperi me
matri x that determines the | evel of each f ac
built by cycTlaibd .epoenrtrnauitnast i sonP.leaxcakneptite of a

Bur man design for 7 variabl es.

Tabd.el PIl B8aokenan experi ment al matri x. Maxi mum and mini mu
denoted byi,Aiv®esprecatively. The ntiInber of degrees of | ik
Factors
A|lB|C|D|E|F|G
1 + - + - - - +
2 + + - + - - -
3 - + + - + - -
0 4 + - + + - + -
c
2 5 + + - + + - +
Fei - -
£ 6 + + + + +
g 7 - + | + | + - + | +
T | 8 | - -+ |+ |+ -+
3
0 9 - - - + + + -
10 | + - - - + + +
11 - + - - + +
122 - | -1 -1-1-1-1-*
A way of estimating the experimental vari anc
the desi-Gfncapummomws N(using the available degr

These additionadumnny ufmhdtcdirespar esassoci at ed

wi t h-singmi fi cant effects and noi se. To asse:c
significant or not , the coefficients of t he
qualitatively, by comparinbofédd he&bsol ute val

exper ifnaecnttoarls .

42Mul ti vari ate anal ysi s

Before analyzing the dat a, a -good starting
processing step by performing mathematic ope
di fferent scal es, measur ement uni ts or to m

systematics variations.
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Di fferent mul tivariate methods can help ad:c
chemistry, such as the exploration of the dé¢
classification or di scrimination of di ffere
property by regression modelling.

421Dat apmpoeessing

Preprocessing is perhaps the most i mportant
due to the effect it has on the data and on
can be [0lbGTHjierseed oper ati ons can be perfor med
columns, so that, once the data have been ac
them in a matri x, where each row normally ¢
each columnFomo mawmpaiabie. mettkResdaryit is

to apply scaling in order to remove the effe
vari abl ebhi s way, the different variabl es bec
variance no |l onger Sepleindgeg a@amprtolaeihre s s aalee
commonliyedaptpd t he col umns (e. g. el ement al

whereas other operations are applied to the
of t he mosptr oacpepslisiiendg porpeer ati ons ar e:

Mean ce.mther imegaan value of each variable is ¢
subtracted fr om Tehaicsh ai pnpdriovai cdhu acle nvtaelruse .t he dat

space origin without changing the variance:
wher e i r-efi erewt @t d hjeot amnhe |

Aut osclailkiengnean centering but @,jviding by t he
S0 it perfor ms varmsi atnycpei cmd  mahlai pzpaltiieodn . wh e n

vari ables have different uni ts of measur e:

w s
Y
Mismax scaltngransforms the data into a speci
0O to 1. It is useful to interpret variables
w I Elo

[

I Ad 1 Eld
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Standard Nor malReMdarcieast el ait aNM) spersi on bet wee
from differedaoammoanrhp!| eassppl i ed to continuous
spectr al data ®w®ocatdeali wgtbf addti $i wiet hout ¢ h:

shape of the spectrum. Like autoscaling but
example of SNV scaling is shown in Figure 4.
Raw data SNV scaling

Intensity

1 .
1000 1200 1400 1600 1000 1200 1400 1600
Wavenumber(cm’w) Wavenumber(cm’1)

Figdré& SNV applied on.sever al Raman s

Baseline .Usefettiton el i minate systematic dey
variations in the analytical i nstruments su
di fferent samples. There are many met hods su

pol ynomi @gluadr athiom cost funchi osuami hy mi zati o

perform better but require the imposition of
type of cost function, the threshold and th
example of baseline correction is shown in F

2500

Baseline corrected

Raw spectrum
2000 -

1500 |

1000 -
0 }MM\M

-500

Intensity

u
o
o

500 1000 1500

Wavenumber(cm‘1)

Figdr2 Baseline correction by adapting the sy

guadrafuonctbenh of order 7 and a threshold of

Savi-Gekgy smodinkei md the most applied filters
it el imnates spectral noise by interpol ati

wi ndows . Parameters such as the size of t he
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pol ynomi al must be i mposed. An example of s
in Figure 4. 3.
1800 Raw spectrum 1800 Smoothed spectrum
1600 1600
2 1400 = 1400
§1200 §1200
1000 1000
800 800
500 1000 1500 500 1000 1500
Wavenumber(cm'1) Wavenumber(cm“)
Figd4rd8 Sagiol ayy smoothing with a polynomial ot
DerivaAkbso basd&blary, Savi tmilny mi zes spectral r
first derivate is wuseful to correct addi tiv
second derivate <can dealHowietvler multhieplicati:
spectral shape is modified by these operatio
i s not .9emessfartyhe necessaryipgar amet ers ar e
the pol ynomi ale gaAent sax a ihWfei¢risvste and second
derivatives i4.,4Wwbeneint Figuwerth noticing
operations affect scattering effects
Raw spectra First derivate «10° Second derivate
20 0.015 1
,"\ 0.01| 05 N ,r\
15 P / \
AT 0.005 o~ i\ —
5 10 i\ § o 505 |/
E 1 A E E |,
! v -0.005 -1 \
5 ’ \ \’
a Temes -0.01t 15 v
0 -0.015*" -2
335 340 345 350 355 335 340 345 350 335 340 345 350
Wavenumber’(cm’1 ) Wavenumber (cm'1 ) Wavenumber’(cm’1 )
Figdr d Der i vmrtd ovees spirreg on nor mal spectra (bl ack;
(red) and multiplicative (green) scattering eff
422Pr i nci pal Component Analysis (PC,

This is one of the moédemameéerycusedhonguper v
for exploring [mudP|CAariisat ap pdadted t o reduce
di mensionality, i . e.., the number of vari ab
removing redundant and correlated variabl es

of information. 't reve®CA pabuédnsnnoand i nne
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be co

nfused with a classification technique

limits, thresholds ornaeaPecdt sehetmegpeé sof supe

as fo

1.Da
cCo
2.Ea
ay
cCo
No
s a
3.Th
vV a
t o
be
fi
gr
ne
t h

I I ows :
ta is arranged inl awménte i x<a&Xhwi aow di men
rresponds to a sample and each col umn t
ch sampl e inN-dp rmejnedtoendch|i rstpaacae, al so kn
ariab)] eegpaketo the number of variabl e
rresponds to a variable and each sampl
rmalization is wusually applied so tha
mples is shifted to the center of the v
e hnext stadpr éct iton fti mat explains the 1
riability of the data but imposing a c¢
pass through the center of the variabl
t hper ifnicrisppal ( R@lIMp.onentr epeat this operat
nd the second principalkecomponent (PC2)
eatest possible variability (not expl ai
w constraint: this direction must be or
e oper atrieoma ivwatnighn aeh ei swhv erhy ilsow

usually associated WwWinkal éypeni menbhhal PEsi ¢
projected into aprnienac ihp/gple rcsqpmapcceen ecratl 4 esdp a ¢
which are | inear combinations of the oriog

4. 0nce samples are projected into the new
space, the distances of each sample with
new axes (PCs) are calculated and incl ud:é
Scorelhis matrix has di mensions | X n, w h
PCs calculated. lAoaédicopgdl|l snatcalkcuelaht ed,
with di mensions n x J. This matrix cont :
relationship between the old variable axe
variability not explian namro tblyert hreatPrGsx i s
calRedi avu ahs di mensions | x J.

Summari zi ng, PCA decomposes an initial mat ri

matrices (Figure 4.5).
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Raw Scores Loadings Residuals
matrix (X) matrix (T) matrix (P) matrix (E)
nxJ
IxJ = |Ixn + IxJ
X=TPI'+E

FigarB Principal Component Analysis de

4. 2K-leans clustering

This is another unsupervised method that S €
(knownclagiter $s hesidnmmg adi stances between sampl e
iterativieheapoplbjoacthi,ive is to find underlying
di fferent gfaOoOgs 1OB]gmmphakbal orithms wor k

as foll ows:
1.Selection of the K clusters we expect in
clusters is chosen based -@amd previous inf

error procedur e.

2. Random selection of a number of sampl es

samples are considered the initial centroc
3. Then, starting from a different sampl e, t
respect to the initial centroids is measu

bel onging to the cluster of the nearest
repewitteld t he rest of the points until al |
assigned to one of the K clusters.
4 . The next step is the calculation of the m
5.Now, step 3 is repeated but this time mea
sample with respect to the center of the
6.1 f clusters do not change after this new
is done, otherwise the process is repeat

no changes are made in the clusters.

One of the drawbacks of this algorithm is th:
random selectidmiaef melaemsceéeimtatoircep.eati ng t he

twice by imposing the same number of <cluster



4. 2 Multivariate analysis 46
provide slightlVodovdrceme tRisulsistuati on, [
to carefully &mwaleyzert he fr eseulrtesppeat the pr
i ncetehaes number of <clusters each time, the to
cluster wifltbe howber of <c¢clusters is equal
sampl es, then the total variab-ility is zero,
fittatdgohettdmt aoanthet herefore the informati
meani ngl ess.
4. 2Péarson correlation
Pearson correlation andalwozevsartiebl| reesl, atfioansh
i nstance, bet ween variables of two differen
correlation coefficient r. This coefficient
of the |inear correlation|[ bedawmes] pairs of <c
the case of spectr al dat a, each spectrum mu
variables and there Thmestcobe ehat mbasiconegf Fat ue
takes into account the covariance between th
of each spectrum, and is computed as foll ows
. Bw o w o
' Bo d@Bo o

wherengarye each of the i variables in the fi./
respectdadaneday eantie mean values of those two s
The correlation cbet i cli.enTther asniggens ifnrdoint at e s
direction of the relationship between the t
indicates the strength of that relationship.
zero means t healtattihoenr eati salnlo, cwhrirl e t he hi ghe]l
hi gher the cérstheolwast iaomn e xkimpuree of t he correl a
spectrum with the other three different spec

. r=0.994 . r=0.504 . r=0.014

g )(t _5J\ |

NV L R N i“\.w,‘_._“,.,.,_,v_q o

wavanume ey wavanumer ey wavanumber ey

Figdr.® Pearson correlation. From | eft to ri
moderadred gl attedr raenlda tneod .
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4. 2MWBI ti variate Catver Ratsionhgtilemast
squar edf&ALSMCR

Mul tivariate Curve Resol ution ( MCR) i s an
decomposes the raw data into a reduced bilin
[106]Li ke in PCA, it searches maxi mum data Vv
chemical meaning. Contrary to the principal
orthogonality. The general formula is:
® 0%Y ©O

where X is the raw matri x, C is the matrix o
matrix of pure signals and E is the residual
For exampl e, i f MCR i s aplpO7i,eidd 8tJo a hypersp

di fferent emathe rciocddusencloaftcetdhter at i on matri x wi l
correspond to each agwheheasheac¢ltal ndiomipaodumain:
value refers to the concentrat.ion of weach p

Each row of the pure signal matri x coOorrespo.
each component of the sample. Figure 4.7 ill
A
Spectrum 1
) . IR
Matrix ST
unfoldmg; , \ -
Y o — ]
-
(]
* .E \ J\M“
/"
Pure spectra

Component] Component 2

Figd4réd MERS applied to a hyperspectral
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The fact t hat orthogonal ity is not i mposed
calcul ated model all ows signal overlapping,

interpretation of the original data, contrar
An ME&RS model is calculated as foll ows:

1. The first step is the selection of the nu
i's performed, then the number of PCs ex

variance can be used as an estimation of

i n MCR.
2. Then it is necessary to build the initial
esti mates. There are sever al met hods for

Purest variable selection or Evolving Fac
3. The initial Cesti mataroensomtfi mi zed iterati

Alternating Least Squares algorithm (ALS)

applied at each it ereagtaitdmn.i t Thesd oismcleuyde
uni modal ity or nor mali zati on, among ot he
new estimane Sfmahei €es i s obtained by mi

di fferenceChhaendve@%D Swheirse tbhe PCA
reproduced data matrix for the number of
sel ect tadnddhédSeC t he pseuddi €Cveamse matri ces
S, respectively.

4 . Optimization is repeated until convergenc

One of the | i-ALiS aitsi adanhsatoft hMCE oTThuits ons are no
l i mitation -dalrdatdatti @ ntalhleQaBMh igawh toyan be
esti mat ed

O 0°Y "YY

Where T-sisigalmonmatri x with both di mensions
of componeegnutast.i ofnhinseans that different rotat)]
matrices by means of T produce the same sol
our models when several sets of C and S matr

the same optimal fit.
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ChapfReman I‘5brary

,, The intell i goemlcye icrontshhests not
knowl edge but also in the skill toc
knowl edge .into practice

OAristotel es

| netthhesi s, we focus on Raman spectroscopy as
for the evalwuation of pyrite and its weather
presents a series of vibrafThemaf omedes t hat

the identification of wunknowntkBamples by Ram
comparison of the acquireChommepectiad with Ral

Raman | ibraries of many @efderehtasmiatceri al s
pi gments, bi ol ogi calass avmpll e saasr ineersl ei rnael sl,i bert c .
compiled by Adi eEkemephe o$emscommerci al l'i brar
mi nerals is the one p(rRoevniidsendd w,logUKt)he Wi re so
case of free onlineidherRRUGsecta fwahneorues exam
thousands of mi ner al spectra are availabl e
commer ci ad o nanmedr cni oanl |l i braries are very depen
of the person who acquired the spectra, the

the | aseepr obhessiam@ @per aotripohno | poegryf oarnnde d, t he

orientation of the sample, heterogeneities o
el ements, among many other factors.

To overcome these |limitations, the first act
thesis was the acquisition of a Raman | i brar
from different geol ogi cal |l ocati ons, mor ph
weat hering stagdsarphihaspobreanalsed in subseq
carried out in the thesis.

As part of this activity, a software was <cre

t hheanageonienst per sonamalRiam@eisi bbeat g, write
detailed information about the- sampl es, upl o
process the spectra, make comparisons bet wee

mat ches between a new spectrum and the ones
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5 $ampl es

The mineral ogical collectiogFa&8alyzed incl u
goet WiFt®( OH) he m@Eeds)t e ma g r(Fe&FigiOs,

chal codyFH 3 ear seFre@P)srSiptyer (Fle®t | tgal en a
(Pb)Snar c 6 5§96 meR&Ttigdl, ( mo(nmitxet ure of other iron
oxide Ahydonpxmgesel ement al sul fur from differ
settings dhe tot¢ali omsnbeSome samples was 30
are pristine or show no appsamrenti nsigns of w
varying degr eSensalolf fweaagtnheenrtisnguer e taken from
sampl es, s o measurements i wesoflemhde of t he
sampbiefsf.erent zones of each of the fragments
capture the spectral ampkéeabhnlltthye Wwiitblmiamyt he
addition, using the Raman microscope, i mages
the acquisitiAdn ofpetche aspeacter aacquired from

sampl es

52l nstrumentation and acqui siti

The Raman spectrometer usedn n¥i acquire all
Qont oc ®Mf ocal RamanRenspehawp meftnegrl agd, UK
equi ppeld vwiTtr la-t k a d loiclthg shnol ogy automatically
mai ntains focus during the sampllyesi s of roug]|
The spewtsbepuiewipel an aendd@® Of imimt ér (vi s)
grating for the elxhcea tlagadern Wwseadn flarsetrhe acqu

the | ibra8® | mesgynmteheen; thepottdcametl as et
0. 8mh) Tee | aser was adjusted between 5 and 1f
(depending bwstamgn eslatm@allla )fri dttieon was carried
oudtaiulsy ng t h'd i;m20 .05 camsi |l icon standard.
Each spectrum was acqui r eedx puossiunrge tthiemef ol | o wi

lshnaecumul ati onasndeatrS5ss peéctoPemliinmi nary

tests were carried out to identify the combi
best possi ble spectral gualitlyn and replicahb
addition, the choice of these relatively mi

transformation duri ng Sxeotsrua eweroe |acseui rread i
the range bet weem IwWi4.h5 aann davlerOabg.e5 spectr al
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resol uticomEadh 1lspiésct rum finally included in

average of three spectra measured under i den

53Spectra acquired

I n total, 303 spectra were included in the |
spectra were plylniiftfee rseamipnl legge @dérioain,s . pri sti ne

or freshly fracturedvpynmriatte ofnrad g mordtes od hrot
than the HyhgdegmdgpscaHowever, some of the fr
with evident weathering symptoms on the surf
as illustrated in Figure 5.1, where pyrite s

are shown.

Pyrite from Morfasso,ltaly
T T

Pyrite from Huanzala mine,Peru
T T

Intensity

Pyrite from Isola d'Elba,ltaly
T T

1 T T
0s
o A .
200 400 600 800 1000

Pyrite from Maranello,taly
T T

Wavenumber (cm")

Figbréd Pyrite spectra of four diprfoecreesnsted oc ¢

(baseline correction, smoothing and scaling)

As can be observed, samples from Morfasso (
(Per %) show the 3 tyAllcalt h®amamplpesksolbfeopte
at tthveos d g c aatsi ownesl | as each of the smal/l frac
spectra were acquired, showed no apparent a

after a first evaluati onOmuntdlee ¢ dhret r&fyected

pyrite samples from Isola d'Elba (ltaly) al
di fferent degrees of weatherinfg, which coul d
the typical pyrite luster and the appearance
the MaraneTHe Isatmpdresshows additional Ra man

and 285 .Bncanddition to the -lapPpkaamchce of ban
1500 @0r egiTohniss. i s probably due to the presen
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compounds on the surface. The following chap
study carried out in the thesis, wi | | di scus
Among the 131 pyrite spectra in the I|Iibrary,

the peak position dfabi .aseh owisbrtahtei omead k modes.
positions fowndbfrart i ecada hp, yonkildedsg wi t h t he
percentage of spectra showing that peak at t

Tabbl.el Peak position @anandgwithurateinerealofmaddes Eof the 131
spectra analyzed.

1" vibrational mode (9 an vibrational mode (@) 3rd vibrational mode (37
WavenumbeOccurrenci\WavenumbeOccurrenc(WavenumbeOccurrenc:
(cm’) (%) () (%) (cm’) (%)
343 55 379 45 430 43
341 29 377 33 429 42
345 10 375 15 427 9
339 6 374 7 432 6

Peak positions have been rounded to the near
are not contemplated. The w™mogt 8dtmon pyrite
cm(49d and 4FJ@ combiodatdiddf erenhapeak position
been founddEesttwedcnin the tabl e.

I'n the 1 iter ahteuree a(rTeabdleso5. @i)scrtepanci es be
vi brational ,mbttbhesu@l tplyei mpaedsi trieqpresat ed peak

correspond to what was s.een in the personal

Tabl2 Wi brational modes of pyrite in different studies

Study E, (cm_l) A, (cm_l) T, (cm_])

[110] 343 379 430
[111] 343 379 430
[112] 343 379 430
[113] 343 379 430
[53] 343 379 430
[114] 344 379 430
[115] 344 381 431
[116] 342 379 432
[117] 335 371 421
[118] 340 370 424
[119] 342 377 428
[120] 342 380 430

[121] 338 374 424
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Obvious discrepancies arfeldinjell?2d] t he nature

which are nanochains and pyrite microcrystal

On the other hand, two pyrite samples were
i nt ensi dayn dpfd atklse cthanges as HRdre tflriasgment i s
pur pose, a recognizabl e point on each surf a
spectrum wlalse m,c qwiitrleadut moving the sample po:
the | aser incidence point, the samples were
a new spectrufi walsl yacqtuhirsedoperati on was 1 ¢
rot atnionghdhed4s5Asults are shown in Figure 5. 2.

Sample A Rotation 0 ° ) » thation'45° - 2 Ro_tation790°

o
o
o

Intensity
s
Intensity
B
Intensity
S

5 5 5
0 . - - 0t X - — 0 R - -
300 350 400 450 300 350 400 450 300 350 400 450
Wavenumber (cm 1) ‘Wavenumber (cm ') ‘Wavenumber (cm ')
Rotation 0 ° Rotation 45 ° Rotation 90 °
20 20 20
15 15} 15

Intensity
B
Intensity
B
Intensity
S

0 0 0
300 350 400 450 300 350 400 450 300 350 400 450

Wavenumber (cm'w) Wavenumber(cm") Wavenumber{cm")

Figbr2 Effercdl atni ¢ é gi/ g eeankss twi tolf rEot at i on.

highlighted in red means higher intensity
As can be seen, the orientation of t he sampl
a role in the r egaamtdjnuded eisnt eTnhsei tfya cotf tthhaet H h «
relative intensity was aWBmoisnt tthhee tswaane at t
sampl es was just a coincidence, i . e. the or
samdowever, it shoul d be not ed t hat i f t he
relative inTkekinsi typyulcthapegpbain why in many o

spectra, someti mgsodesegr eth@aes of Wamfet Ahe E

modaend Vvice versa.

For the rest of the minerals included in the
and fragments showing signs of alteration w

spectra included in the library will be of gl
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carried out in the thesis, S i
vi brati oSimrhe mofdetshese spectra
. Goethite from Serifos,Greece
6
>
=
2,
D
2
£,
O L 1 L L L 1 L L L L L
200 400 600 80O 1000 1200 1400 1600 1800 2000 2200
6 Magnetite from Vinadio, ltaly
>
=
[72])
oy
7]
2
£
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
20 Marcasite from Dover cliffs,UK
>‘157
=
[72]
c 10
]
2
c
£ 5l
0 s e . .
200 400 600 80O 1000 1200 1400 1600 1800 2000 2200
s Hematite from Isola d'Elba,ltaly
4
>
=3
2
@ 2
pt
C
=1
0
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
2 Chalcopyrite from ?, México
S 157
=
(2]
c 10
[
2
C
£l
0k y ; ) ]
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
. Arsenopyrite from Monte Arsiccio,ltaly
24
w0
g
EZ
0

Fig6r& Some of the

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
-1
Wavenumber (cm™ ')

Ra man

marcasite and arsenopyrite are

compari son.

spectra

of

ncl

l i brary

Ra man
nce they
are shown i

goet hite

uded

n

t

hel

n

pe
F



5.4 Software devel opment 58

54Software devel opment

Aot waseeated in MATPpthABIi gsi hgot hewhich all ow
the construction of t he gbhweht oalt haser i nte
number of spectra acquired during this study
nd easy way to organize and access spectral
for commer canddi ceofstenmeg.Vsegmui Foadi ng t he

pectra into the soqftiwarie tpooscriédtee tao d antcd
ds of written information about the samp

©Q d® X O

e
n

ach pectha esbtained with a photo of the san
ea where t he measurem®©mice was | t alhen, i f
f

or mati on has been | oaded into the softwa

operations such as gui ck compdri son bet wee
preprocessing of the dat a. I n addition, i f

possible to perform a similarity search bas
coefficient wi t h respect to Théae spectra i
i nformation aih tbHlkee sttara@abasaendc | oaded in a fe
making it possible to modi fAy stlaedi nf ormati o

alone versi owamfedthed,prog@rtalmat everyone can

install and run it on their computer wit hol
computer skills.
4 MATLAB App - (u] x
Project Options
Current standard Info
Load project
\ Shortiabsl Number  Sample  Locality  Rocks  MNote? 5 oM LGA 6

Mineral's photo

a0 400 80 800 1000 1200
Raman shift (em 1)

Photo name: Titie
Spectra name: Title

Figbré Main window of the software.
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The main window of the Whéehwapened, shben in
top bar shows two butpronectwhdr da tyduwmscan rlea

been created previously, orTo owr eatne st art cr

a new project, a aftwemwi aoldioowk iwnd | ompplearappr ¢
button. I ni tt hiiss pvd smdiolwl, e t okifndd ofn a templ a
inforemmhobubnt he samples, as shown in Figure 5
4 MATLAB App = a X

Mineral abbreviations Shortlabel Py Number of the standard 4

Arsenopyrite ==> Apy

Chalcopyrite ==> Ccp

Location  La rioja, Spain Sample ID (eollection) 0

Epsonite ==> Eps
Notes

Gslena ==> Gn
Rocks. Cretaceous mar

Goethite ==> Gth Cubiic pyrite, shiny, 4 cm

Hematite ==> Hem

limenite ==> lim
=
Type of preparation Giaih ot
Lepidocrocite ==> Lep
Limonite ==> Lim
LOAD

= LoAD _

Magnetite ==> Mag SPECTRUMS = @ MINERAL ®

PHOTO/S
Mareasite ==> Mrc

Pyrite ==> Py

Pyrmotite ==> Po

Close

FigbrB Template to write information on each
The all owed format for wuploading spectra is
clicking on | oad spectra or images, it is po

interface of the operating,swastemowhmere the
in Figure 5.6.

Once the project has been created, it is pos

each sample and vi sualsi zseh oimtns itht fHi egruernet 5s.p/e ¢

alpossible to zoom in and idemagéesy the posi:
have been | oaded for a salmpflte,c darhreeyr wdfl | apr
the main window. However, if a better view o
i mage wi l |l appear in the center of the main

but tpme § sed.
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r

Project Options

Add new standard

Mineral abbreviations
Arsenopyrite ==> Apy
Chaicopyrite ==> Ccp
Epsonite ==> Eps
Galena ==> Gn
Goethite ==> Gth

Hematite ==> Hem

limenite ==> lim
Nombre: | txt

Lepidocrocite ==> Lep

Limonite ==> Lim

I LoAD WNERAL
Magnetite ==> Mag SPECTRUWS | @ Phorors | @
Marcasite ==> Mrc /

Pyrite ==> Py

Pyrrhotite ==> Po

Figbrée Window to | oad the spectral file(s) of

A similar window wil/ appear for loading i ma

& MATLAB App - o X

Project Oplions

Current standard Info
Shortlabel  Number Sample Locality Rocks Note? TS GM LGA LG
Apy_1 Hem 1 0 No No No No No
Cep_1
Gep_2 3
Gn_1
Gth_1
Gth_2
Gth_3 Raman's spectrum
Gth_4 4500 -
Gth_S
Hem_1 f
Hem_2 \ 000 Il
Hem_3 ;‘
1 n
Lim_2 3500~ |
Mag_1 | |
Maa 2 > |
3000~ | |
[
[
@ 2B [
g [
£ [
= o} [\
| o
/ \
1500 ” { \
] Py \
| o o \
| I\ A 7S
s |l .ll P ettt o N,
‘l A AV g b
I‘. |
00,
WL . N . L L _
200 400 600 00 1000 1 1400 1600 1800
Maximize Raman shift (em1)
Photo name: Hem_1_x50LWD_sampie 2 n3.JPG
Nexd >>> 7 outof 12
Spectra name: Hem_1_sample_2_n3 2 5 10.txt
Figsr.d Exampl e of how the main window | o

| oaded/ cpostsed d.l el tt oi dDrowse through diffel

Pressing the options button displays variou
di fferenftFi gppepbap) ocess(iFniggutrdere 5s ®ect r a
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di spl aying

ot her s

& MATLAB App
Project Options

COm
/ i
Ppy._8_sample_1_n1_1_100_d.txt |
Py._8_sample_1_n2_1_100_d.txt 8
py_8_sample_1_n3_1_100_d.txt
Py_8_sample_1_n4_1_100_d.txt
py.8_sample_2_n1_1_80_T.txt
py_8_sample_2_n2_1_50_7.txt 5
|Py_8_sample_2_n3_1_80_T.xt
Py_8_sample_2_n4_1_80_7.6xt
8_sample_3_n1_1_100_d.txt
ple_3_n2_1_100_4.txt >
ple_3_n3_1_100_d.uxt g

[REERERERNNN |

t

he

sampl e( Findwmrenabi d0) ,i namarmd e

Gth_1_sample_1_n1_2_10_10.tx
Gth_1_sample_1_n2_2_1_10.txt
Gth_1_sample_1_n3_2_1_10.txt
Gth_1_sample_1_n4_2_10_10.
Gth_1_sample_2_n1_2_10_10.
Gth_f 10_1!

«

Spectra names

Py_B_xB0LWD_sample_2_n3.JPG.

Figbr8 Window

drapwn | i

& MATLAB App

) Everything

Figbreln

the modi fi

200 800 awmm:.ugm(wlﬁz]w 1400 1600 1800
Rewm | Gth_1_x50LWD_sample_2_n2.JPG
for comparing spectra. First, s
st of samples. Then, spectra by cli
= o b4
Ppy_6_sample_3 n4_1_50_7.oat
t htitse we naroew di f ferent options for b
cation of the parameters. It is al
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4 Concl usions 6 2

Project Options

Table of standards

Short label Number Sample Not L] GM LGA Le
Gh ' o o Mo No Yes
Gt 2 o no Mo No Yes
Gth 3 o Vo Vo Yes
Gin 4 o o Mo Vo Yes
Gth 5 o o Mo Vo Yes
Py ' o Mo Mo No Yes
By Yes Mo o No Yes
P Yes ™ Mo No Yes
Py 4 io o Vo Vo Yes
Py o No o Vo Yes
Py o No Mo No Yes
By Yes Mo Mo No Yes
Py M Yes ™ Mo No Yes
Py Ye e o Vo Yes
Py o Ho Mo Vo Yes
By o No Mo No Yes
Hem Yes o Mo No Yes
Hem Yes o Mo No Yes
Hem fes Mo Mo No Yes
Mag o no Mo No ves
Mag o No Mo No Ys
Cep o No Mo No Yes
Cep o Mo Mo No Yes
o o Mo Ne Yes

..... Yes No Mo No ves
m o Wo No Yes
e o o Mo No Yes
Po o o Mo No Yes
A Yes o No Yes

Close

Figbrda0The information on the sampl

project was creantmad, zwidl li nap@addre for

55Concl usi ons

Th

is first activPhpP pwawsoedfdu roeuign diufirei ng t he

t hetudies dhreriasvdai datbi | ity of a Raman | ibra

be
re
us
t h

fu

As
ma
co
st
Wi
us

Vi

cause by controlddaqui rhedv, tihte ispemrdgai wee et
plieadi retyability in the Rawman analyses ¢
ing the same parameters and measurement coO
e spectra of not only different pyrites bu

rther identification of weathering product

part of t his preliminarfyoractthei ty, t he
nagement of t hseer Radchan ohidlocemasnar tyhe

mputati onal skills in MATLAB that would pi
udidels ti onal features;procelssanaigmormpd i Imesct r L
[ be included in the future. I n addition
ed for didactic purposes as a simple too

sualization of Raman spectra of minerals.






Chapiveat her  ng
P r o dcuhcatrsa c t i zati o
byhyper spect N Il ma ¢

,, I ndeed, we often mark our progres:
i mprovements in imaging

0 Martin Chalfie,
20N® b el Prize in Chemistry

A study on oxidative weathering of pyrite sh
surface c h aArdeecgtueartiez ak mowl edge of t he di str
altepawidostsesruci al anal ytical i nformati on, a
understanding of the oxidation process that
Raman spectroscopy has proved to be an i mp
identification of mi nerapsi nHowaabkysi $ he tr
does not allow a proper surface characteriza
weat her i ngl nprcoodnutcrtass.t |, t he hyperspectral R
approach overcomes these | imitations by rel
chemieajuresulting in images based on spectr
datteai ven analysis of these images can provid

spadiatri bution of weathering products on mi

I n t his study, a novel met hodol ogy has b

characterization of pyrite weathering prod:

hyperspectral i madi pgowetph dbeteesmp mgt rainas
analysis protocol all ows for the evaluation
providing information that can be wused for

di fferent geoTtheméstal t sgsvaemsdi ty of this me
sample of natur al pyrite showing signs of <c¢h
was anBxpylzedat ory analysis based on Principal
K-means <clustering, and -AMutlgri vaatrii mg eL eCaugtve R
Squaarlelsaswe miuant it atdbasetdhrcbahalkderi zati on of

di stribution of chemical phases on the surfa



65 Chapter 6. Weathering products c¢ch
by hyperspectral i maging

6. $ampl e

Theample used to test the developed met hodol
6.1 a pyrictoe | eWagihentw Romana (Piacenza pr o
northerThi Bt dloyxvyahliicthydlesssrbéed in the |iterat
[122,i1s23] natur al sour crearocfa sodtthbearr yntiener al s su
I'n this aaea, f miemdé rcdimsys| sanldel ongi ng to the
CretaceoausnilitisgurAirggi I Il e Scagliose).

FigéeregPyrite ample nalyzed in this study.

are presumably alteration product s, whereas

6.2l nstrumentation and hyperspec

The Raman sapnedc tirnosntertuenseendt at h ihstespudy

been alreadyChagtsenri bedfinhe Tpeesent di sser
acquisition conditions were as follows: 5% p
6 5ne, exposure time 1 s and nTumsbsee of accumul
conditions were chosen to avoid | ocal heat.
exposur e, which can indbhee spleemiradl rtamarsf o1
was 114040.6515 Thmne average spectiwalt hresol ution w
a total number of poi Mthe pEeratsmdctrreism | ad u a@ln
of the grid of analysis for eimhienhyperspectr:
bot hanXddiYrecti ons. Al the spectra were org
di mensi onal data array with di mensions 126 )
two the spati al oridnemasti eosn sof( Xe aacnhd pYi xel ) and
t he spect redllhedinmanmbsiromf pixels of the resul’
18018
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6.3Sof t war e

MATLAB R@®M&2 2tWor k s, Magwas huseddat a SHA
preparati opracesdatnlg.od ¢ BERL 2Ma® | b o X
used for explorat orAL San2al0Oy[st &d sbwohxer eas MCR
used for spectral -homumiexicnogd esp eweartei omrse a tlend
MATLAB envf o0 naosepsitkieano v a | and construction of

final i mages.

64A4Resul ts and di scussi on

641Spectpalocpessing

Bef ore asnhnwmxploamgat ony &salteysssiesr,t r att t he

information of inteuvestotthirae poeadsande ofasdiefd
artiS$iamdes .t he analyzed surface has different
is not completely flat, Raman .scattering ef"
This also applies to backgrloundhifd uorescenc

study, saweareslsimrge steps were applied.

The first step was t,hewheilcihmianraet i pinx eolfs doefa dn u
intensity in theadpptxredls amhanndeue. t o i ncoil
acquisition of spectra when abrupt changes
surface make propelrn atuatoaflo,c ulshd nogu td i off i Ic&ud 1 8
were identified as dead pixels. Although t he
i mportant to get rid of these pixels to avoi
rest -porfocpersessi ng and data amal vwdi snasker ati ons
was created to keep out t-thiomenpiixmdls. A spat
binary matrix with dimensions equal to thos
Spati al masks are often nsd,eadi dfeotrhedrie fiex ent p

only interest in analyzing certain areas of

Then, saturated pixels were detected by meal

CCD detector during acquisition causes artif

6. 2. I nHpaet i’emi) 80, Melskaaluablsat ed during the
PCA were wused as outlier di agnostic, havi nq
saturated pixel s. I nstead of excluding thes

previously created, they were replaced by th
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nei ghboring pixel s, as saturated pixels wer
surface without a clear pattern distribution

Intensity

®
“
.,
‘ AR
| -
v N
"
e
|
1
i

0 e = -
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Wavenumber(cm™)

Figér2 Spectra of some of the saturated

The next step was the elimination of cosmic
unexpected i-poedgmceoemi bighdiation in the C
This uncontroll able phenomenon generates spu
random positionesctirna tvhhei cahc quam eldle spuper i mpo:

chemical |l yvinberaantiinognffaull modes. For this purpos

-

outine was created for t he Tahuet omat i c corre

procedure was based on an iterative approa
der i vattihwehtemngth t peak width to highlight t h
among the real ORamademedesd, cosmic spikes
by interpol atitondadfcdasmi csimpamakds wer e detect e

-

emoved from the affected spectra.

I n addition, baseline correction was perform

to an asymmet fiua clt i iigc aad veadi dc olsdss of spectr e

information or the creation of additional R &
were tested, finally choosing a threshold of
9 as the beNor eowr ;6m$ awi. tsarkegooti mitng ( 7

windows and a polynomi al degree of 2) was a|

by SNV for additive scattering correction. |
cropped 6t50 200

The effecbcebfspng operations from the raw in

prprocessed image (d) can be observed in Fig
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(b)

) Raw dat a, (b) afte
after baseline correc

642Pr i nci pal Component Analysis

The next step was the exploratory analysi s
means of Principal Compomempt i Aaal pai of ( PGA)s

technique follows the fundamentals of PCA al
However, when applied to hyperspectral i mage
performed before cal duleatuinnfgo |ltdh en gP @A ntohdee It h
di mensional d@aimawsiohal amawoi x with a numbe
equal to the number of pixels and with a nu
numb erp excft r al channels, as shown in Figure 6.

11 12] 13[14]15]
16 [17{ 18{1920

Pixels (X .Y)

3-D array

Figeré Unf ol ding of a hypdrnesemesdtornall inmageda xi
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Once the PCA model hasnalh &€ Bfxo Icdbeng uit etdg t he sc
n3Dmatriones for each of the n )alculated pri

where each pixel has the same coordinates a
i magelThe pixels in these images are colored
for that principal component

The three calcul at(éPdesypli amicnm pab3Bomponkeatsot a
vari,amcse shown in Figure 6.5.

: Lk
20 60 100 140
(a) X

LIl 2l
(c) 20 SOX 100 140

LOADINGS PC1 LOADINGS PC2 . LOADINGS PC3
5 .

Raman intensity
2
2 o

1
|
Raman intensity
°
|
|

IS

s
3
@
s

500 1000 1500 500 1000 1500 : 500 1000 1500

(d) Wavenumber (cm™) (e)  Wavenumber (cm™) (®  Wavenumber (cm™)

Fig6rB Scores (a, b, c) and |l oadings (d, e, f

respectivel y.

Theosiltoiavdei ngs o6 .dB\Cilg W IFii gghutr evar i abl es associ
with the three vibrational *mowheesr ecafs pyrite a
the negative |l oadings are associated with th
c M. I n the score map of PC1 (Figure 6.5 a),
bet ween areas of the sample su+face characte
red) presumably associated with unaltered py

which could bepaesenicaet od wiltkertalhée on product

The score map of PC2 (Figure 6.5 b) di ffere
positive scores, which correspond to the vib
other overlapped peaks af FAiQbhre2%25 289, 653

Finally, PC3 mainly highlights differences b

of the surface (Figure 6.5 ¢c¢). However, pi X
than 15 do not show a defined spectral sign
745480rcengi on (Figure 6.5 f). -Thi s situatio

crystalline mineralogical phases.
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Subsequ(efmitg PsCso & . Bpatctl @ram di stri bution of the
Al though the explained variance explained i1
|l oadings contain Raman information different

ot her artifacts.
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Fig6r.€& Scores and | oadings for PC4 to PC10
explained by these PCs is ~10.6 %.

However, it is interesting to comment on PC9
variance associated with a few pixels of th
|l oadings. This PC explains a Raman shift in
pyrite, whichycahebprgsenhtcéietli trace metalli
defects in the crystalline structure. Theref
information on the sampl @oonherRmimaen overl oo
anal Yo ich eecxkt etnhtR aarfa nt, sdhwd t pi xel s were sel ect
with positive and negastpewemeéiontesed.respectiyv
(Figure 6.8).
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PC9 - 1.02% 0.6 LOADINGS PC9
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20 Bl et J
10 0.4
2
)
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c
0 g 0 = =
©
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v

Fig6ré@ Scores and |l oadings of PC9. The shape
shifting.

L L L L L
200 250 300 350 400 450 500 550 600
Wavenumber (cm™)

Figér8 Selected pixel (positive |l oadings) vs
(negative |l oadings).

Al t hough the peaseodtiagttedfwivtah i Raman feature

first three principal components is high com
componehnitss i nformatidosmsésedd e@eoén bewhen it
related to only a few pixels. Therefore, we

heterogeneous surfaces requires distinguishi
Raman flmatuhtisénmeaiany ,f eatures can be correctly
without beimj nbopbaeueredshbygfthkreFomage, and vic
this purpose, etshradbd h slhced werr ttthe scores of t

prperocessed dataset w@esaldieddmdj ontandwmi sob:

features) by wusing a spatial mask. The major
of the pixels with information on the first
features dataset includes the rest of the pi
pp xels included in the major and minor featu

6. 9.
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18003 pixels

B Major features 0 Minor features
17173 pixels 830 pixels
(95.4%) (4.6%)

Fig6r® Spati al di stri but itome onaitnh e( gpriexeenl)s abne

(white) features datasets.

643Anal ysis of the major features

I n thishdataaee,i ncluded 95.4 % of the pixel
At this pAdiSntanaM@GRi s was carried out to ic
signatures and their spatial distribution on

Two di fferent approaches were tested. On the
|l i brary acquired (Chapter 5) was used for t|
iterative cal cAl@t modelof ®met MECRot her hand,

estimati ons wervearciaa bclud asteelde cbtyi opnurneet hod.

Li brmayed-ALGR mddelt hi s model, only some of t|
included in the Iibrary were used for the i/
profiles. For the selection of the most sui

-

ef erence, Pearson correl ataomwemedel s were
orted according to the <correlation coeffi
omponents selected was three, following the

evi ous PCA. Hence, t he t hree spectra wi t

O T O u
-

fficient werséeisnalte oihsd dheinni tainalofdé set w a

—

spectr al -ncéhgaantnievi tayn dc oan sntormai nt was | mpos

e
e
ectral and concentration profiles. Converg
e number of maxi mum iter ayt imnckselsel ect ed wa
0

wed a good correspondence bet ween refer

|l cul ated only for two of the components. ||
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did not match with any of the spectra in the
situation, the pixels in the third showing
reference spectra of the | ibrary were select

calcul ated.-ANSwowthet hewvaBMCRal cul ated again usi:H

initial estimations this average spectrum pl
with the highest correlation coefficients.

The percentage of explained Wwamri arhcee by t hi:
estimation of rotational gnki8guh & vy, the al g
di fferencgeambhagifiwoerent fe t hree components were
and 0.37, respectively, which indicates that
ambiguity is present. Concentration and pure
Figure 6.10. As can be s e-derf,i nceodn cagretarsati on p
on the surf awx)e. (IFA gauddei t6i.dr, aa good correspon

-

e

T T 99 < 9 O * O o v B T un
o — = =+ 0 o — — N <

ference spectra used for the initial estim

e
(Figure)6.10 d

the first component, pi xels associated wi
ectral signatures characterized by the th
rite plus small 'ppdkbrabad2h&ndseadi 286heml2(
00'aond 1578gcons. There are two hypotheses
tuati on. One option is the presence of ar
fferent thickness, which is characterized
rbon s thrauncdt ufrrecsm (1ID3'20 d-b &n d 36100mm1520

O06% mMm as[ s2en1BM¢ second option could be tt
a patina on the surface made of different
eas where the thickness of the patina is
brational modes with higlheipeaksitlyncompar
dition, one of the spectra used for t he
ofiles was a spectrum of pyrite from Mar a
esented similar alteration features to the
e secwmmanent i s characterized by peaks at
18, cmhich correspond to the other spectra
reference, which is a hematite sample fr
al y) . The pefakheamatli3tle (c2iL O mode) shoul d
nfused -bwanndch dafheamr phous <carbon, as was d
31]
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120 | EESEHE RN = e o]
20 40 60 100 120 140

Raman intensity
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Raman intensity

o
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500 1000 1500 500 1000 1500 500 1000 1500

@ Wavenumber(cm™) @ Wavenumber(cm™) ® Wavenumber(cm™)

Fi g6r.20Di stribution maps (a, b, c) and refer
ed) plots (d,M@GRALSS) modlktul ated by the

—~
-

At this point, t hresholds were defined on th
components (0.53, 0.40 andguwarbt,i tretsipeeti vely
assessment of the spatial di stribution. Il n t
concentratiomerprofaheshéd threshold establis
component , 26. 5 % for the second component
component. A compositional i mage was <creat ed
of the chemical di stributi oamceof atshe three c
shown in Figure 6.13 (b)

I n addition, a PCA analysis was subsequent|
related to the first component , in order to
show no other vibrational modes than pyrite
t his, which meanfs theat pyoymiltye 8i 7 ©he surfac
unweat her ed.

No# ar gMCRAIL S mdadelt his model, the initial est
spectral profiles was done by the pure var
previously explained, selecting spectra as t
noi se tol er armomen.stTrhae nrtess ta nodf ptahreamet er s i mpos
ame as in the previous model . The expl ai ned

S
di fferencgeambha@ifiwoerent fe t hree components were
and 0. 37, respectivel y. Concentration maps a

this model are shown in Figure 6.11.
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Component 1 Component 2 Component 3

B e Ko N BN RN
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g R . .
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Fi g6r.21lDi stribution maps (a, b, c) and pure
the-tremomget-Ad SM@Rd el

The calcul ated pure spectra are very simila

previous model . | f6 .tHBe irse ad o mpnaargeed (Wriitghu rteh e
concentration map ©Fi gthreeg téh.hleld c)bmponent

di stributed in the fractures and edges of th
As previously done, a compositional i mage

thresholds to the concentration profiles of

mo d e | (79. 5, 17.5 and 38. 9, respectivel y), é
total, 26.4 % oft a hteh @ nfaigres tc oo amepgmendts, 32 . 4

second component and 36.6 % to the third cor
the first and third component are not far fr
whereas the percentage of theesecond compone
it seems t#A&S mobidel MAGRes not resolve with
efficiency the 2LO mwoard odf hesemoartp it ceu s rooanr bt chre
if a proper reference spectrum is not provi
Neverthel ess, t heofmai he spampral caApraber exrr e
identified even if Raman | ibrary is not wused
of Figures 6.13 (b) and (c), al though this
di stinguish the delimiters of areas charac

amor pfphatuisna of component 3.
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644Anal ysis of the minor features

Foll owing the results of thet®Cal p880or med

pixels (4.6 % of the image) were included i/
features. Furthermore, a second PCA was perf
|l ow signal to noise ratio within this datase
Then,-meank <clustering model was calcul ated f
pi xel s. This model provided information on

982 to Mroe0gB8i oodm The -cdeanttaerveas amedanEucl i dean

di stance was used as the metric. Four <cluste
a tanewlr or procedur e. The calculated centroi
6. 12.

With the exception of the centroid shown in
three vibrational modes of pyrite plus addi!f
the relative intensity from one pixel to an

thickness of tehses,p antairmao.w Neevaekast éaet! 982 or 10 (

invariably present in the four centroids.

I n particular, '¢hel pela& att rliODWBt ecdn t o t he s
stretch vi B)aft YQT@®@alr amedle a( which could be e>»
by the presencse22@f( gymsem) odn CtalseD sur f ace.

The peak 'may 9B rcenl ated to the presence of

sul fates depending on the number of hydrati
spectr al range recorded does not include th
bands allow the proper Howetvieficdathien of t
approach could be used as a first approxi mat
mi nor features (pixels Acssmngdwrntes) waind t he p
once identified, a new hypernaige otnr al i mage ¢
that area of interest but this time increasi
some of the parameters for a better charac

vi brational modes.
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Figérda2Centroi dsmdamuxndcladfdteer ikKng anal ysis of

dataset .

645Compositional Il mages

As previously mentioned, two compositional i

t hhenf or mati on extracted from the analysis of

(b) ()

Figeré&3Real i mage of the analyzed surface (:
Pi xels belonging to component 1 are colored

those to component 3 in black. Pixels relate

Semiuantitative assessment of t he spati al

mi neral ogi cal phases is summatrieed in Tabl e
percentage of surface area that corresponds
model & similar sitwuation is found for the p
compounds omHowhkreesur tdoee.di fference in the p

hematite between the two models is greater.
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Tablda Bistribution of the differ-abf moadelr sl ogi cal pha:
(using a Raman | ibrary or the pure variable selection
s pecptrroafli | es .
MCR-ALS model 1
Color Mineralogical Pixels % of the image
phase
Blue Pyrite 4753 26.4
Red Hematite 5831 32.4
Black Amorphous 6589 36.6
White Sulfates 830 4.6
MCR-ALS model 2
Color Mineralogical Pixels % of the image
phase
Blue Pyrite 5306 29.5
Red Hematite 4773 26.5
Black Amorphous 7094 394
White Sulfates 830 4.6
6.5Concl usi ons
The met hpordeosleongtyed in this study is schematic

Figurepb6otédheedhmupr oacheexploor at ory anal ysi s

of heterogeheoaddsamphesit has demonstrated
of theopgrssing step when dealing with this Kk
but i mportant sources of variability as thos
in an i mage, then a fgotohde sdataa eignyt o st wah ed isfpfl e
datasets. A preliminary PCA atnhhilsysi s provide
di scrimination between majpALrS ansd tnmhienor f eat
best opti on for spectr al unmi xing of we a
characterization is wusually difficult due to
The <calcul ated modneslisghprsovoindet hcehemii ceard aliogi
composition of t he sampl es-paswhdi ¢ h all ows
quantification of the extent of oxidati on.

pyrite wadhenlrema.ihid,g mineral ogi cal phases
amor phouasnd aar bcooombi nati on of pyrite modes wit
I n further studies carried out in this diss
proposed here will be employed for the asses

of weathering compounds on the surface of py
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Chapbefda il ven
SsIi mul ati on |O oXxl1 d
weat hering pPyTr |

—h

,, I think that in the discussion of
we ought to begin not with the Scr
with the experiments and demonstr s
0 Gal il eo Galil ei
I n the | ast decades, many studies have been

weat her i nAgl tohfe epgybrriatle .r eacti ons and alterati ol

i nvol ved, di fferent mechani sms have been pro
evidémcearticul ar, ehei aodude Attoc aptyi roint eof t he
oxidation is of great i mportance in many se

caudMasny of the experiments performed to eval

u
weat hering or the products generated focuse

vari.loweser, due to the complexity of this m
pyrite oxidation can be affected by the in
chemical, physical and biological factors.

Chemometrics has proven to be a valuable too
many diffltreoftfdrinelasmultitude of analysis m
exploration and machine | earning, whet her t
regressilonnf orashately, many experiments ar e

Il owing the traditional uni variate approac

t he itdoaonl sof f er f or experimental design based

I n this regard, thi sdrsitwary eexpereinmhesn tas sfeari etsl
screening of different factors and the asses:s
oxidative weathering of pyrite in extreme
mul tivariate Bper DbDashgbaeftdtbae Experi ment s,
studied are mainly related -Bormapor ion wate
design was foll owed, and regression model s w
significance ofl hhadeivai oodf dthheé assatmpfl aecse

was anhalyzed by hyperspectral Raman i maging

di stribution of the main weathering product.
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weathering of pyrite

7. Mat eri anles haondd

71 . Slampl e

The samples used in the experiments were 19
from Val Trebbia (Piacenza, IlItaly). The diam
1 to 3 mm and the shape, iass asFhhgvwent eitrhe same i
7.1

o o %0°® 000

®® 00 0o 09 ©
3”]“"1””]'“',l,””p“'l”"m“!:”lll!g“”wl””l“IllvnHl

Figdré Pyrite samples used in the experi

71 Reagents

Hydrochloric acid (fuming 37%), met hanol (F
(ACS grade) were purchasedChflroorm d@ar | o Er ba
fl uomii tdregqgen, sul fate, and phosphate (ion <ch
as wel | as, cal ci um, magnesi-@m$ sodi um, pot .

standards), carbon disulfide (ACS grade) and
grade) wer e purc-bhbabZddetf gem, CBeingi um) .
Perchloroethylene (HPLC grade) was purchasec
I t aSiy)i.ceOES( IsGRRndar d) , el ement al sul fur (99.
humi c aci d sodium salt;AlderehpgMchased frol
ltaUh)rapure pwattacedvaby a-Q Ms V6t pmr e Mi || i
(Mil ford, USA).

71 .13nstrumentati on

Water sol ubl e i, nmoFr§@md 4£)S @Gweiroen sd e(tClr mi ned
using a EiO0mMe xl A C(STher mo Fi sher, I'taly) sys
equi pped with -Asm Ilcod uPmamc (Adlkd Mo Fi sher, I 't a
guard col dbam aAnGl 486A CCD array detector.
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Met al el ements ( Na, K,deCtaer nMgnedSiby Sus i nagnd |

an | CP OES Optima 7000 DV (PerkinEIl mer, It al
El ement al sul fur wH® L-@Bed e mf hedt wi L B6 0
(Agilent, ltaly) system. This was equipped w
X 4.6 sgm, cdDISmn (Agilent, ltaly).

The Raman spectrometer used for the acqui si:
already dhaptéebelf.imMhe acquisition condition
5% power of theehasexposli ¢ wipmeai @g5 6% and n
of accumul ations equal t109 1L cTihhee s pectr al r
average spectrallresohutai dmtwas numbecmof poi

spectrum equal to 1015.

71 S0 f t war e

MATLAB R@®M&2 htWor k s, Magwas huseddat a ISHA
preparatiompracesdang pmper at i[oln3s2.] Regressi on
was used for the calculation of regression n
the experi ndeYrPtEARb olde s B g[al 2wals| husx d f or

exploratory analysis ohoude dhogodes swpwecer al [

created i n MATLABr eacs pmbemorwta l and
construction of the final i mages.
71 BBxperimental design

ADesign of Experi menwass (eDmwfEl) o ymredat hfoadrol b g ¥

screening of 13 diff ertehnet ifnafcltuoernsc.e lonf otrhdeesre
factah@WPRnin acidi,el ementahmenot §ur was extra
guantified and considered as the response. T
based on the fact that, wunder acidic condit:i
of pyrite, |l eading to t Wetalgiemmseulaftatoen of el
pat hway] slewpbsehted on the Jabfaceg. af the <c¢r
summari zes the evaluated factors and the expg
been delimited according to the major ion Ww;:
around {AB3Bwdr | d
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weathering of pyri
Tabl.é& EHxperimental domain of -Bhemacreesniegnfactors
Factor Level Unit
Fe 21050 mg L
Ca 16t0 19 mg L
Mg 9to 10 mg L
Sr 0.06100.08 mglL”
Si 151t0 22 mg L
cl lto2 mgl_'1
so” 141017  mgl’
F- 5t06 mg L
Size <2or>2 mm
Humic acid 0 to 100 mg L
Na Uncontrolled  mg L™
K Uncontrolled  mg L™
NO, Uncontrolled  mg Lt
Tab7l.e2 Experi ment al plan with K= 13 factor
centr al replicates). Green and cell me an
respectively. Al rrepextepgt fAotoBszar hi o
Sample | abels N1 to N16 will be used here
Na K NGy
o |
N2
N3
N4 &
N5 5
N6 o
N7 <
(T
N8 o
N9 4
N10 6'
N11 £
N12 g
N13 3]
N14 o}
N15
| N16
C1 26 50 175 95 0.07 185 15 155 55 <2m
c2| 2 50 175 95 007 185 15 155 55 <2m
Cc3| 2 50 175 95 007 185 15 155 55 <2mn|
Experidnemdaians of humic acids, ferric
were established from experience gathered
carried out On the other hand, sodi
considered as uncontrolled factors due
the reagents used.
A Pl aBcukrematn desi gn was selected, so each
|l evels. Therefore, 16 unigque experiments
point replicates (samples Cl1 to C3, same



7.1 Materials and met hods 84

conducted, making a total of 19 experi ment

foll owed is shown in Table 7. 2.

716Experi ment al procedure and setup

Before starti negacthhes aenxppeer iweesntschemi cally tr

obtain a surface similar to that of pristine
l1.Samples were washed in etdhiganol using an
mi nutes. This way added particles and/ or

To
was
cas

whi

rec
on
c he

c ha

The

surface are removed.

2. Then, samples were i mmersed in a 1.5 M F
to remove any oxi ddtlidsPuigd eytert hiS®me stu
procedure to adequately prepare sampl es
the resulting surface exhibits a similar
pyrite after this treatment.

3.Finally, samples are treated for 2 hour :
remove any previous el emental sul fur on
check the success of this chemical treatm

analyzed by -pocigoni rRamasomgescting)] eresul ti

es in the three avti lxraat i3c4Ba I, 3mMBd easn do f4 2@y rci
ch means that the treat ment el iminated al
addition, one of the samples was randomly

ognhi zabl e area, BhiRampmomagpuwaswasquepeat
the same sample wafatdexpempmebnti & n  of t he
c k whet her t he proposed experiment al s e
nges on the surface.

experimental setup was as foll ows:
1.Prtereated sampl es awearl ey twechagdh ebda | vaintche an

then grouped according to the Size facto

2.Several solutions equal to the number

prepared by adjusting the volume of the
added in order to obtain a final concent

experi mental plan (Table 7.2) for each s

3. Then 10 mL of each solution was transf el

gl ass vi al for the weathering experi mert



85 Chapterdr7zi,ivebmtsai mul ati on of oxi da
weat hering of pyrite

vol ume sACoi eod aatdthluesr, tih&l sol ution of ea
sample before and after the completion

(hereinafterjpandf erespedctto vas y) was anal yz

check for chemical changes during the o0x
4 . Finall ytreahteedprpeyri te crystals were i mm
solutions. Each vial was purged with a n
as much dissolved oxygen as possible. To
t wo syr ilnegtd setuatswaisn pl aced vtad facilitate
of the purge procedure. Vials were <cl o:
parafilm was added to the -exterior of th
contamination in case of an accident al
were placed in a recipiemt sfull of sili
reci pient was placed in a hotplate at ¢

AC) to mimic extr[eldeO]AMD conditions

I n this way, the system was |l eft evolving fo
the vials was periodicalllyncaddroiobed to pr
each vial wasTlsédakee omfanstltying bars was av
damaging or breaking the crystals into smal/l

72Resul t s

7211 on chromatography anal ysi s

For the determination ofgahdtseatmgpniessni ¢ concent
an 8 M/ Na mM NmiHCtOur e was used as eluent. Th
was O0. 5L mOhmicbhhoneatration of each anion wa
during calibration. Foll owing an isocratic g
analytes was achieved after 20 minutes. The
selected by the same operattoerr. arfFbrused as t
quantification, three replicates of each se
average value was ps,0ovaidddeidt.i olnnalt hdei |cuatsieo nosf ws
needed for t he puwanptl iefsi.c al'thieomr ecsful ttlse atre pr o
Table 7. 3.
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Tab7l1.e3 Results of the Il on chromatography analyses report
deviation of the mean. SamplwesatMlrtin gNlee& preerfienre nttos ,t h e
whereas Cl to C3 are the central point sampl es.
B - - 2
SAMPLE Fl a . No%l SO“_l
mg L mg L mg L mg L
t,-N1 6.4+06 20%01 291.4+9.8 17.2+0.9
t,-N2 53+0.2 1.0£0.0 287.4£8.9 15.1+8.2
t,-N3 4.6+1.0 2.0+0.1 319.4 +13.2 14.2+0.8
t,-N4 53+09 0.9+0.0 324.4£15.0 17.3£0.9
t,-N5 48+12 1.4+01 286.4 +13.4 14.0+0.9
t,- N6 48+0.8 0.8+0.1 326.4+12.8 14.2+0.9
t,-N7 6.4+0.3 1.9+0.1 267.2+9.4 14.5+0.7
t,-N8 4.810.9 1.9+0.1 322.1+14.6 17.3+11
t,- N9 6.2%86.5 1.9+0.1 302.1+11.4 18.2+1.0
t,- N10 5311 1.8+0.1 272.5+14.3 17.2+1.0
t,-N11 50%23 12104 107.1 + 106.6 18.5+6.7
t,-N12 5813 2.0+0.6 176.3 + 96.1 13.0 £5.0
t,- N13 5517 09+0.1 260.2 +9.2 17.3+0.9
t,-N14 5908 1.8+0.0 288.3+12.1 14.2+1.0
t,-N15 46+0.9 1.9+01 266.3+9.7 17.3+1.0
t,- N16 6.0%0.1 0.8+0.0 259.1+8.8 14.5+0.7
t,-Cl 5.6+19.2 1.7+05 280.1 £75.5 154+58
t,-C2 5.7+ 2.6 14+0.2 289.5 +74.7 15.1+4.6
t,-C3 46+7.9 14+03 295.4 52,6 16.0+4.4
t-N1 17.5+0.4 1.0+0.1 2143+7.1 1545.5 + 23.3
t-N2 n.d. 1.2+0.0 299.2 +11.0 55.5+2.3
t-N3 32+04 2.1%0.0 283.4+11.3 722.1+26.4
t-N4 1.2+0.0 1.1+0.0 226.1+57.5 537.1+143.4
t-N5 1.1+0.2 25+0.1 371.3+13.2 31.4+18
t-N6 3.4+07 1.4+0.0 333.3+12.1 278.2+13.7
t-N7 1.4+0.1 0.1+01 210.0 £8.9 215+7.4
t-N8 21%20 11+04 2415 +56.4 239 +89.1
t-N9 21+04 24100 298.4 £19.9 87.2+7.1
t-N10 1.3+02 2.3+0.0 287.1+10.3 282+18
t-N11 1.4+0.2 1.3+0.0 299.2 +10.6 238.2+9.9
t - N12 25.3+6.1 23+0.3 222.3+34.2 1196.1 + 188.6
t-N13 13.4+0.7 3.4+01 264.4+10.9 47.2+22
t-N14 34+03 2.4+0.0 290.3+9.2 363.2+15.4
t-N15 9.0+0.3 22+0.1 202.2+15.4 33.1+18
t-N16 8.1+39 1.4%00 256.3+10.9 90.4+ 6.0
t-C1 3.2+£26.2 24+0.1 292.2+29.3 83.0+115
t-C2 15+0.4 12+01 297.0 +38.2 76.4 +15.4
t-C3 18.1+1.4 1.0£0.1 298.1+49.7 98.1+24.2
7.2.2 | nductively -oppuphked eml asman
spectroscopy analysis
For t hedeanedramilnati on of each sampl e, cal i br a
by measuring the intensity of the emission w
maxi mum signal intensity and minimal interfe
Ca, Mg , Si, Sr, and Bed3weyre280892592,25666198(
407.771 and 238.2d&mMplnens wersep Adlit% wted . i n HNO
v/iv). Three replicates of each sample were a
was provided. Results are shown in Table 7.4
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Tab7.e4d Resul t OESGf anhéybBEPR

reported

as the mean value K
to N16 refer to the
t h S

e centr al point a

expeoctsed that al most all

deviation of the mean. Samples N1
experiments, whereas Cl1 to C3 are
concentF@&anodtFeafl t hough it is
presertduas tFoe t he very | ow pH of
SAMPLE Ferl Car1 Mgr1 Srr1 Si . Nar1 K .
mg L mg L mg L eglL mg L mg L mg L
to- N1 49.3+04 16.1+0.2 9.30+0.02 0.0600 +0.000: 14.9 + 0.0 n.d. 7.20 +£0.07
to- N2 49.0+0.2 152+0.2 9.10+0.02 0.0800+0.000! 18.9+0.0 4.0+0.1 7.00+0.04
to-N3 485+0.2 19.0+0.1 9.40+0.01 0.0600 +0.000: 16.9 £0.1 n.d. 7.00 +0.01
to- N4 48.6+0.1 19.1+0.0 10.00+0.02 0.0600 + 0.000: 17.8 +0.2 n.d. 6.90 + 0.0]
t- N5 24+00 19.2+0.1 10.10+0.01 0.0800+0.000: 24.0+0.2 1.4+0.0 7.40+0.07
t,- N6 49.7+04 18.4+0.1 10.10+0.02 0.0600 +0.000! 17.2 0.1 n.d. 6.40 + 0.0]
to- N7 21+00 16.8+0.0 10.10+0.01 0.0800 *0.000: 25.0 +0.2 n.d. 7.60 + 0.04
t,-N8 49.1+0.1 185+0.0 9.20+x0.01 0.0600 +0.000- 16.8 £ 0.1 n.d. 7.50 + 0.07
t,- N9 489+0.1 16.3+0.0 9.90+0.02 0.0600+0.0002 16.9+0.0 1.9+0.0 7.30 0.0
t,- N10 20+01 183+0.1 9.10+x0.02 0.0800 *0.000: 22.5+0.1 n.d. 7.30 £ 0.0]
t,-N11 1.8+0.0 18.2+0.0 9.90+0.03 0.0500+0.000: 22.1 +0.1 n.d. 6.70 £ 0.0]
t%-N12 | 50.7+0.1 151+0.1 9.80%0.02 0.0600 +0.000! 12.6 +0.1 n.d. 6.40 + 0.0(
t%-N13 | 21+00 16.1+0.1 9.10+0.01 0.0800 +0.000: 25.0 + 0.2 n.d. 7.00 £ 0.07
t%-N14 | 1.9+01 17.1+0.1 9.00+0.02 0.0500 +0.000: 21.4 +0.1 n.d. 6.40 + 0.0(
t%-N15 | 20+0.1 15.8+0.2 9.90+0.02 0.0500 +0.000: 20.0 + 0.1 n.d. 6.40 £ 0.0]
t-N16 | 22+01 156+0.0 9.10+0.01 0.0500 +0.000: 20.2 + 0.1 n.d. 6.40 + 0.0(
t-C1 259+05 189+0.2 9.7+0.0 0.0800+0.001( 21.7 1.1 n.d. 7.1+£0.0
t-C2 257+1.7 16.8+0.2 95+0.2 0.0600 + 0.002( 18.8 +0.4 n.d. 6.9+0.0
t,-C3 26.5+09 165+0.3 9.5+0.1 0.0600 + 0.002( 19.8 + 0.4 n.d. 6.8+0.1
t-N1 |[480.0+0.7 18.0+0.0 8.60+0.04 0.0800+0.000: 26.4+0.1 1.3+0.0 7.00 % 0.07
t-N2 60.0+0.1 186+00 8.60+0.00 0.0800+0.000: 46.1+0.3 9.4+0.1 8.30+0.0f
t-N3 |257.2+0.7 20.6+0.1 8.60+0.03 0.0800 +0.000! 35.6 +0.2 7.7+0.1 7.80+0.0(
t-N4 |278.3+0.f 21.8+0.1 10.60 +0.01 0.0800 + 0.000! 34.8+0.3 7.5+0.1 8.20+0.01|
t- N5 87+0.1 276+0.1 12.00+0.06 0.1200+0.000: 77.4+0.5 15.3+0.2 9.40 + 0.0
t-N6 [1352+0.2 19.8+0.0 10.40+0.03 0.0800 +0.000: 29.7 +0.1 0.9+0.0 5.70 +0.0]
t- N7 6.5+01 19.3+0.1 10.70+0.05 0.1000 +0.000: 66.9+0.3 12.1+0.3 9.30 + 0.0]
t-N8 [149.2+0.4 19.5+0.1 9.40+0.03 1.0800+0.000: 32.7+0.2 2.3+0.0 7.00 +0.0]
t- N9 74.0+0.2 17.7+0.1 10.40+0.04 0.0800 +0.0001 45.2+0.3 85+0.1 7.50+0.0]
t-N10 6.2+0.1 21.8+0.1 9.70+0.02 1.1000 +0.0001 64.8+0.3 13.2+0.1 8.30 £ 0.03
t-N11 | 67.6+0.2 20.3+0.3 11.40+0.02 0.0600 + 0.000: 50.8 +0.0 2.8+0.1 7.10 + 0.0]
t-N12 [4557+0.7 129+0.4 9.60+0.05 0.0800 +0.000 43.9 + 0.5 n.d. 6.50 £ 0.0
t-N13 92+00 194+01 9.60+0.02 0.1000+0.000: 70.2+0.2 10.7 +0.1 8.50 + 0.0]
t-N14 11025+0.2 20.0+0.1 9.40+0.01 0.0600 +0.000( 66.9+0.5 2.7+0.1 6.80 + 0.0
t- N15 6.4+00 195+0.1 10.70+0.02 0.0800 +0.000: 68.0+0.1 3.5+0.1 7.10 +0.0]
t-N16 |22.8+0.3 185+0.4 9.60+0.02 0.0800 +0.000: 51.6 + 0.1 n.d. 7.60 + 0.04
t-Cl |72.0+36.7 19.3+0.2 5.0+£0.1 0.1170+£0.003( 49.4 0.5 155+0.7 2.2+0.0
t-C2 446+13 198+0.2 11.1+0.2 0.0800+0.0020 44.0+0.7 6.6+0.1 7.3%0.1
t-C3 48.0+1.9 18.8+0.7 10.0+0.0 0.0800+0.002( 44.6+04 41+04 7.5+0.0

723 Raman
For the

grid of
spectra wer

di mensi omxs 14001 5x
and Y coordi
number of p
Then, al | i
Thi s operation
el ement al S
surface was
same ti me f

hyperspectral

the solutions.

Il mages

acquisitiont sdpaitinades ecsfol @aclnsamplt
a nan yisni shaom dsiYXlebcRoironesach | mage,

e or gédinmemrsli oinmtlo daat & hrmad r i x wi

i xel

ma g e

nates (0]

Hk i
s of
s we
was

ng the first two the spa
f each pixTeHheg and the thi
the resulting i mages was
re assembled in an order|l

possi bl e

because i mages

ul fur produced due to weathering,
covesgeidb!| dlowevemnal yreialp the im
or the assessment of the spatial
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mask was used to distinguish between differ
i mage.

Very | otwnsiigemalati o pixels were identified a
oHotel Pamgo®@ TeLiodmalcs spi kes and saturated s

correct ehdoubsye acnodienn. Thereborepi xblesnwaber of

2822 out of 25600. Baseline correction was
signal to an asymmetric trunwiattheda quadrati c
threshold of 0. 1. These parameters were sel.

fake RamamvsiGgitkalys s wast ailmg performed with
pol ynomi al degronéeatofwi dawd Additive scatter.i
were correctendd abryd anpoprimyailn gv asrtiaat e ( SNV) norm
Cosmic spi ke correction and t he subsequen:
hyperspectral i mages were based on the metho
6 of this dissertation.

724 EIl ement al sul fur quantification
For the extraction of the el ement al sul fur
weat hering, each crystalabsepapbpayedi 6samsthe

were used to cardhehlyedch thgssamplwas. accu

wei ghed and stored in clean vials (all t he
were acquired at this point). The extraction
1. Each crystal was i mmersed in carbon disul
2. Then, t he dirys aamndds dt,vheer ecar bon di sul fi de
evaporated using a nitrogen steam. All th
out with extreme caution under the |l abor
the use of |ight bulbs because of the hig
of carbon tairs welvfaipdoer.at Afon, the remaining
presumably sulfur, crystallized on the wa
3. Afterwards, perchloroethylene (2.5 mL) we

|l eft overnight under magnetic stirring.

4 . To obtain experiment al replicates from ea
aliquots (0.5 mL) wer eh@h bcdadcdhein clean
perchloroethyl ene was evaporated with a n
5.Finally, 0.5 mL of methanol was added to

anal ysi s.
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weat heri

S i

ati
ng

mu |

on
of

of
pyrite

oXi

da:

Stock solutions of el emelwteale gulefpar efdr om 0. O
for calibration. The HPLC elution method was:s
mi nutes withOa (Y9/v9) Meo®H/I ‘FHaoswe and 1 mL m
The sul fur peak was detected by selecting t
DAD at 3.44 minel utietdh pneoa kost,h ears csohnown i n Fi g
Finally, t he area of t he peaks was cal cul
quanti fication blaisreed on the calibration
00 Standards 254 nm 00 Samples 254 nm
——0.02mg.L""! —N1
350 ——0.05mg.L"! 350 :zg
300 0-1mg.L” 300 —N4
_1mg.L'1 ———N5
250 ——5mg.L" 250 N6
) 10 mg.L"! ) z;
£ 200 ——20mgL" < 200 N9
50 mg.L”" N10
10 ——100 mg.L"" 150 zrz
(a) 03 3.1 3.2 337 3.4 35 3.6 37 3.8 39 4 (b) 03 3.1 3.2 33 34 35 36 3.7 38 39 4
RT(min) RT(min)
Figuar®verl apped chromatograms of sul fur ste
operating at 254 nm.
Thteot al asmd frutr efxtract e/d, S5iasl areg owitteld tilme Tab |l
mass | oss for each c¢cry.stal at the end of the
Tab7l.&|l iseported as mean value N stansdard deviation of
repoad etdhe hief Wwememntte
Sample ggS  qw(mg)
N1 305441 13.7
N2 7.7+0.1 0.5
N3 1146 £ 0.7 8.4
N4 1248+ 1.0 10.9
N5 6.6 0.1 0.3
N6 52.1+£05 2.6
N7 6.6 0.1 0.7
N8 56.0+£0.3 2.1
N9 82+0.1 1
N10 47+0.1 0.3
N11 17.3+0.1 2.2
N12 278.4+1.3 136
N13 59+0.1 0.8
N14 68.4£0.6 3.3
N15 47+0.1 0.2
N16 10.9+0.1 0.5
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73Di scussi on

731 Screening of the factors

Li
w h
ca
vV a
Th
t h

n

> O

n

u
a
co
(0]

—

near regression was calculated by means of
i ch finds t he directions, al so k nown as

pture variance and maxi mize the covarianc
riable matri x. blihreastei dWs afr et hé nerairgicman v e
e model all owed us to estimate the signifi
e value of its coefwhiicihemptroviimdetsheée nPIlo$ mmaod d
the relationship of thesdaTfheect ors and t he

gher the coefficient of each factor (i n &

flakentkhese factors.
rthermore, two dummy factors were initial!l
ctors are assgaoi diednwi ehf eaomns. Thus, t he

mpari son of each coefficient with those of
estimate the diagnioffis¢c ajnetskll foufggtest ed i n

mportant to notvaltulkast ,0ofa warahhldeaaTt.,03rt h e

and TabadreenbkBy4)yhtly differertyt feom those pr
experi mentTalbl mat7r.i2Y , which is reasonabl e an:i
solutions were manually prepared. However, t
the Si factor. It appears that i mportant err
the preparation of tshe |do0ltuihteiscen svadru eme asrver evi
di fferent from that proposed by the experi me
the models will be very poor due to the | ack
Bur masidn. To overcome this situation, the S
substituted by a third dummy factor. I n this
orthogonality as possible.

Therefore, the data were og¢gvgaanuiezsedofi nto a ne
16 uni que (eTxapdrei nve.ndt sand Table TI. 4, sampl es
centraTalplod nt. § @smadapTeals|l e€17.tdH, C3) and 15 f a
(after including dummy factors). Then, each
coded by nhbemabhimesgas foll ow:
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w | Elo
i A@ | Elo

@ q p

whewes the vtahusampt &hieachioe §jhanantire

col umn -tolf ftaheet gr . The normalization of this
bet wdeampd events different scales from havin

on the response.

The remaining degrees of freedom (DoF) for
confidence intervals of tbhiteerange fweircei ent s (it
calcul ated as:

0¢ OO 0 U ¢
where N is the number of uni que experiments

repeated experiments (1 at the central poin
number of factors (15).

Confidence iInd ®efvfaill si dmotrs tlmeer e cal cul ated as
I 0g p8B Q.

wheogeri s the-vadiutei aal 9t55% ifsort h2e DsotFandar d

deviation of the respomnsptojenfidi se 3 replicate

th€hj diagonal el ement of the dispersion matr
a® w8& , being X the coded dataset.

To calcul ate the model , tehxep reemsosterdt i anf extra
| ogarithmic scale. The number of selected | a
autoscaling was perfor med on t he dat a. The
coefficients and their confidence | imits are
representcaoteifofn cafentthse i s al so provided in Fic¢
As can be observed, Fe, humi c acids and Si ze¢e€
significant because they | argely exceed the
Mor eover, they are the | argest coefficients.
and the si zse hoafv et hae pcorsyisttiavle i nfl uence in tF
el ement al sul fur, whereas the presence of |
influence, i.e., if the concentration of hum

of el emental sulfur produced wil/ be | ower .































































































































































