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Resumen

Resumen

Los biomarcadores organicos se definen como moléculas especificas capaces de
proporcionar informacién valiosa acerca de su fuente, asi como de los materiales en los
cuales han sido encontrados. La principal caracteristica que diferencia a los biomarcadores
del resto de compuestos organicos consiste en su elevada estabilidad a lo largo del tiempo
(siglos) a pesar de ser expuestos a diversos procedimientos de degradacion y

envejecimiento tales como la sedimentacién o el enterramiento.

De acuerdo con esta definiciéon, los biomarcadores pueden emplearse en multiples
campos de aplicacion, siempre y cuando se proporcione una definicion adecuada segun cual
sea el fin especifico de su uso. Desde comienzos de los afios 80, los biomarcadores,
conocidos también en aquella época como fésiles quimicos, comenzaron a emplearse en el
campo de la geoquimica para obtener informacion acerca de la edad y las condiciones de
sedimentacion de las rocas madre y para conocer el origen de la materia organica presente
en ellas. En este sentido, una gran cantidad de biomarcadores han sido empleados para
proporcionar informacién sobre el origen, la edad e incluso la madurez de la roca madre,

como es el caso de alcanos, esteranos, terpanos, biomarcadores aromaticos y porfirinas.

Por otro lado, el desarrollo de la instrumentacién y de los métodos analiticos han
favorecido el uso de los biomarcadores como herramientas esenciales para la deteccion de
fuentes de contaminacion que afectan los diversos compartimentos del medio ambiente.
Asi, compuestos tales como los hidrocarburos policiclicos aromaticos (PAHs), compuestos
perfluorados (PFCs), bifenilos policlorados (PCBs) o pesticidas organoclorados (OCPs), han
sido empleados como biomarcadores para establecer el origen de su presencia en matrices
acuosas (mares, lagos, rios, etc.), en suelos y sedimentos y en la atmdsfera. Ademas de los
compartimentos mencionados y la salud humana, los contaminantes organicos también

afectan en cierto modo al patrimonio cultural, siendo capaces de deteriorar la superficie de
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los monumentos y los edificios histéricos, impidiendo asi la conservacién de los mismos.
Como consecuencia, surge la necesidad de estudiar el grado de incidencia de los
compuestos organicos en el patrimonio construido. Asi, estudios previos han detectado los
PAHs y los compuestos organicos solubles en agua (WSOCs) en las superficies dafiadas de
monumentos y edificios histdricos y han atribuido su presencia a diversas fuentes tales
como las primarias (procesos de combustion y emision directa) o secundarias (formadas a

partir de precursores organicos gaseosos).

Recientemente, la ciencia multidisciplinar surgida a partir de la colaboracién de
arquedlogos, quimicos analiticos e historiadores se ha centrado en el analisis de los residuos
organicos preservados en materiales arqueoldgicos tales como las ceramicas, residuos de
plantas, resinas o restos humanos. La aplicacidon de los biomarcadores en este campo ha
ayudado a revelar no sélo el uso de estos materiales en la antigliedad, sino también
informacion sobre la historia y la cultura que los rodea. Los biomarcadores empleados en
estudios arqueoldgicos pueden clasificarse segin su naturaleza quimica, encontrando asi
los terpenoides (indicadores de resinas), esteroles tales como el colesterol (biomarcador de
grasa animal), 4cidos grasos vy triacilgliceroles y otros biomarcadores especificos que no
pertenecen a ninguna de las anteriores familias, como puede ser el acido tartarico,

biomarcador del vino.

Teniendo en cuenta todo esto, el desarrollo de métodos analiticos adecuados para la
determinacién de los biomarcadores es clave, ya que frecuentemente estos se encuentran
a niveles de traza. Por ello, son necesarios métodos rapidos, sensibles, exactos y precisos
para la determinacién de biomarcadores conocidos y desconocidos. A pesar de la existencia
de numerosos métodos establecidos en bibliografia, teniendo en cuenta la informacién que
esconden las muestras de caracter medio ambiental, cultural e histérico en los campos de
aplicacién mencionados, es necesaria una mayor investigacion para desarrollar nuevos

métodos. Consecuentemente, los principales objetivos de esta tesis doctoral fueron:
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e El desarrollo y validacion de una serie de métodos analiticos sensibles,
cuantitativos y respetuosos con el medio ambiente para determinar
biomarcadores organicos de distinta naturaleza en muestras geoldgicas, medio
ambientales y arqueoldgicas.

e La aplicacion de los métodos desarrollados para la determinacion de
biomarcadores especificos y la obtencion de informacidon sobre muestras de
cardcter geoldgico, medio ambiental y arqueoldgico. En este sentido, se analizaron
muestras de beachrock (arenas cementadas), morteros de un edificio histérico,

aerosol marino y ceramicas arqueoldgicas.

El primer objetivo se llevé a cabo con el desarrollo de cuatro métodos analiticos para
la determinacidn de biomarcadores en diversas matrices. Todos los métodos se basaron en
el uso de cromatografia de gases acoplada a espectrometria de masas (GC-MS) para la
deteccién de biomarcadores conocidos y desconocidos. Tras la derivatizacién mediante
sililacion con BSTFA, se obtuvo una sensibilidad adecuada para determinar acidos
dicarboxilicos en muestras de mortero y en ceramicas arqueoldgicas, asi como acidos grasos
y compuestos derivados en ceramicas arqueoldgicas. Ademas, el uso de la inyeccién de
grandes volumenes (LVI-PTV) acoplada a GC-MS permitié cuantificar PAHs en muestras de
beachrock. Para extraer los biomarcadores de las matrices sdélidas, se hizo uso de
ultrasonidos focalizado (FUSLE) en todos los métodos, lo cual permitié la extraccidén
cuantitativa de compuestos especificos haciendo uso de diversos disolventes o mezclas de
los mismos. En cuanto a la preconcentracién de los biomarcadores, se emplearon técnicas
tales como la extraccion liquido-liquido (LLE) con hexano para los acidos grasos y derivados.
Sin embargo, esta técnica no fue adecuada para la preconcentracion de los acidos
dicarboxilicos (WSOCs y biomarcadores del vino), para los cuales se empled la extraccion en
fase sélida haciendo uso de cartuchos de modo mixto. Los cartuchos de modo mixto con
intercambio anidnico fuerte permitieron la preconcentracion de compuestos acidos en un

rango amplio de polaridades (desde el acido oxalico C2 hasta el sebacico C10) a través de
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un mecanismo dual (fase reversa e intercambio idnico), consiguiendo extracciones

cuantitativas, especialmente para los acidos dicarboxilicos de cadena corta.

Tras determinar las condiciones de trabajo optimas para la determinacién de
biomarcadores especificos, los cuatro métodos fueron validados en términos de exactitud,
precision y limites de deteccién. Como consecuencia, fuimos capaces de proponer nuevos
métodos sensibles, exactos y precisos, como alternativa a aquellos establecidos en
bibliografia, para determinar biomarcadores organicos especificos a niveles de traza en
muestras geoldgicas, medio ambientales y arqueoldgicas. Una vez adquirido el
conocimiento de las propiedades de los biomarcadores a estudiar y una vez desarrolladas
las metodologias analiticas necesarias se llevd a cabo el segundo objetivo de la tesis: la
identificacion de los biomarcadores conocidos y desconocidos en muestras reales para

relacionarlos con la “historia” que estas esconden.

Se determinaron los 16 PAHs considerados como prioritarios por la US EPA en
muestras de beachrock recogidas en la costa de Bizkaia. La presencia de este fenédmeno en
esta localidad es algo extrafia ya que el beachrock se forma normalmente en climas mas
calidos. Por consiguiente, la identificacion de biomarcadores orgéanicos fue crucial para
obtener un mayor conocimiento sobre las condiciones biofisico-quimicas de formacién del
beachrock en este lugar. La identificacion del gammacerano, 17a(H),21B(H),28,30-
bisnorhopano,  17a(H),21B(H)-norhopano,  22S-17a(H),21B(H)-homohopano,  22R-
17a(H),21B(H)-homohopano, 22S-17a(H),21B(H)-bishomohopano y 22R-17a(H),21B(H)-
bishomohopano revelaron que la actividad microbiana junto con ambientes sedimentarios
subdxicos y un aporte de contaminantes organicos elevado, son los responsables de la
formacién acelerada de este fendmeno en latitudes templadas inusuales. Estos resultados
permitieron establecer nuevas lineas de investigacion basadas en la caracterizacion de la
fraccidn orgdnica en muestras de beachrock de diversos origenes con el fin de obtener una

vision mas amplia acerca de la formacién de este fenédmeno.
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El desarrollo de la metodologia basada en la extraccidon en fase sélida empleando
cartuchos de modo mixto acoplada al analisis mediante GC-MS permitié determinar si los
compuestos dicarboxilicos de cadena corta (WSOCs) presentes el aerosol marino afectan
realmente a los morteros de un edificio histdrico del siglo XX (Galerias de Punta Begofia,
Getxo) situado en un entorno costero. Tras realizar los andlisis pertinentes, se concluyé que
las actividades llevadas a cabo en el puerto industrial adyacente podrian ser responsables
de las concentraciones de acidos decarboxilicos determinadas tanto en muestras de aerosol
marino como en muestras de mortero. De hecho, los andlisis revelaron una mayor
concentracion de estos compuestos en la zona de las galerias orientada hacia el puerto
industrial, mientras que se detectaron concentraciones mas bajas (valores por debajo del
limite de deteccién) en el punto de muestreo menos expuesto. Estos compuestos, una vez
depositados, reaccionan con los materiales carbonaceos de los edificios. En el caso concreto
del acido oxdlico, se da una reaccion con el carbonato de calcio para formar el oxalato de
calcio, altamente insoluble, dafiando asi la estructura del material. La deteccién de acido
oxalico en su forma libre revela un aporte diario de estos compuestos organicos solubles en
agua. Toda esta informacién muestra la necesidad de una monitorizacion a largo plazo de
estos compuestos, tanto en aerosol marino como en mortero, para estudiar el impacto que
producen en las galerias de Punta Begofia. Ademas, el método desarrollado puede
extrapolarse a otros casos de interés en los que el patrimonio construido se ve afectado por

la contaminacion atmosférica.

Tras superar el reto analitico basado en la determinacion de compuestos organicos
pequefios en presencia de sales interferentes, se llevd a cabo el anadlisis de muestras
arqueoldgicas relacionadas con la produccién de vino. Se analizaron muestras de
fragmentos ceramicos pertenecientes a los siglos II-l AC y muestras de residuos organicos
recuperados de las paredes de anforas de origen Romano. A pesar de la antigliedad de las
muestras arqueoldgicas, los acidos tartarico, malico, succinico, fumarico, citrico y siringico

fueron detectados en todas las muestras analizadas, confirmando asi su uso para almacenar
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vino. Ademads, también se identificaron los acidos dehidroabiético y 7-oxo-dehidroabiético
en las muestras de residuo orgdnico, los cuales evidencian la presencia de resina de pino,
empleada antiguamente para impermeabilizar la superficie interior de las anforas y como
antioxidante para preservar el vino. Curiosamente, en una de las ceramicas arqueoldgicas
también se detectaron biomarcadores de aceite vegetal (acido oleico y linoleico). Por lo
tanto, estas evidencias quimicas sugirieron un posible uso multiple del dnfora analizada. Si
bien es cierto que las conclusiones arqueoldgicas deben ser interpretadas por especialistas,
la deteccion de todos los compuestos de interés, junto con otros no esperados, mediante

el método desarrollado fue satisfactoria.

El andlisis de ceramicas arqueoldgicas sin residuos visibles suele ser el caso mas comun
que se presenta. Teniendo en cuenta que la mayoria de anforas son lavadas o aclaradas
antes de llegar al laboratorio, el reto analitico que supone su analisis es ain mayor. De
hecho, nos enfrentamos a estos dos problemas al analizar fragmentos de ceramicas
arqueoldgicas del siglo XVI-XVII relacionadas con el almacenamiento de grasa de ballena.
Durante ese periodo la pesca de la ballena en las costas de Canada (Terranova y Labrador)
fue una de las actividades mas importantes para la economia del Pais Vasco. Los balleneros
vascos capturaban las ballenas, extraian el aceite de la grasa y lo transportaban de vuelta a
la costa vasca, donde era almacenado en grandes contenedores ceramicos. Para encontrar
evidencias de grasa de ballena se desarrollé6 un método basado en FUSLE, LLE y anlisis
mediante GC-MS. Se determinaron una serie de compuestos biomarcadores de productos
marinos tales como el Ci4:0, Ci6:0, C20:1, C22:1, C18:1 € incluso Cao:5 y C22:6 a nivel de trazas. Como
compuestos de degradacion, Unicamente se detectaron el acido sebacico (acido o,w-
dicarboxilico) y el acido 11,12-dihidroxieicosanoico, procedentes del Cyo.1. Por tanto, se
encontraron evidencias para sugerir que los fragmentos bajo estudio pertenecen a

contenedores ceramicos destinados a almacenar grasa de ballena.
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La metodologia desarrollada dio como resultado un procedimiento rapido y aplicable
a cualquier ceramica arqueoldgica para obtener una primera idea sobre la composicion
lipidica del material. Sin embargo, el uso de técnicas complementarias fueron necesarias
para determinar biomarcadores desconocidos especificos de grasa de ballena. Con la
colaboracion del departamento de Quimica Analitica de la Universidad de Pisa, tuvimos la
oportunidad de complementar los analisis mediante la aplicacion de las técnicas
cromatografia liquida de alta resolucion acoplada a espectrometria de masas de tiempo de
vuelo con cuadrupolo e ionizacion electrospray (HPLC-ESI-QToF) y GC-MS. Ademads, se
emplearon muestras frescas de grasa de ballena de diversas especies, proporcionadas por
el Museo de Historia Nacional de Suecia (Estocolmo), como materiales de referencia. Se
determind la distribucidn de los triacilgliceroles (TAGs) mediante HPLC-ESI-QToF y se
encontraron diferentes perfiles dependiendo de la especie. Para aquellas especies
pertenecientes al mismo género (Balaenoptera), se obtuvieron perfiles muy similares en las
muestras de referencia, mientras que el resto de especies de distinto género presentaron
perfiles significativamente diferentes. Ademas, se establecieron una serie de ratios para
cada género bajo estudio. De este modo, al analizar las muestras ceramicas siguiendo el
mismo procedimiento, se determind no sélo la presencia de grasa de ballena, sino también
el posible género de la especie de la cual se extrajo el aceite: Balaenoptera. A paritr de los
analisis llevados a cabo mediante GC-MS en las muestras arqueoldgicas y los materiales de
referencia, se establecieron perfiles de acidos grasos similares, permitiendo la deteccién de
compuestos de degradacion tales como los acidos a,w-dicarboxilicos, dihidroxiacidos y
compuestos isoprenoides (acido fitanico, pristanico y 4,8,12-trimetiltridecanoico)
altamente relacionados con productos marinos y no detectados con la metodologia anterior

(FUSLE-LLE-GC-MS).

Los resultados obtenidos fueron muy satisfactorios y de ellos surgid la necesidad de
ampliar los andlisis a un mayor nimero de muestras arqueoldgicas y materiales de

referencia. De acuerdo con los datos histéricos y arqueoldgicos, la ballena franca glacial
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(género Eubalaena), conocida también como ballena de los vascos, y la ballena de
Groenlandia (género Balaena) fueron las principales especies capturadas por los balleneros
vascos en Labrador y Terranova durante ese periodo (s. XVI-XVIl), por lo que deberian

estudiarse especies pertenecientes a estos dos géneros en futuros experimentos.

Teniendo en cuenta todos estos resultados, se puede concluir que la presente tesis
doctoral cumple los objetivos establecidos. Todos los métodos analiticos fueron
satisfactoriamente desarrollados y aplicados a muestras reales obteniendo resultados

interesantes y valiosos.
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Introduction

"Knowing where you came from is no less important than knowing where you are
going."

Neil deGrasse Tyson






Introduction

Organic compounds are literally defined as any of a large class of chemical compounds
in which one or more atoms of carbon are covalently linked to atoms of other elements,
most commonly hydrogen, oxygen, or nitrogen, with the exception of carbides, carbonates,
and cyanides, which are not classified as organics [1]. Nevertheless, this definition does not

take into account what organic compounds have meant and still mean nowadays.

Life happened. But, what role did organic compounds play during life creation? Exactly
how did an inorganic world become organic? Not easily, we should go back 3.5 billion years
to try to understand it. Inorganic compounds transmuted to organic ones meaning that
somehow non-carbon based substances bonded with carbon to form new compounds. Life
on Earth is carbon based; hence, inorganic substances that were abundant on primordial
Earth must have turned into organic materials and somehow, after those new organic

compounds joined, the very first cell emerged [2].

Many theories about how organic compounds appeared are still under debate. The
“organic soup” theory of Oparin and Haldane about how life began, which sounds like a
recipe, is based on the premise that the early Earth had a reducing atmosphere, which
exposed to energy in various forms produced simple organic compounds (“monomers”).
These compounds were accumulated in a “soup”, and by further transformations, more
complex organic molecules, and ultimately life, were developed [3]. Modern variants arose
after Oparin and Haldane’s theory and experimentation showed how inorganic processes
under primitive Earth conditions could form organic molecules such as amino acids [4]. On
the other hand, previous extraterrestrial origin of organic molecules has also been accepted
as hypothesis. The theory of panspermia proposes that meteorites or cosmic dust from
comets may have brought significant amounts of complex organic molecules to Earth,
kicking off this way the evolution of life [5]. These two hypotheses are the only testable

hypotheses of organic compounds’ and life’s origin that are currently available [6].
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All the mentioned theories assume that the organic compounds were the building
blocks of life. However, where they came from and how they made it is a matter of
considerable disagreement. Maybe the building blocks came first. Or maybe it all formed at
once. Or maybe the first cell was developed by a completely alien process no one theorized
before. We will probably never know. What we know now is that organic compounds are

much more than carbon based molecules and we owe them life.

1.1.Chemical fossils, biological markers or biomakers

From mainly biological origins, organic compounds can be incorporated into
sedimentary rocks and preserved during geological periods. Then they are returned to the
Earth’s surface, by natural processes or human action, to participate again in biosynthetic
reactions. This is the so-called carbon cycle [7]. Thus, apart from being the base of life during
the early Earth, organic compounds also act as molecular fossils, that is, they were
originated from biochemicals in formerly living organisms and preserved for geological
periods [8]. The term “chemical fossil” was first applied by Eglinton et al. [9], but soon
evolved to “biological marker” [10] and was finally contracted to the widely used term
“biomarker”. The main characteristic of these compounds is that they show little or no

change in chemical structure from their parent organic molecules in living organisms.

The usefulness of biomarkers relies on the information that their complex structures
give when compared to other simpler molecules. As an example, methane (CHa), one of the
simplest organic compound on Earth, could not be considered as a biomarker since it can
be generated when heating almost any organic compound and, consequently, it provides
non-specific information. On the contrary, in sedimentary environments, lipids are
chemically reduced to hydrocarbon skeletons when they escape the remineralization
processes given during metabolic pathways of organisms. These hydrocarbon skeletons act
as biomarkers since they can remain intact over hundreds of millions of years in

sedimentary rocks, giving valuable information about their precursor structures [8].
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According to Petters et al. [8], three are the characteristics that distinguish biomarkers

from the rest of the organic compounds:

i) The structures of biomarkers are composed of repeating subunits, indicating that
their precursors were components in living organisms.

ii) Each parent biomarker is common in certain organisms. These organisms can be
abundant and widespread.

iii) They are chemically stable during sedimentation and early burial, being this
structural characteristic the most important one for biomarkers. Biomarkers exist
since their structures remain intact during sedimentation and diagenesis
processes, being diagenesis the chemical, biological and physical changes that

organic matter undergoes.

1.1.1. Other definitions for biomarkers

Before moving on to the classification of biomarkers, it should be highlighted that the
information mentioned beforehand refers to biomarkers in the field of geochemistry.
However, the term biomarker is also used in other scientific fields such as toxicology and
medical sciences. According to Decaprio et al. [11], biological markers or biomarkers reflect
molecular and cellular alterations that occur along the temporal and mechanistic pathways
connecting exposure to toxic chemicals or physical agents and the presence or risk of clinical
disease. Within this context, during the last decades significant efforts have been made to
search for potential biomarkers to be used in the emerging discipline of molecular
epidemiology [12]. Nevertheless, other authors suggest many other definitions of
biomarkers depending on the research field. In this sense, the growth in popularity of the
term “biomarker” is reflected in the large number of definitions that appear in the literature

[13]. Some of them are summarized in Table 1.1.
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Benford et al. [13] highlighted the great difficulties associated with the imprecise use
of this word after showing 16 different definitions of the term “biomarker” in the field of
toxicology. Hence, despite being recognized that it was originated in the field of

geochemistry [8], the term biomarker should be defined before its use within a specific

context.

Table 1.1: Definitions of “biomarker” depending on the field of use.

Science Biomarker definition Ref.
Intact and predominantly functionalized biomolecules
found in recent sediments, including ancient DNA, that,
Environmental science together with other environmental markers in [8,14,15]
groundwater, rivers, lakes, oceans, and the atmosphere,
can be used to identify specific source materials.
Compounds and genetic markers that are used to diagnose

Medicine/Pharmacology cancerous tumors, the effects of aging and nutritional [8,11,13]
intake.
Components in biological fluids, cells, tissues, or whole
Toxicology organisms that indicate the presence, magnitude, and [8,11,13,16]
exposure of an organism to a toxin.
Cell biology A molecule that facilitat.e.s the detection and isolation of (13,15]
specific cell types.
. A DNA fragment that causes disease or contains
Genetics ) X - . [15]
information about susceptibility to a disease.
Mineralogical, elemental, isotopic, and morphological
Paleobiology indicators for the presence and activity of life in the [8,14,15]

geological record.
Anything that could yield experimental evidence for the
Astrobiology existence, past or present, of life in our solar system and [15]
beyond.

1.1.2. Classification of biomarkers according to their application field

Biomarkers can also be classified according to their use. As they reveal information
about their origin, biomarkers are widely used to infer information about many topics in the

fields related to organic geochemistry, environmental pollution and archaeology.
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The scheme shown in Figure 1.1. summarizes the classification of biomarkers according to
the field of application. Organic geochemistry is a discipline that studies all organic
compounds in the geosphere and covers a wide range of scopes [17]. Geochemical
biomarkers are thoroughly used to understand the origin of petroleum, to analyze the
organic matter preserved in rocks and reveal information about the source rocks, or to study
biodegradation processes [8,14]. Some other organic biomarkers can also act as key
molecules to identify, asses and monitor environmental pollution issues. Therefore, they
can be used as indicators to prevent or minimize environmental pollution impact on the
environment, human health or even cultural heritage. Last but not least, the
characterization of organic biomarkers in archaeological samples can led to the clarification

of several aspects of daily past life related to traditions, trade, rituals, etc. [18].

Source and age related biomarkers

== Geochemical field

Maturity related biomarkers
—‘ Health related biomarkers
. Environmental Atmospheric, aqueous or sedimentary molecular
Biomarkers — L
\ pollution field markers
—‘ Environmental markers in built heritage
| Sterols ‘ | Terpenoids
T Archaeological field Y {

Fatty acids and acyl lipids Other biomarkers

|

Figure 1.1: The main classification of biomarkers according to the application field.
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1.2.Biomarkers in geochemical studies

Biomarkers in geological samples are organic compounds that can be structurally
related to its precursor molecule, which occurs as a natural product in plant, animal,
bacteria, spore, fungi or any other potential source material. Their distributions give
information on the source, maturity and biodegradation of organic matter or oils [19]. It is
worth noting that during the 1970s the works related to biomarker analysis were focused
on the study of recent sediments [20], and thanks to the obtained results and information,

their application was expanded to petroleum studies.

Biomarker analysis is required in order to obtain information on the organic matter
input and depositional conditions of the sediments and on the lithology, geological age and
paleoclimatic conditions in which source rocks were formed. Source and age-related, and
maturity-related organic geochemical biomarkers can be sub-classified according to the
information that they provide. Some organic biomarkers such as (i) alkanes and acyclic
isoprenoids, (ii) steranes and diasteranes, (iii) terpanes and related compounds, (iv)
aromatic steroids and hopanoids, and (v) porphyrins provide information about the source
and age of the geological material under study (see Table 1.2). Some of these compounds
(i.e., terpanes, steranes, aromatic steroids and hopanoids, and porphyrins) together with
polycadienes can provide information about the rock maturity as well (see Table 9.1 in the
annexes). Examples of the most important organic biomarkers are described in the

following lines and some of their structures are shown in Figure 1.2.

1.2.1. Source- and age-related biomarker parameters.

a) Alkanes and acyclic isoprenoids
There are many alkanes and acyclic isoprenoids that act as biomarkers in the field of

geology. Ratios involving n-alkanes (terrigenous/aquatic ratio or TAR) have been used to
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estimate the land-plant or the aquatic input of organic matter in recent sediment extracts
[21]. Similarly, the ratio between odd-carbon numbered alkanes and even-numbered n-
alkanes, known as the odd-to-even preference (OEP) or the carbon preference index (CPI),
is widely used in geochemistry works. These values give evidences about the source of the
organic matter (marine or land-plant) enclosed in the sedimentary rock, or about the
maturity of the sedimentary rocks, as well [22]. Alkyl substituted alkanes act also as
biomarkers [14]. As an example, mid-chain monomethyl alkanes have been identified in
many oils and source rocks of Precambrian age as potential biomarkers that suggest

cyanobacteria in the source-rock setting [23,24].

In the case of isoprenoid compounds, the pristane/phytane ratio (Pr/Phy) provides a
measure of redox conditions during diagenesis: values of Pr/Phy > 1 suggest oxic deposition
conditions, whereas values Pr/Phy < 1 are generally attributed to anoxic conditions [7].
Squalene is another saturated isoprenoidal alkane that is related with a direct

archaebacterial input (see Figure 1.2) [7,14].

b) Steranes and diasteranes

Steranes, which are by-products of steroids or sterols via diagenetic and catagenetic
degradation and saturation processes, are potential biomarkers in chemistry. Similarly to
the CPI value, the C30/(C27-C30) steranes ratio provides information about the nature of
the organic matter input (i.e., marine versus terrigenous). The information can be even
more specific when this ratio is plotted against other ratios involving hopanes or 17a-
homohopanes (terpanes), giving the latter information about the salinity conditions [25].

Many other examples of biomarkers included in this family are listed in Table 1.2.
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c) Terpanes and related compounds

This family of compounds comprises a huge range of biomarkers with different

specificities. Tricyclic terpanes are used to: (i) correlate crude oils and source-rock extracts,

(i) predict source-rock characteristics, and (iii) evaluate the extent of thermal maturity and

biodegradation [26]. For instance, 28,30-bisnorhopane (BNH) and 25,28,30-trisnorhopane

(TNH), found at high concentrations, are typical compounds of petroleum source rocks

deposited under clay-poor anoxic conditions [27]. Another important biomarker included in

this group is gammacerane. The presence of gammacerane indicates a stratified water

column in marine and non-marine source-rock depositional environments, commonly

resulting from highly reducing hypersaline conditions during deposition of organic matter

[28].

Alkanes and acyclic

Steranes and

N S S N

Squalene

isoprenoids

2,6,10,15,19-Pentamethylicosane

(archaea or sulfate-reducing bacteria)

N

(associated with certain archaea)

diasteranes

N
24-norcholestane

(eukaryotic input)

28,30-bisnorhopane
(correlation tool) -

Terpanes and related
compounds

€— Gammacerane
------ (water column
stratification)

Aromatic biomarkers

Triaromatic steroids

R

1,1,7,8-tetramethyl-1,2,3,4-tetrahydro-
phenanthrene

(from aromatization of tricyclic terpanes or
gammacerane)

Bacteriochlorophyll d
(green sulphur bacteria)

Figure 1.2: Geochemical biomarkers arranged by families of compounds.
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d) Aromatic biomarkers

Aromatic compounds provide valuable information about the organic matter input.
According to Garrigues et al. [29], biogenic polycyclic aromatic hydrocarbons (PAHs) act as
molecular markers (further discussion on the term “molecular marker” will be shown on
section 1.3.) that provide information about the origin of the sedimentary organic matter
and about the geochemical transformations occurring during diagenesis. The ternary
diagram involving C27-C28-C29 carbon-ring monoaromatic steroids, used for correlation
studies between oil and source rock [30], is another typical example of aromatic organic

compounds that can be used as biomarkers.

e) Porphyrins

Porphyrins are tetrapyrrolic compounds occurring naturally as metal complexes or
free-base species. They can be isolated from crude oils or rock extracts and demetallated
before analysis. These compounds are not often used as biomarkers since they cannot be
analyzed by the most frequently employed technique for biomarker analysis (i.e. gas
chromatography-mass spectrometry). Nevertheless, ratios of vanadyl and nickel porphyrins
are used to establish the redox conditions during source rock deposition [31], whereas

porphyrin distributions are used to correlate oils and source rocks [14].

It is worth mentioning that geochemical investigations normally do not use just a
specific biomarker but a combination of biomarkers from the previously listed families. In
this way, as much information as possible about the characteristics of the source rock can

be obtained.
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1.3.Biomarkers in environmental pollution studies

After World War Il, the population increase led to a large-scale production of synthetic
organic compounds together with a high combustion of fossil fuels, which meant the
appearance of the so-called persistent contaminants in the environment [8]. Thanks to the
rapid development of analytical methodologies, the structures and chemical behavior of
these compounds were thoroughly studied and, currently, the governments have enough
information to regulate the use or production of a large amount of these compounds. They
are introduced as pollutants to the atmosphere, sediments, rivers, lakes and oceans
because of human’s activities together with other natural sources and, eventually, they do
not only cause harm to the environment but also to human health and even cultural

heritage. Hence, they can act at the same time as markers of environmental quality.

In environmental issues, although many compounds are cataloged as biomarkers and
other markers (molecular markers, biogeochemical markers or simply, environmental
markers) they do not fulfil the three characteristics that, according to Peters et al. [8],
differentiate biomarkers from the rest of organic compounds (see section 1.1.). In fact, the
majority of the markers that will be mentioned in this section (e.g. PAHs and WSQOCs) are
considered non-biomarkers. Nevertheless, as they play a key role to evaluate environmental

contamination issues, they cannot be ruled out.

Due to the large variety of anthropogenic organic compounds, it is quite difficult to
classify environmental markers according to their chemical nature. Hence, in the following
lines, some of the contaminants that will be analyzed in the present PhD thesis work will be

described.
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1.3.1. Atmospheric, aqueous and sedimentary environmental markers

The uncountable sources of production, use and disposal of numerous chemicals
commonly employed in medicine, industry, agriculture and even in common household
conveniences, led to the widespread occurrence of organic pollutants. The uncontrolled
discharge of such substances into the environment, even at trace concentrations,
contributes to the accumulation of some of them in the different compartments, with
potentially detrimental effects to both ecosystems and human health. Organic chemicals
generated by human activities enter the environment in vast quantities and their release
can reach a large temporal and spatial range. The identification of the sources, transport
pathways and destination of organic pollutants represent a challenge to the scientific

community, but is necessary to solve some environmental issues.

Water is a vital natural resource for humans, being also indispensable for all
ecosystems. However, the constant release of organic pollutants by means of landfill
leachate, urban runoff, refinery effluent and industrial or wastewater treatment plant
(WWTP) discharges into these aquatic bodies promotes their accumulation, endangering
this way both the aquatic ecosystems and human health [45]. The concern on the water
quality has prompted many case-studies focused on defining the sources and occurrence of
persistent and emerging organic pollutants in aquatic environments [46-52] (see Figure 1.3).
As it can be observed, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), organochlorine pesticides (OCPs) and perfluorinated compounds (PFCs), to name a
few, have numerous sources of discharge to the different aquatic systems, where they can
accumulate. The determination of such compounds can provide information of the sources

but also they can act as markers in environmental quality assessment studies.
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Figure 1.3: Schematic figure showing sources and transport processes for persistent organic

pollutants and their interaction with the hydrological cycle. Numbers indicate classes of pollutants;

1= polycyclic aromatic hydrocarbons (PAHs); 2= organochlorine pesticides (OPCs); 3= polychlorinated

biphenyls (PCBs); 4= perfluorinated compounds (PFCs).

Sediments and soils are also important reservoir for POPs, such as OCPs, PAHs, PCBs,
dioxins and dioxin-like compounds (see Figure 1.3). These organic pollutants may have a
petrogenic, pyrogenic, biogenic or diagenetic origin and their trends can be used as markers
to identify their sources [53]. Similarly to the concern on the quality of water bodies,
sediment pollution is a global problem in developed and developing countries. The
contamination of agricultural soils with pesticides, fertilizers, plastics, wastewater irrigation
or sewage application has been observed during the last years worldwide. The loading of
these pollutants means a risk to the ecological functions of soils, plant growth and
consequently, human health [54]. On the other hand, sediments are one of the most easily
accessed natural archives used to evaluate and reconstruct historical pollution trends in

aquatic environments [55].
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Finally, all the previously mentioned pollutants (PCBs, PAHs, pesticides, etc.) are
released to the atmosphere due to the continued global industrialization (see Figure 1.3).
Most of them are present in gaseous phase, while a few sorb onto suspended particles due
to their semi-volatile nature [56]. PAHs are an example of markers that are partitioned
between gas and particulate phases and then transported to water bodies, vegetation,
animal bodies and soils as final sinks. Their use as molecular markers has led to the
identification of significant stationary sources such as boilers [57], incinerators [58], coking
[59], steel and iron industries [60], paper burning [61], coal fired power plants or asphalt
plants [62], together with mobile sources such as gasoline and diesel fueled engines [63,64]

and ships [65].

Apart from these pollutants, large quantities of the so-called volatile organic
compounds (VOCs) are emitted into the atmosphere from both anthropogenic and natural
sources. Several of these compounds have a potential impact on climate due to their
properties as greenhouse gases and their ability to form aerosol particles on oxidation.
These organic compounds are defined according to Environmental Protection Agency (EPA)
as any compound that participates in atmospheric photochemical reactions and has some
specific properties such as, vapor pressure >10 Pa at 25 °C, a boiling point of up to 260 °C at
atmospheric pressure and 15 or less carbon atoms [66,67]. Alkanes, alkenes, alkynes,
aromatic compounds such as, benzene, toluene or xylene and oxygenated compounds (e.g.,
formaldehyde, acetone or formic acid) are some of the compounds that fulfil these
properties. Some of these compounds are not found in the gaseous phase, but in the aerosol
particles due to their lower volatility (e.g. dicarboxylic acids such as oxalic, malonic, succinic,
maleic or adipic acid) [68]. VOCs are used as markers in order to understand their sources,
distributions and chemical transformations and, this way, their impact can be modeled and

controlled.
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1.3.2. Environmental markers in built heritage

Cultural Heritage encompasses the material and immaterial testimonies of civilization,
history and culture developed by communities and passed on from one generation to the
next one as an integral part of their identity. Based on international guidelines, buildings,
groups of buildings and monumental works of art outstanding for a distinguished artistic or
historic value and having indissoluble bond with the territory where they are located are
considered Immovable Cultural Heritage inside the classification of Tangible Cultural

Heritage. Here, for simplicity, this type of cultural heritage will be referred as built heritage.

The preservation of built heritage is not merely threatened by environmental
degradation pathways, but also by the social, economic and political context. As discussed
in section 1.3.1., the fast industrial revolution caused a worrying pollution in the
atmosphere and, currently, the concern is still increasing. Such was the impact that, since
the beginning of the 19* century, pollution became one of the main causes of built heritage
deterioration [69-71]. As Madariaga stated in 2015 [72], there is an analogy between human
and built heritage’s health, in the sense that a healthy individual, during his life, suffers a
progressive and natural ageing. Built heritage, in the same way, remain unaltered when it
is located in a controlled atmosphere, without any negative influence from the surrounding
environment. However, when it undergoes environmental stress its life might be shortened

[72].

Despite the efforts of many institutions to ban or control the release of many organic
and inorganic pollutants to the atmosphere, buildings can absorb and accumulate these
compounds acting as repositories of past pollution. In fact, significant amounts of pollutants
have been found even after the removal of the emission source [70]. Thus, the knowledge
of damage is essential to study the atmosphere-materials interaction, identify pollutant

sources and take decisions related to prevention, restoration and conservation.
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The main inorganic substances that seriously affect built heritage are sulphur and
nitrogen oxides (SOx and NOy) together with carbonaceous particles [69,73-77]. These
pollutants increase the salt content in building materials causing crystallization processes
and occasionally generating micro-cracks because of significant changes of salt volume. On
the other hand, wet and dry deposition processes combined with gypsum crystal growth
result in a dirty, grey-to-black crust formation, in which marine aerosols, dust and
particulate matter of various natures, including carbonaceous particles (soot) and heavy
metals from atmospheric origin, are entrapped in the mineral matrix [77,78]. These blackish
structures, known as black crusts, cause aesthetic damage and make the surfaces of
buildings more fragile (see Figure 1.4). The carbon present in black crusts may come from
three different origins: i) calcium carbonate, which is mainly derived from the stones and
mortars acting as underlying materials, ii) atmospheric particles containing elemental and

organic carbon, and iii) biological weathering [70,75].

While the presence of inorganic compounds (mainly atmospheric sulphur and nitrogen
compounds) in black crusts, mortars or cementitious materials and stone surfaces is
reported in the literature [79-83], the determination of organic molecular markers to assess

the influence of pollution is scarce.
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Figure 1.4: Examples of built heritage affected by environmental pollution. Formation of black crusts

in areas protected from the rain in the Cpzaski palace in Krakéw (Polonia) [79] (a) and on the Aula
Magna facade in Milan (Italy) [75] (c). Deterioration of the facades of two historical buildings with
the appearance of black damaged layers due to air pollution in Punta Begofia Galleries in Getxo

(Northern Spain) [70] (b) and the cathedral of Learning in Pittsburgh (USA) [84](d).

In this framework, some recent works analyzed the presence of PAHs in materials of
built heritage as marker of their quality status [70,73,85]. When PAHs enter the
environment, they are subjected to redistribution and transformation processes, being
atmospheric deposition the main input of these compounds to built heritage [73].

Additionally, due to their hydrophobic nature and persistence, they can be retained in
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materials such as mortars or black crusts for long periods of time. For example, Orecchio
analyzed the organic fraction of the stone of the Temples of Agrigento (ltaly), and used the
ratios and concentrations of PAHs as molecular markers to identify anthropogenic
combustion processes as the main problem of deterioration [73]. PAH ratios were also used
by Martinez-Arkarazo et al. to point out the combustion of fuels as the main source of
deterioration of sandstones and limestones in the palace house in the metropolitan Bilbao
(Basque Country, Northern Spain) [85]. The work performed by Prieto-Taboada et al. [70] is
another example of the damage on historical buildings potentially caused by PAHs.
According to their observations, PAHs of pyrolytic sources detected in black crusts were one
of the responsible of the darkening of a historical building facade located near an industrial

harbor [70].

More recently, water-soluble organic compounds (WSOCs) have been used as
molecular markers in the stone surfaces of historical monuments [75]. The atmosphere
contains WSOCs in both gaseous and liquid phase, and the deposition of these organic
compounds in the walls of built heritage can be due to direct emission (primary origin) or

may be formed from gaseous organic precursors (secondary origin).

Formate, acetate and oxalate WSOCs, constitute an important fraction of the total
carbon that is present in the damaged layers of buildings. Sabbioni et al. [74] reported that
primary and secondary atmospheric pollutants must be taken into account as important
sources of the mentioned WSOCs, especially in the black crust formation on historic
monuments. More concretely, they suggested that the oxalate encountered in black crusts
likely originates from the metabolism of microorganisms and protective treatment of
surfaces, whereas primary and secondary atmospheric pollutants are likely the main
sources of formate and acetate anions [86]. The migration of these compounds through

stone porosity causing further damages in the building material was also studied by Fermo
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et al. [77], showing the importance of the determination of WSOCs in building materials to

stablish the health-status of historical buildings.

Nevertheless, there is still controversy on the role that short chain organic acids play
in the determination of deterioration of cement materials due to the fact that they are

ubiquitous and conclusions are not so straightforward [76,77,86].

1.4. Biomarkers in archaeological studies

Mankind has always used natural materials around us to produce functional objects or
works of art. Objects that are part of our cultural heritage, such as archaeological objects
and the organic residues found in association with them (e.g. food, balms or medicines,
paintings, textiles, sculptures, furniture, etc.), contain a wide variety of natural and
synthetic organic materials [87]. In this respect, there has been a significant interest in the
study of amorphous organic materials found at archaeological sites. Human remains and
artifacts contain chemical fossils that provide important clues about the past. Critical
evidence of humankind’s origin, diversification, migration, interactions and cultures can be
achieved with the chemical analysis of these materials, providing insights into the use of
natural products such as resins, fats and oils from animal or vegetal origin, among others
[8,88]. Consequently, organic residue analysis is one of the most established task in

archaeology.

1.4.1. The archaeological biomarker concept

Archaeological biomarkers were first defined in 1993 as those substances occurring in
organic residues that provide information relating to human activity in the past [88].There
is a high similarity between the use of organic biomarkers in geochemistry and
archaeological applications, since in both cases evidences of past activities are discovered.

Nevertheless, the archaeological biomarker concept is distinctive, since it is mainly focused
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on the study of ancient biomolecules that can yield information relating to human activity.
It was first defined specifically for lipid biomarkers (i.e., the organic soluble components of
living organisms such as fats, waxes or resins) but it can be applied to any class of
biomolecules, such as ancient DNA, proteins, carbohydrates, pigments, etc. [89]. Thus,
herein, the defined concept of biomarker does not have to fulfil the three characteristics

that, according to Peters et al. [8], differentiate biomarkers from the rest of organic

compounds.
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Figure 1.5: Chemical compounds used as biomarkers of specific sources (in brackets) arranged

according to their chemical structures.

Since biomarkers are diagnostic and specific stable molecules present in the ancient
material or formed over the centuries due to ageing, the main goal of this multidisciplinary
field is to search for the “chemical fingerprints”, compounds or mixtures of compounds that

define the origin of an organic residue. In some cases, just a single component or biomarker
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can provide insights about the origin of an organic residue. Figure 1.5 shows some examples
of compounds used as biomarkers of specific sources arranged according to their chemical

structures.

1.4.2. Occurrence of organic residues

Organic residues widely survive under different circumstances and over considerable
timescales. Figure 1.6 shows the different locations or artifacts in which, according to the
literature, organic residues have been found and for which archaeological biomarker

studies have been applied to trace their source [89].

Dyes and pigments

SOURCES OF
ORGANIC
RESIDUES IN
ARCHAEOLOGY

Plant remains

Resins and bitumens

Others
(Glass, metal or stone objects)

Figure 1.6: Archaeological matrices where organic residues have been widely found.
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1.4.3. Organic residues absorbed in archaeological ceramics

Amphorae were widely used from at least as early as the Neolithic Period for the
transport and storage of solid and liquid products. In this respect, potsherds are one of the
most common classes of artefacts recovered from archaeological excavations. Since
ceramic containers possess the notable property of absorbing substantial quantities of
organic compounds from the commodities processed or stored in them, information on the
past daily life related to the vessel function, technologies, diets, trade, medical practices,
cosmetics or even religious and ritual activities can be obtained through the analysis of
organic residues [18,90-93]. Organic remains can be preserved along the time in the
archaeological item in several ways: (i) as intact organic residue preserved inside the vessel;
(ii) in the interior or exterior part of the surfaces of the vessels; and (iii) absorbed in the

pores of the vessel wall, invisible to the naked eye (see Figure 1.7).

Figure 1.7: Occurrence of organic residues as: intact organic residues preserved in non-ceramic

materials (a), visible organic residues in archaeological ceramic samples (b) and absorbed organic

residues in the pores of archaeological potsherds (c).
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It is difficult to find intact organic residues inside the archaeological containers,
because the content is often lost or degraded with time and burial. Nevertheless, there are
some cases in which sealed pottery has been found containing organic remains, as it is the
case of the amphora found in a Roman shipwreck dating back to 100-90 BC which contained
1500 mL of a dark reddish brown liquid suspension that was found to be wine or must [94].
Although is not the most common case, there are some cases in which the organic remains
are preserved for long time adsorbed to the surfaces of the archaeological items. For
example, carbonized material related to heating during cooking practices is often found
both in the interior and exterior surfaces of pottery [95-98] and also as deposits in
archaeological lamps using oils as fuels [99,100]. Pharmaceutical ointments found in
ceramic apothecary jars [101,102], balms, unguents and other organic residues such as
ancient cosmetics have been more commonly found in archaeological glass bottles [18,103]
or ancient metallic tools [91]. Resinous materials have also been recovered as organic
residues from the bottom of amphorae [92,104-106]. Due to their hydrophobic nature,
these materials were frequently used as water-proofing agents, sealing the inside of the
amphorae [107,108]. It is worth mentioning that when residues are visible, only few

milligrams (1-3 mg) are necessary for the analysis.

The most common scenario is to find organic residues preserved in the pores within
the vessel wall. The clay matrix of archaeological pottery acts as a molecular sieve or trap
that can preserve organic biomarkers during burial over many millennia. Several works have
studied the migration of specific biomarkers through the inner walls of ceramic pottery
[109,110]. According to literature, absorbed organic residues survive in over 80% of
domestic cooking pottery assemblages worldwide after penetrating the clay matrix through
the processing of plant and animal products [89]. Analysis of absorbed residues require
larger amounts of sample. In this respect, Evershed established a working-rule that
establishes that between 2 and 3 g of clean pottery sherd are necessary to identify organic

compounds preserved in this way [111]. Despite many research works have followed this
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advice [100,112-117], recently, some authors have achieved promising results even using

lower sample amounts (e.g. 0.2-1 g) [118-123].

1.4.4. Lipids as the main biomarkers in archaeological ceramics

It is known that lipids are more resistant than proteins or carbohydrates [124]. This is
one of the reasons to monitor lipids, or specifically, their diagenetic (and catagenetic)
hydrocarbon products (e.g., steranes and terpanes) in geochemical studies [8]. Since the
late 1970s and 1980s, it is known that lipids can be preserved under favorable conditions in
archeological artefacts, thus, lipids and their by-products have been the most widely
studied organic compounds in archaeology from then on. [102]. The high proportion of
saturated hydrocarbon moieties present in lipids confers them hydrophobic properties that
tend to reduce their water solubility and thus, limit their loss from the ceramic matrix by
water leaching. Consequently, the resistance of lipids to decay, together with their likely
persistence at the original site of deposition, makes them excellent candidates as
biomarkers in archaeological research. Sterols and derivatives, di- and triterpernoids, fatty
acids and acyl lipids are widely characterized in archaeological studies, as it is further

described.

a) Sterols and sterol derivatives

Animal and plants can biosynthesize specific sterols and, hence, they can be used as
biomarkers of the origin of lipidic organic residue. For example, campesterol and sitosterol
are the two major plant sterols, whereas cholesterol is the most abundant animal sterol
[88]. Although their differentiation seems easy, their low abundance together with the
possible cross-contamination by the handling of artefacts makes their analysis difficult and

they are not used as conclusive markers on their own.

26



Introduction

When steroidal compounds are detected in soils, sediments and even coprolites, they
provide information concerning waste disposal, manuring and other agricultural practices
of the past [125]. Cholesterol and derivatives have also been found in animal and human
remains such as bones [126,127] and mummies [128]. Cholesterol and its oxidized
compounds, such as cholesta-3,5-dien-7-one or cholestanol, have been also detected in

archaeological potsherds containing animal fat [95,119,129-132].

b) Diterpenoids and triterpenoids

Many di- and triterpenoid compounds can be found in animals and plants. From an
archaeological point of view, these biomarkers are used to determine the nature, origin and
possible means of production of resins or resin derivatives such as wood tars and pitches.
Although di- and triterpenoids appear in resins, they are never found together in the same
resin [88]. Figure 1.4 shows the structures of diterpenoid and triterpenoid compounds that

have been widely determined in literature.

Diterpenoid compounds such as dehydroabietic acid and didehydroabietic acid and
their oxidation products (e.g. 7-oxo-dehydroabietic, 7-oxo-abietic, 15-hydroxy-
dehydroabietic acids) are considered characteristic biomarkers of resins from the Pinaceae
family [92,103,106,123,133,134]. Moreover, some of these biomarkers can give evidences
on heating conditions of the resin. As an example, the presence of methyl dehydroabietate
indicates that pine resin was heated in presence of wood at high temperatures [92].
Additionally, these compounds have been frequently detected with wine-related
compounds (e.g. tartaric acid) since resins are thought to be used in antiquity as sealing or

waterproofing agents in the ceramic containers or to add special taste to wines.

Examples of triterpenoid compounds are oleanonic and oleanolic acids, which,
together with other biomarkers, are distinctive of storax resin [105], and betulin, lupeol and

derivatives (e.g. lupenone, betulone and betulinic acid), which are characteristic of birch
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bark [104]. More recently, miliacin, a pentacyclic triterpene methyl ether that is enriched in

grains of millet, has been detected for the first time in prehistoric pottery vessels [135].

c) Fatty acids and acyl lipids

Fatty acids have been the main class of compounds in targeted analysis in
archaeological studies. They are stable over long periods, easily recovered from potsherds

and their detection through hyphenated analytical techniques is mostly established [136].

Fatty acids are prevalent in the interior walls of ceramic vessels, especially near the
neck and rim [96,111]. What is more difficult to demonstrate is that such residues actually
represent the unmodified by-products of ancient commodities cooked or stored in the
vessels because fatty acids are ubiquitous and produced by nearly every organism, from
bacteria to mammals. Hence, they can simply be native to the clays that people use to make
pots. However, this fact can be easily ruled out taking into account that during the clay
production temperatures between 500 °C and 800 °C are reached, and fatty acids and
related compounds do not survive these extremely high firing temperatures. On the other
hand, fatty acids could represent post-depositional contamination by, for example, bacteria
consuming other organic residues, or free fatty acids leaching into sherds from the
surrounding soil. Nevertheless, the entrapment of lipids in the pores of the ceramic matrices
will generally lead to a decrease of microbial activity and water penetration. Finally, fatty
acids may also be the consequence of cross-contamination during the analysis step, a fact
that is easily solved by performing blanks and quality control samples during laboratory

analysis [88,136].

Unfortunately, what is inevitable is the impact of any of the normal mechanisms of
decay during vessel use (i.e. cooking processes at high temperatures) or under a given burial
environment (oxic or anoxic). The low mean concentration of this biomarkers found in

archaeological ceramics compared to the capacity of fired ceramic to absorb them is an
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evidence of their degradation during burial [124]. When exposed to high temperatures and
burial environments, organic compounds can undergo chemical reactions of oxidation,
hydrolysis, condensation, etc. [111,136,137]. The design of simulated degradation
processes by means of cooking experiments and artificial or natural ageing experiments has
been a key procedure in order to determine biomarkers indicative of lipid degradation

[100,111,138,139].

1.4.5. Fatty acids and acyl lipids as biomarkers related to specific uses of pottery

The importance of the analysis of fatty acids in archaeological remains deserves to

define the most important biomarkers of animal fats, plant lipids and beeswax.

Diacylglycerol
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Figure 1.8: Hydrolysis of a triacylglycerol due to burial or cooking processes and the formation of

diacylglicerols, monoacylglycerols and free fatty acid derivatives.

Animal fat degradation products are the most common compounds detected in
archaeological potsherds. Fresh animal fats (e.g., terrestrial mammals and marine
mammals) are characterized for containing triacylglycerols (TAGs), a lipid molecule

consisting of three long-chain fatty acids joined to a glycerol ‘backbone’. During burial
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and/or processing, TAGs break down to diacylglycerols (DAGs), monoacylglycerols (MAGs)
and, finally, to single chains of free fatty acids (FAs) (from C8 to C24) (see Figure 1.8). A
degraded animal fat will typically contain low concentrations of TAG biomarkers, and
slightly higher concentrations of DAGs and MAGs, with palmitic (Cis.0) and stearic (Cis.0) fatty
acids dominating [140]. TAGs, DAGs, MAGs and fatty acids, together with cholesterol, are
the most commonly used biomarkers of animal fats [95,109,111,137,140-143].

The determination of fatty acids allows the differentiation between ruminant and non-
ruminant animals [138,141,142,144-146]. Ruminant animals’ fat and their secondary
products (e.g. dairy) contain branched chain fatty alkanoic acids (i.e. Cis.oand Ci7.0branched
fatty acids), together with odd-numbered fatty acids (i.e. Cis.0, C17:0 and Ci9:0) in reasonably
high abundances due to the specific bacterial synthesis in the gut. These compounds are
fairly detected or non-detected in non-ruminant fat. Additionally, mixtures of positional
isomers in the case of octadecenoic acid (Cis:1) with the unsaturation located in 9, 11, 13,

14, 15 and 16-positions arise in the fats of ruminant animals such as sheep and cattle [142].

Similarly, marine and freshwater animal fats and oils can be characterized through the
fatty acids profile in each sample. They are characterized by distributions of long-chain
polyunsaturated (PUFAs) compounds, such as eicosapentaenoic acid (Caos) and
docosahexaenoic acid (C22:6), together with monounsaturated fatty acids (MUFAs), such as
11-eicosenoic acid (Cz0:1) and 11-docosenoic acid (C22:1). However, these compounds
degrade rapidly through oxidation processes and rarely survive as significant components
of organic residues during archaeological timescales. Nevertheless, the degradation
products are stable and can be detected in lipid residues in prehistoric pots. These by-
products preserve the characteristic features of the original fatty acids and can act as
reliable biomarkers of the presence of aquatic fats and oils. Examples of these biomarkers
are w-(o-alkylphenyl)alkanoic acids containing 16-20 carbon atoms, which are normally

formed from triunsaturated acyl lipids during heating processes at temperatures over
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270 °C [147]. Vicinal dihydroxiacids (DHAs) are another oxidation products of unsaturated
fatty acids that indicate the original position of the double bond in the precursor fatty acids.
The presence of DHAs with carbon numbers ranging from C16 to C22in organic residues of
pottery vessels found in coastal sites provides an unambiguous evidence of marine origin

[148,149].

On the other hand, isoprenoid fatty acids (IFAs) such as pristanic acid, phytanic acid
and 4,8,12-trimethyltridecanoic acid (4,8,12-TMTD) are found in particularly high
concentrations in marine animals, but are absent, or present at trace levels, in terrestrial
animals. The highly branched structure of the IFAs makes them resistant to degradation,
allowing them to be transferred along the marine food chain. Phytanic acid can be detected
in plasma, tissues, milk and processed butterfat of ruminant animals at low concentrations
[150], but 4,8,12-TMTD only occurs in the aquatic environment. Therefore, when phytanic
and pristanic acids are identified in association with 4,8,12-TMTD a marine source of the

organic remain can be concluded [150].

Due to the wide variety of marine related organic compounds, numerous research
works have used isoprenoid compounds and fatty acid by-products as biomarkers to
identify marine fats and oils as original contents in ceramic samples

[95,98,117,121,129,148,149,151-154].

Overall, the concentration of lipids in plants is lower in comparison to those found in
animal fats, and hence, if both types of commodities have been processed in the same pot,

animal lipids will dominate the lipid mixture [111].

The most abundant and commonly detected plant lipids are the waxes from leafy
vegetables, which are characterized by a distribution of biomarkers with long carbon chains,
such as odd-numbered alkanes (C25-C33), even-numbered alcohols and aldehydes (C20-
C34 and C24-C28, respectively) and esters (C39-C52) [140,146,155]. Occasionally, some

organic compounds can act as specific biomarkers of certain plant oil sources. Brassicaceae
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(known also as Cruciferae) seed oil has been used in ancient times and it presents a very
consistent fatty acid profile in which (Z)-11-eicosenoic acid (gondoic acid) and (Z)-13-
docosenoic acid (erucic acid) are abundant. They may undergo oxidation processes, and
thus, characteristic DHAs (11,12-dihydroxieicosanoic and 13,14-dihydroxydocosanoic acids)
could be formed, together with a,w-dicarboxylic acids (a,w-undecanedioic and a,w-
tridecanedioic) acting as specific biomarkers of a vegetable oil obtained from Brassicaceae
seeds [90]. The alkane nonacosane (C29) and its oxygenated derivatives, nonacosan-15-one
and nonacosan-15-ol indicate the processing of vegetables that belong to the genus

Brassica, such as cabbage, turnip, kale and broccoli [140].

In addition to animal and plant lipids, beeswax is another commodity detected in
pottery lipid residues. Fresh beeswax is characterized by long-chain odd-numbered alkanes
(C23-C33), even-numbered fatty acids and even-numbered wax esters (C40—C54). These
last compounds partially degrade over time to form long-chain even-numbered alcohols
(C24-C34), fatty acids and alkanes [116,140,156-158]. Apart from to obtain honey, beeswax

was also used in various technological, ritual, cosmetic and medicinal applications [158].

1.4.6. Biomarkers of wine residues

Wine is one of the most important beverages that has been produced, consumed and
traded in the Mediterranean area. Many ceramic vessels have been used for these
purposes, being the amphorae the most common transport container [139]. From an
analytical point of view, the detection of wine residues is a great challenge due to the
chemical nature and instability of the most wine related organic compounds. Among them
we can find tartaric acid, an abundant molecule in grapes used to make wine (approximately
4000 parts per million) [159-161]. Although tartaric acid is very soluble in water, it can be
strongly absorbed on silicates by hydrogen bonding and hence, it has been frequently found

preserved in the pottery and used as wine biomarker [159].
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On the other hand, syringic acid coming from the hydrolysis of malvidin, the
anthocyanin responsible of giving grapes and red wines their color [161],is also used as wine
biomarker but also occurs naturally in some plant products (e.g., barley or wheat) or in soils
due to microbial activity [139,161]. Thus, the use of syringic acid as red wine biomarker is
only accurate when its presence is related to the presence of malvidin [162]. Nevertheless,
according to the literature, the detection of syringic acid, together with tartaric acid and
other less specific biomarkers such as malic (marker of dark grape), succinic and pyruvic
acids (fermentation markers) or lactic, fumaric and citric acids has frequently led to the
unequivocal identification of the use of archaeological ceramics as wine containers
[94,108,120,123,139,161-172]. Interestingly, a recent investigation has shown the earliest
biomolecular archaeological evidence for grape wine and viniculture with the analysis of
organic residues (i.e. tartaric acid) absorbed into the pottery fabrics from sites in Georgia in

the South Caucasus region, dating to the early Neolithic period (ca. 6,000-5,000 BC) [173].

1.5. Analytical methods for the analysis of organic biomarkers

Early applications of chemical analytical methods in search of organic biomarkers
demonstrated that scientific investigation is essential to infer information about samples of
different scientific fields such as geochemistry, built heritage or archaeology. In this
framework, the development of scientific procedures that only need little amount of sample
and the increased availability of advanced analytical instrumentation in research labs have

led to great research studies related to the identification of biomarkers.

Ideally, non-destructive methodologies are the most suitable techniques to analyze
samples belonging to cultural heritage since they do not damage the test surfaces under
study. Additionally, they do not require sample pre-treatments and, occasionally, samples
can even be measured in situ with portable instruments. Techniques such as X-ray
fluorescence (XRF) have been used to obtain information about the elemental and

mineralogical composition of the samples [174,175]. Fourier transform-infrared
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spectroscopy (FT-IR) has also been applied in the archaeological field as a screening tool in
order to track information on the functional groups of the organic matter [108,176,1771].
Thus, the combination of elemental and molecular non-destructive techniques provide a
complete description of the material under study. Nevertheless, spectroscopic techniques
require the presence of target compounds at a high concentration level not often found in
archaeological remains. Moreover, complex mixtures of organic molecules frequently
difficult the interpretation of spectra. Consequently, they are scarcely used to identify the

specific biomarkers described in the previous sections.

Technological development has led to the appearance of analytical techniques able to
measure organic compounds occurring in the samples under study at both high
concentrations and trace levels. These techniques are based on destructive methodologies
that require sampling and sampling pre-treatment steps to extract or isolate the biomarkers
of interest. Despite being destructive, these analytical methods play an important role in
application fields such as archaeology, geochemistry and environmental sciences, because
the information inferred in this way gives the clues to understand many of the processes

occurred in the past.

During the last decades, research works dealing with the identification of organic
compounds, especially in the archaeological field, have used classic analytical procedures
for the isolation of biomarkers of interest. However, few are the works in this field aiming
to develop new analytical methods that ensure quantitative extraction and

preconcentration of specific biomarkers.

1.5.1. Extraction of organic biomarkers from solid matrices

Destructive analytical methods require the organic compounds to be isolated from the

archaeological sample and dissolved. Together with sampling, this is one of the critical steps
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during the development of new protocols to determine target organic biomarkers in

geological and archaeological artifacts.

In geochemical studies, conventional techniques such as Soxhlet extraction have been
frequently used (see Table 1.4) regardless of the long extraction periods (8-16 h) and the
large amounts of sample required (100-150 g) [178,179]. Additionally, chlorinated solvents
(e.g., chloroform, dichloromethane) and azeotrope mixtures of solvents (e.g.,
chloroform:methanol (CHCls/MeOH) are often used to isolate a wide range of organic
biomarkers. Thus, these traditional techniques require large volumes of non-

environmentally friendly solvents [8].
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Figure 1.9: Ultrasound based devices: a) Traditional ultrasound bath (USB), b) Focused ultrasound
titanium probe (FUSLE) and c) acrylic cup accessory to perform focused ultrasound extractions with

low volumes of solvent.

Alternatively, ultrasound based solid-liquid extractions are the approaches employed
to extract organic compounds from several solid matrices (e.g. soils and sediments,
cementitious mortars or pottery). The mechanical effect of ultrasound induces a greater
penetration of the solvent into the solid matrix and mechanical erosion of solids, which
improves mass transfer leading to enhanced sample extraction efficiency. The most

common device is the classic ultrasound bath (USB), which has been successfully applied to
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extract lipids from archaeological ceramics (see Figure 1.9a)). In fact, in 1990, Evershed et
al. established a protocol to obtain the total lipid extract (TLE) from archaeological samples
using USB (see Table 1.4). The protocol consisted in a solvent extraction using 10 mL of a
2:1 v/v mixture of CHClz3/MeOH via sonication (2 x 15 min) [180]. From them on, this
procedure has been widely used and, nowadays, it continues being the main extraction

procedure in the archaeological field [95,121,141,143,155].

Currently, the use of focused ultrasound solid-liquid extraction (FUSLE) has gained
interest in many research fields. In contrast to USB, with this extraction technique the
ultrasonic waves do not need to cross the wall of the sample container since the ultrasound
probe, typically made of titanium, is directly immersed in the solution of the sample to be
sonicated (see Figure 1.9b)). In FUSLE, ultrasound radiation generates a disturbance and,
due to its periodical repetition, expansion and compression cycles are created [161]. When
the ultrasounds reach high intensity, bubbles or cavities are created during the expansion
cycle and then, they undergo implosive collapse. This process is called cavitation
phenomena [181]. In this way, compared to the poor sonication power of ultrasound baths,
FUSLE provides 100 times higher sonication power and the energy is focused on a localized
sample area, making cavitation in the liquid more efficient. Moreover, higher reproducibility
and extraction efficiency are obtained in shorter times [182,183]. Similarly, when the
guantity of extraction solution is limited, alternative cup horns similar to ultrasonic water
baths but smaller (12 mL) can be used since they are more intense and suitable for handling
low sample volumes (e.g. 1.5 mL) [184]. In cup horns, the titanium probe is held within an
acrylic cup filled with water and the samples can be placed in sealed tubes that eliminate

cross contamination (see Figure 1.9c)).

Regardless of the extraction technique used, in addition to organic solvents, alkaline
saponification and hydrolysis procedures are often required to promote the cleavage of the

organic compounds from the sample matrix. In this respect, NaOH or KOH solutions in
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hydroalcoholic mixtures of methanol and water have been used to extract biomarkers
covalently linked into insoluble residues of potsherds via ester bonds and saponify TAGs
[87,148]. These procedures have been performed under sonication (USB) [147,149], using
water baths at 60 °C [18,103], as well as assisted by microwave energy (MAE) [185].

1.5.2. Transfer and preconcentration of biomarkers into an organic phase

When solid-liquid extractions are performed using aqueous solvents or mixtures of
solvents that include water (e.g. hydroalcoholic KOH), a subsequent preconcentration or
additional extraction step is mandatory in order to transfer the organic compounds from
the aqueous phase to an organic phase compatible with the analytical detection technique.
For this purpose, classical liquid-liquid extraction (LLE) has been widely employed
[90,105,147,149,185]. The use of large volumes of organic solvents, the addition of ion-pair
reagents and performing consecutive extractions have rendered adequate extraction yields
for biomarkers in the environmental field [186,187]. However, the separation from
interferences with similar characteristics of the target compounds is still not achieved
completely. Formation of emulsions and the need for expensive glassware material are
some of the other drawbacks connected with the application of classical LLE as extraction

technique.

Solid phase extraction (SPE) was initially developed as a complement or replacement
for LLE but, currently, is the most preferred technique to isolate a wide variety of organic
compounds from aqueous samples or extracts [188,189]. SPE shows many advantages over
other traditional preconcentration methods, such as ease analysis throughput, substantial
solvent savings, great variety of preconcentration sorbents, large capacities and reduced
matrix effect [190]. It is based on the analyte association with a solid sorbent through
sorption and is designed to be a quantitative extraction procedure, extracting the analyte

exhaustively from the entire sample volume via the sorbent [189]. Moreover, SPE is also
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applied in combination with other extraction techniques (even when SPE is used as the
extraction technique) as clean-up or purification steps [191]. Figure 1.10 summarizes briefly
the main steps involved in SPE extraction: conditioning of the cartridge, sample loading,

removal of the interferences and elution of the target analytes.
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Figure 1.10: Schematic representation of the main steps in SPE.

In the case of aqueous samples, reverse phase SPE (RP-SPE) is the most commonly
used mode. Among the great variety of reverse phases available in the market for SPE, the
most commonly used ones are the traditional silica bonded sorbents (C18, C8, C6, C4, C2,
phenyl, cyclohexyl) and the more recently developed hydrophilic polymeric sorbents based
on styrene and divinylbenzene [192]. These modern highly cross-linked polymers have
larger surface areas, which enhance retention capacity and can be modified with polar
functional groups (i.e., acetyl or sulfonate) in order to weaken the interfacial tension

between the polymer and aqueous sample, and enhance the interaction between the
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analytes and the sorbent materials. As an example, the commercially available Oasis HLB
(Waters) based on poly(divinylbenzene-co-N-vinylpyrrolidone) polymer emerged as pre-
concentration of compounds from aqueous extracts [193]. Other hydrophilic polymeric
sorbents modified with polar functionalities, such as Bond ElutPlexa (Agilent Technologies),
Strata-X (Phenomenex) or Lichrolut-EN (Merck Millipore) have been commercialized and

used in many applications.

The so-called dual-phase or mixed-mode sorbents have also recently come out in order
to isolate target compounds of a wide variety of polarities. These phases allow selective
extractions through dual mechanism: ion-exchange and reversed-phase mode, which allow
the extraction of both charged and uncharged analytes [194]. The large active surface areas
of the sorbent allow loading large sample volumes. Fontanals et al. have reviewed the
different types of mixed-mode SPE pinpointing their morphological and chemical
characteristics as well as their applications [194]. Briefly, depending on the ion-exchange
interactions established between the polymer and the analytes, mixed-mode sorbents can
be classified in: strong cation exchange (SCX), weak cation exchange (WCX), strong anion
exchange (SAX) and weak anion exchange (WAX). All these ionic interactions can be
achieved by modifying the polymer structure with specific functional groups such as sulfonic
acid for SCX, carboxylic acid for WCX, quaternary amine for SAX and secondary amine for
WAX. In any SPE mode, but especially in mixed-mode SPE, the adequate selection of the
solvents used in each step (i.e., loading, washing and elution) is essential if enhanced

selectivity is required [189,194].

1.5.3. Identification of organic biomarkers

Nowadays, mass spectrometry (MS) is considered the standard detector due to its
universality, selectivity and sensitivity both for gas chromatography (GC) and liquid

chromatography (HPLC).
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a) Separation by means of gas chromatography (GC) and liquid chromatography
(HPLC)

GC has been the most widely used separation technique, especially in the geochemical
and archaeological fields, due to its versatility, simplicity, rapidity and reproducibility (see
Table 1.3). It is applied for the separation of volatile and thermally stable compounds. In
this sense, alkanes, terpanes or persistent organic pollutants such as PAHs have been

frequently identified by means of GC-MS.

Lipids, acyl compounds or WSOCs and all the molecules containing functional groups
with active hydrogens, such as hydroxyl (-OH), carboxylic acid (-COOH), amine (-NH2) or thiol
(-SH), tend to form intermolecular hydrogen bonds that affect their volatility, thermal
stability and their interaction with GC column packing materials [195]. Thus, derivatization
of these functional groups is necessary prior to their analysis by GC-MS. The derivatization
of these compounds increases their volatility and thermal stability, decreasing the polarity
of the derivatized compounds. Therefore, analyte adsorption in the GC system is avoided,

improving detector response, peak separation and symmetry.

Sylilation has been the most widely used approach for the derivatization of non-
volatile organic biomarkers [196], being N,0-bis (trimethylsilyl)trifluoroacetamide (BSTFA)
the most commonly used reagent as silyl donor [87]. The enhanced characteristics of silyl
derivatives promote, on the one hand, improved GC features (high reproducibility,
sensitivity and resolution) and on the other hand, improved mass spectra owing to the more
characteristic m/z fragment ions of silyl-derivates. Silylation reactions should always be
performed under anhydrous conditions since all the silyl-reagents react readily with water,
affecting both the reaction speed and efficiency. Besides the absence of humidity,
traditional derivatization procedures require high working temperatures to get derivatives

guantitatively. Recently, there are some proposals in the literature using other efficient
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energies such as microwave energy [193] and ultrasound energy [184] in order to improve
derivatization yields, lowering overall analysis time in comparison to conventional methods.
Esterification or methylation with alcohols using BFz or acetyl chloride as catalysts have also
been applied in literature for the derivatization of FAs and dicarboxylic compounds

[155,197,198].

The most common injection mode for GC is the splitless mode, which is carried out in
a simple and robust split/splitless inlet. However, the application of large volume injection
(LVI) in a programmable temperature vaporizer (PTV) inlet has gained importance in the last
decades in order to improve sensitivity for the determination of biomarkers at trace levels
[199]. Both systems are similar but the main difference is based on the fact that the PTV
injector is equipped with a very sophisticated temperature control function. In this sense,
theinletis kept cool during the sample introduction, allowing the analyte to condense inside
the liner, whilst the solvent is vented via the split line. On the other hand, the inlet has a
very low thermal mass, which allows rapid heating to transfer the analyte to the GC column
after solvent venting has taken place. These two important differences in inlet design give
the PTV the ability to inject large volumes at controlled speeds, allowing the introduction of
very large sample volumes (> 100 pL is possible). In this sense, LVI-PTV can improve the

sensitivity in several orders of magnitude in comparison with common split/splitless inlets.

Briefly, LVI-PTV injection consists on several steps [241]:

i) Sample is introduced at a low temperature (below solvent boiling point) once or
using a series of small sample aliquots in the inlet.

ii) Solvent is eliminated via the split vent, while the higher-boiling analytes are
retained in the liner.

iii) PTV is rapidly heated and the analytes are transferred to the column in the splitless
mode. The analytes are focused at the front of the column by keeping the oven

temperature below the solvent boiling point.
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iv) After the splitless transfer, the split vent is opened in order to remove the residual

solvent vapor and the low-volatile matrix components from the inlet.

On the other hand, despite not requiring a derivatization step for the analysis, liquid
chromatography (HPLC) has been less used for the separation of organic biomarkers.
Nevertheless, it has been catalogued as an attractive technique in order to identify specific
molecules such as TAGs [109]. In this sense, high performance liquid chromatography with
atmospheric pressure chemical ionization coupled to mass spectrometry (HPLC-APCI-MS)
has been used in order to elucidate the structure of TAGs [109,120,200], which cannot be

achieved by conventional GC-MS.

In the last years, several strategies have been developed in the field of HPLC in order
to maintain good efficiency and reduce analysis time. In this sense, the emergence of ultra-
high pressure liquid chromatography (UHPLC) and the use of superficial porous particles
(often called core-shell or fused-core) for column packing have to be mentioned. In UHPLC
columns are packed with sub 2 um particles working under high pressure conditions, which
implies high efficiency, short analysis time and low solvent consumption [201]. These type
of particles provides a higher efficiency at lower backpressures, compared to traditional
porous particles [202,203]. In terms of stationary phase, reversed phase chromatography,
with columns based on octadecyl (C18), are mostly employed for the analysis of TAGs in the

field of archaeology [109,204].

b) Detection

HPLC and GC, in combination with MS continue to be the predominant techniques for
the separation, identification and quantification of organic biomarkers in geochemical,
environmental and archaeological samples. Table 1.3 summarizes the different hyphenated

techniques used for the determination of organic biomarkers in the previously mentioned
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fields. As it can be observed, MS coupled to GC (GC-MS) is the most used technique for the
analysis of organic biomarkers in specific samples of geochemical, built heritage and
archaeological fields. GC-MS is widely used to identify and quantify organic markers such
as, alkanes, isoprenoid compounds, steranes, terpanes, WSOCs, PAHs, FAs, wine

biomarkers, marine lipid biomarkers, resin biomarkers, to name a few, in complex matrices.

When pyrolysis is coupled to GC-MS (Py-GC-MS), preliminary information on sample
composition and on the organic material present in micro-samples can be obtained. This
way, the correct sample pretreatment can be chosen before carrying out subsequent
analysis by GC-MS [133]. Due to its micro-invasive nature, Py-GC-MS allows the analysis of
tiny samples from cultural heritage objects without damaging the original sample, since only
a few pg of sample are required [205]. Evidence of lipids, resinous materials,
polysaccharides and proteins have been found in organic materials present in ancient
artistic objects such as archaeological cosmetics [133] or adhesives used in Roman mosaics
[133]. The combination of GC-MS to other detectors can provide complementary
information about the target sample. For example, gas chromatography combustion
isotope ratio mass spectrometry (GC-C-IRMS) is a highly specialized instrumental technique
that can be used to determine the origin of certain lipids in archaeological cooking ceramics
(see Table 1.4) [140]. Plots of the 83C values obtained for methyl palmitate against those
of methyl stearate have been proposed to distinguish different animal species (i.e. ruminant

from non-ruminant or terrestrial from marine species) [196].

MS is the most preferred detection technique to be coupled also to HPLC instruments.
Triple quadrupole (QqQ or MS/MS), time of flight (ToF) and ion trap (IT) analyzers coupled
to HPLC systems have to be underlined in the analysis of organic compounds. In fact, liquid
chromatography coupled to tandem mass spectrometry (HPLC-MS/MS) has become an
ideal technique due to its high sensitivity and selectivity [159], and it allows the

identification of several biomarkers based on their retention times and fragmentation
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patterns. [108,159,161]. The main drawback of QgQ detectors working in the multiple
reaction monitoring (MRM) mode is that only selected m/z fragments and transitions
(parent and product ions) are monitored. Using this strategy selective and sensitive target
measurements can be performed, but it is not possible to find out new biomarkers [206].
High resolution mass spectrometry detectors are needed for this last purpose, this is, to
perform non-target measurements. In this sense, accurate mass full-scan MS techniques,
such as ToF based mass analyzers, are the best tool for multiresidue analysis, since unknown
degradation products or previously unidentified biomarkers can be identified with this
technique. On the other hand, IT analyzers provide high sensitivity in full scan mode and
also provide the possibility to perform multiple-stage fragmentations (MS") for structural
elucidation of unknown compounds. However, its sensitivity is one order of magnitude

lower in comparison with QgqQ [206].

Consequently, high resolution mass spectrometry (HRMS) and accurate mass
measurements have recently gained popularity due to their great ability to provide more
comprehensive information concerning the exact molecular mass, elemental composition
and detailed molecular structure of a given compound [207]. HRMS shows many advantages
over classical unit-mass-resolution tandem mass spectrometry, such as: (i) differentiation
of isobaric compounds (different compounds with the same nominal mass but different
elemental composition), (ii) simplification of sample preparation procedures, (iii)
information gathered by a single injection that can be used for quantification and screening
purposes, including targeted, suspect and non-targeted analysis and (iv) collection of full-
scan spectra that can be stored and used in a later stage retrospective analysis, permitting
the elucidation of unknown or suspected compounds [208]. Taking all this in mind, during
the last years, a combination of the above mentioned mass analyzers has emerged in order
to overcome the limitations of both QqQ and ToF: the hybrid quadrupole time of flight
(QToF) spectrometers. This mass analyzer could be described as a QqQ in which the last

guadrupole has been replaced with a ToF analyzer. The advantage is that it can operate as
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a ToF analyzer in the full-scan mode or as a tandem mass spectrometer in the product-ion
scan mode. Therefore, the acquisition of full MS spectrum is allowed with high sensitivity,
mass accuracy and medium range high resolution which offers the possibility to carry out
multiresidue screening, structural elucidation of unknown compounds and accurate mass
product-ion spectra. La Nasa et al. applied HPLC-ESI-QToF analysis in the field of cultural

heritage in order to identify the TAG profile in modern oil paintings [209].

In any case, regardless of the analytical technique use, the use of multianalytical
approaches combining many of the previously mentioned techniques (see Table 1.4)
provide information to unequivocally identify the organic markers present in the materials

under study.
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Aims and objectives

“Somewhere, something incredible is waiting to be known.”
Carl Sagan, Cosmos






Aims and objectives

Taking in consideration the stage-of-the-art regarding the use of biomarkers
in many different fields of application, in the present PhD work we focused our
attention on the analysis of the organic residues present in the field of landscape
and heritage (fields that come together with those mentioned in the Doctorate
Programme in  which this project has been developed called

“Interdisciplinary Scientific Strategies in Heritage and Landscape”).

Landscape, according to the European Landscape Convention, is an area
whose character is the result of the action and interaction of natural and/or human
factors. Inside the landscape we find the cultural heritage, but also how human
beings have altered it and its surroundings, including pollution issues. This novel
and wide definition of landscape allows the interaction of many area of knowledge
in order to protect and manage natural, rural, urban and peri-urban landscapes. In
this sense, the analysis of biomarkers is a key action in order to understand the

evolution of the different landscapes.

To be more precise, during the last decades, applications of biomarker
technology in the geologic, environmental, and archeological fields have been
continuously growing. From the early 80s, chemical fossils have been used in the
field of geochemistry in order to provide information about the age, sedimentary
conditions and the source of organic matter inputs in source rocks. From then on,
new developments in analytical methods and instrumentation have turned out the
use of biomarkers into an essential tool in order to search for pollution sources
affecting the different compartments of the environment. If it was not enough,
more recently, the multidisciplinary science that emerged from the collaboration
between archaeologists, historians and scientists (i.e. analytical chemists) has

focused its attention on the analysis of the organic residues preserved in
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archaeological artifacts. The application of biomarker studies to these materials

has helped revealing their use in the past together with the encompassing history.

In the framework of the analysis of organic compounds at trace levels in the
field of landscape and heritage, there is a call for the development of analytical
methods that enable rapid, sensitive and efficient determination of a wide variety
of known and unknown organic biomarkers. Despite the suitability of several
extraction, preconcentration and detection techniques largely established in the
literature, the search of new analytical methods is a matter of further research. On
the other hand, attending to the needs of several application fields (i.e., geological,
environmental, archaeological sciences), concerning the information that is hidden
in plenty of cultural and historical samples, analytical methods that provide as
many chemical evidences as possible is required. Consequently, the main

objectives considered in this PhD Thesis were:

1. To develop and validate a set of sensitive, quantitative and environmentally
friendly analytical procedures to allow the determination of plenty of organic
markers in several scientific fields concerning geological, environmental and

archaeological issues.

2. For each special case, we aimed to apply the developed analytical methods
in order to identify the specific organic markers and to find out information

about the samples of environmental, cultural and historical interest.

In order to accomplish these main goals, several operative and specific

objectives were considered in each case, as it is following described:

i) To develop, optimize and validate an analytical method for the

determination of polycyclic aromatic hydrocarbons (PAHs) in beachrock samples
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using FUSLE followed by LVI-PTV-GC-MS. This goal would be achieved after both
extraction and analysis optimization and validation in order to determine the most
important conditions that could affect the extraction efficiency of PAHs as well as
other organic biomarkers related to the conditions of sedimentation. After the
application of the developed method to real beachrock samples from temperate
latitudes, more accurate information on the formation conditions of this unusual
cemented beach grains and the influence of the organic pollutants (PAHs) during

the cementation process would be studied.

ii) To develop, optimize and validate an analytical method to determine a
wide range of short-chain dicarboxylic acids (C2 — C10) in marine aerosols using
mixed-mode SPE-GC-MS approach. These compounds can react with carbonaceous
building materials causing damages in the surface and, consequently, the method
was extended to their analysis in mortar samples. The method was thought to be
applied to marine aerosol water samples affecting the facade of a 20" century
historic building (Punta Begofia Galleries, Getxo), located in a coastal area with an
important industrial harbor (Biscay Gulf, Basque Country, Northern Spain), and to

the mortars from the affected columns of the building.

iii) Similarly to the previous approach, to develop, optimize and validate an
alternative analytical procedure to determine wine related organic compounds
(e.g. tartaric and syringic acids) at ultra-trace level in archaeological ceramic
samples. To this aim, a new method based on FUSLE-mixed-mode SPE-GC-MS
would be compared with a previously established approach (i.e., ultrasound
extraction followed by LLE-GC-MS). The new proposed method would be
guantitative enough to identify wine-related organic compounds not only in
conserved residues but also in ceramic remains. Archaeological ceramic samples

dating back to II-I BCE and collected in an archaeological site from Zaragoza,
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suspected to be related to wine production, would be analyzed with the developed
methodology. Additionally, visible organic residues would be also studied in search
of wine biomarkers due to the classification of the original amphorae (Roman

origin) from which they were extracted as possible wine containers.

iv) Trying to find answers to other questions related to archaeological
samples, we proposed an alternative analytical procedure to characterize lipidic
organic residues that have remained in archaeological ceramic samples. The
method would consist on the extraction of fatty acids (C8-C18) and related
biomarkers from ceramic samples by means of FUSLE-LLE-GC-MS. The applicability
of the method would be tested by a preliminary analysis of ceramic fragments that
were suspected to have been used by the Basque whalers in the period from 16t

to 17 century to store whale oil.

v) A multianalytical approach is often required to fully characterize organic
residues of archaeological remains. Thus, in order to find not only fatty acids, but
also the triacylglicerols and other organic biomarkers related to whale oil, this
objective consisted on applying a method based on MAE-HPLC-QToF. We aimed to
complement the results obtained by GC and HPLC approaches to find out
fingerprints in archaeological ceramics where whale oil was stored after Basque
whalers came back from their expeditions to Newfoundland and Labrador, in which

the main objective was to capture whales.

In the following chapters, the development and achievement of the

mentioned aims and objectives are described
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Determination of organic biomarkers in

beachrocks

Ultrasonics Sonochemistry 27 (2015) 430 -439

“Geologists have a saying—rocks remember”
Neil Armstrong






Determination of organic biomarkers in beachrocks.

Sedimentary rocks can be formed by a series of chemical, physical and biological
transformations, known as diagenesis, in environments such as, beaches, rivers, oceans and
wherever sand, mud and other types of sediments are accumulated. In this respect, during
the diagenetic process of lithification, the sediment is transformed into solid rock through
compactation and cementation. At the latter stage of the diagenetic process, minerals are
precipitated in the pore spaces of sediments binding together the primary particles [1].
Within this context, beachrocks come as a result of the arrangement of sedimentary rocks.

Hence, in the specific case of beachrocks, lithification must involve beach sediments.

The origin of beachrock has been considered enigmatic and exceptional and,
nowadays, is still not fully understood how it is formed [2]. Different authors have used
countless definitions to define these peculiar structures, but all of them converge to a
common point. In general, beachrock can be defined as consolidated coastal sedimentary
formations resulting from relatively rapid indurations of beach sediments by early in situ
intergranular calcium carbonate cement precipitations in the intertidal zones [3]. The
mechanisms proposed for beachrock formation include biological and physicochemical
processes. Recent literature has been dominated by those relating to CO2 degassing owing
to agitated marine waters and increasing temperature, mixing of alkaline fresh waters with

seawater or chemical changes associated to decay of organic matter [4-8].

Until the early 60s, this sedimentary process was mainly considered characteristic of,
or even limited to, tropical and subtropical coasts [9]. However, subsequent research
showed that the phenomenon occurs in many diverse places, even at higher latitudes [2,10].
The principal zones where the formation of beachrock occurs are: i) tropical or subtropical
zones with humid climate such as the Pacific Ocean, the Caribbean area or Australia, ii)
tropical or subtropical zones with arid or semiarid climate such as the Persian Gulf and, iii)
Mediterranean climate zones around the Mediterranean sea. Most reported beachrock
occurrences are associated with coasts with latitudes between 0° and 40° and, in particular,

between 20° and 40° as can be observed in Figure 3.1, suggesting that colder climates do
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not favour beachrock formation [11]. Nevertheless, beachrock formation was detected in
colder areas in the Black Sea, the Caspian Sea, the Atlantic coast of Portugal and Spain or

even at higher cold climate latitudes such as Scotland, Ireland and United Kingdom [2].

Figure 3.1: ‘Hot spots’ of beachrock occurrence, in which the shading changes according to the
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Voo

number of occurrences in each cell.

The predominant distributional evidence identifies warm climates with pore waters
rich in calcium carbonate as essential cement precipitation prerequisites for beachrock
formation. Nevertheless, the mechanisms for the formation of these sedimentary rocks in
cold-temperate climates, where the seawater tends to be subsaturated with respect to
CaCOsand low rates of evaporation in the intertidal zone are registered, are less well known

than in warmer climates.

Previous works related to beachrocks have generally focused their attention on the
characterization of the mineral phases composing the cements of the beachrocks. As a

consequence, several hypotheses about the implications of the formation of such deposits
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in the coastal zones have been described enabling the construction of different diagenetic
models. To achieve this goal, scanning electron microscopy (SEM) [4], X-Ray spectrometry
and radiocarbon dating [12] have commonly been used, although in more recent studies
analyses by Raman spectroscopy have also been performed [2,13]. Recently, the
outstanding improvements in resolution of chromatographic techniques have opened new
research lines in beachrock characterization, being possible the analysis of the organic
fraction preserved during cementation. In fact, high resolution chromatographic techniques
allow performing organic biomarker analyses in order to get complementary information to
that given by traditional techniques [14]. Besides the improvement in chromatographic
resolution, the use of analytical techniques with good sensitivity and selectivity is essential
in order to detect organic biomarker compounds at trace levels (often present at sub ng-g™
quantities). The use of large volume injection (LVI) in a programmable temperature
vaporizer (PTV) (as injection system) or the use of high sensitivity mass spectrometers (as

detection system) allows us to fulfill the objective.

Biomarkers are strongly useful as they can provide information about the organic
matter present in the source rock (source), environmental conditions during its deposition
and burial (diagenesis), the thermal maturity experienced by a rock or oil (catagenesis), the
degree of biodegradation, as well as some aspects related to the source rock mineralogy
(lithology) and age [15]. Among other organic biomarkers, polycyclic aromatic hydrocarbons
(PAHSs) are interesting compounds to be determined in sedimentary rocks. Although PAHs
can be originated from natural (i.e., biomass burning, volcanic eruptions and diagenesis
[16]) and from anthropogenic (i.e., coal and wood burning, petrol and diesel oil combustion,
and industrial processes [17]) processes, they are always emitted as a mixture. The relative
molecular concentration ratios of PAHs are considered to be characteristic of a given
petrogenic or pyrogenic origin [18]. Other biomarkers such as C27-C35 pentacyclic
triterpanes (hopanes) can indicate the conditions during the formation of sedimentary

rocks, as for example, salinity, presence or absence of oxygen, microbial activity, etc. [15].
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For instance, the presence of gammacerane (CaoHs2) indicates hypersaline environments
and water column stratification in marine deposits. It has been found that gammacerane is
also a component of bacteria and other primitive organisms [19]. Thus, the presence of such
compounds within the cements could also confirm the influence of biologically mediated

processes in the first stages of cementation.

Notwithstanding the remarkable information that could be obtained from the organic
residues preserved in geological samples, few authors have studied the presence of organic
compounds within the beachrock cements. Although Marshall et al. [20] determined
biomarkers in other matrices such as Precambrian glacial sediments by means of
accelerated microwave extraction, there is a lack of analytical methodologies developed to
determine organic biomarkers in beachrock samples. Moreover, most of the works dealing
with the analysis of such organic compounds in similar matrices such as sediments, sands,
soils and rocks often use very time-consuming extraction techniques. In this framework,
conventional Soxhlet extraction is the most referenced technique, regardless of the long
extraction periods (i.e., 8-16 h), large amount of sample (i.e., 100-150g) and large
extractant volumes (i.e., 150 mL) required [21-24]. Other extraction methods such as
microwave assisted extraction (MAE) [25] have shown to be adequate extraction
techniques for several solid matrices allowing the simultaneous extraction of multiple
samples, but it is still time consuming and high-priced. Accelerated solvent extraction (ASE)
has also been used to extract organic compounds from similar matrices [26], but it is more
expensive than the classical techniques. As a cheaper alternative, ultrasound based solid-
liquid pretreatments drive effective extraction processes in shorter time, with less analyte
loss during the sample pre-treatment and using a, safe, low-cost and eco-friendly
methodology [27]. Currently, among the different ultrasonic processors, ultrasound bath
(USB) is one of the most common instruments to accelerate the extraction of both organic
and inorganic compounds from several matrices [28,29]. However, the poor sonication

power of ultrasound baths has made the focused ultrasound solid-liquid extraction (FUSLE)
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systems to be increasingly popular. The use of focused ultrasound energy provides a short,
reproducible and quantitative extraction from different matrices [30-32], including organic

compounds as target analytes [30].

The main objective of the research was to develop a fast, cost-effective, eco-friendly
and sensitive analytical method based on focused ultrasound solid liquid extraction in
combination with LVI-PTV-GC-MS analysis. As far as we know, this methodology has never
been applied to the analysis of organic compounds (PAHs and organic biomarkers) from
beachrock samples. Finally, the developed method was applied to beachrock samples with
the purpose of finding PAHs and biomarkers to identify probable sources of organic matter

and shed some light on the diagenetic process of these sedimentary outcrops.

3.1. Materials and methods

3.1.1. Studied material

The beachrock samples used in the optimization of the analytical procedure and its
assessment belong to Tunelboka cove, which is located at 43°N latitude (Bay of Biscay,
Northern Spain). The beachrock is placed at an unusual temperate latitude setting, in
contrast to the most documented beachrocks at tropical and subtropical emplacements
[2,11]. More exactly, the cove is located in the surroundings of the Nerbioi-lbaizabal
estuary, an area marked by a strong industrialization background. This context induces a
considerable heterogeneous character to the beachrocks, being the granulometric
separation a helpful tool to, somehow, differentiate the cements between the framework
grains [13]. Indeed, this finest particle size related to the cements is the target one in order
to determine biomarkers, which will help to conclude whether microorganisms were
involved in the formation of the beachrock outcrops and to understand the specific
formation conditions at this latitude. Figure 3.2 shows the location of Tunelboka cove and

the beachrock found in that location.
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Figure 3.2: a) General view of beachrock from Tunelboka cove; b-d) vertical sections of Tunelboka

cove showing beachrock formation; e) example of a sampling point and f-g) anthropogenic artifacts

cemented within the beachrock outcrops. Source: a-g) from Arrieta (2014) [9].

3.1.2. Reagents and materials

Laboratory material was carefully cleaned with abundant pure water (<0.2 uS-cm™,
Millipore, USA) and without using detergent to avoid possible contamination produced by
detergent residues. The material was sonicated under clean acetone (Q.P., Panreac
Quimica, Spain) for an hour and then rinsed with ultrapure water (<0.057 uS-cm?, Milli-Q

model, Millipore, USA). Finally, the glass material was dried in an oven at 400 °C for 4 h.

PAH mix containing naphthalene (Naph), acenaphthylene (Acy), acenaphthene (Ace),
fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (FIr), pyrene (Pyr),
benzo[a]anthracene (BaA), crysene (Cry), benzo[b]fluoranthene (B[b]F),
benzo[k]fluoranthene (B[k]F), benzo[a]pyrene (B[a]P), indeno[1,2,3-cd]pyrene (IcdP),
dibenzo[a,h]anthracene (DahA) and benzo[g,h,ilperylene (BghiP) at 2000 pg-mL?! was

purchased from Supelco (Sigma-Aldrich, Germany). A mix of five deuterated PAHs ([?H:]
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Naphthalene, [?Hs] Acenaphthene, [?Hi0] Phenanthrene, [?Hi2] Chrysene and [?Hi2]
Perylene) supplied by Supelco (Sigma-Aldrich, Germany) was used as surrogate. Mixed fresh
solutions with =50 pg-g* of each target compound were monthly prepared and stored in
amber vials at -20 °C. Dilutions of these stock solutions were daily prepared in n-hexane

according to the experimentation.

The used solvents, n-hexane (Hex), dichloromethane (DCM) and methanol (MeOH) (all
HPLC grade, 99.8%) were purchased from LabScan (Dublin, Ireland). Copper (powder Cu),
used in order to eliminate the high amounts of sulfur present in samples, was acquired from

Merck (Darmstadt, Germany).

3.1.3. Extraction of PAHs and organic biomarkers from beachrock samples

3.1.3.1. Sample preparation

Special care was taken in all analytical steps (including sample crushing, fractionation
and extraction) in order to minimize cross-contamination sources. Prior to the extraction,
samples were air dried in a fume hood during 24 h until constant weigh and introduced in

an octagon digital sieve shaker (Endecotts, London, UK).

In order to achieve the organic fraction preserved in the carbonaceous cements, and
considering the anthropogenic nature of the high amount of slag and the rubble trapped
within the bulk of the stratified beds, samples were subjected to a granulometric
separation. Based on the grain size examinations, the finest sediment fraction (@ < 75 um)
yielded the major part related to the carbonaceous cements, while the higher fractions
were related to the particulate metallic materials (75 pm < @ < 250 um) and to slag and
natural carbonaceous grains (i.e., gastropod shells) (250 um < @ < 2 mm). This fact was
observed in previous studies related to beachrock matrices [13] and in other geochemical

studies [33]. Indeed, during the sieving, particles suffer a grain-to-grain superficial abrasion
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and thus, the cements covering the sediment surfaces could be first powdered and
transferred to the fraction with the smallest grain size. The resulting @ <75 pm grain size
(mainly related with the cements) was homogenized with an agate ball mill (Pulverisette 6,
Fritsch, Germany). 0.25 g of the homogenized sample were exactly weighed to be extracted
by means of FUSLE and the two traditional extraction techniques (i.e., Soxhlet and

ultrasound bath extractions), as detailed below.

3.1.3.2. Focused Ultrasound Solid-Liquid Extraction (FUSLE)

The isolation of the organic fraction from beachrock samples was performed by means
of FUSLE. These extractions were carried out using a Bandelin Sonoplus HD 3100 sonifier
ultrasonic cell disruptor/homogenizer (100 W, 20 kHz; Bandelin Electronic, Berlin, Germany)
equipped with a 3 mm titanium micro-tip. The efficiency of several organic solvents was
firstly evaluated and then, the extraction process variables were thoroughly optimized by
means of an experimental design approach (i.e., sonication time, sonication amplitude and
extraction time). Under optimum conditions, 0.25 g of the samples were accurately weighed
in a glass vessel and mixed with 0.50 g of powdered activated copper and 250 ng-mL™* of
deuterated PAHs were added as surrogate before the extraction. The mixture was treated
with 15 mL of DCM, immersed in an ice-water bath, and extracted for 5 minutes using a

duty cycle of 0.5 s's! and a sonication amplitude of 20%.

Once the extraction step was completed, and after decantation, the liquid fraction was
separated from the residual solid and it was passed through glass cartridges (Supelco,
Bellefonte, PA, USA) containing 0.75 g of activated copper in order to eliminate the
interferences from sulfides in the chromatographic detection. The clean eluate was
concentrated to dryness under a gentle stream of nitrogen at 25 'C (Turbovap® LV, Caliper,
Life sciences, USA) and reconstituted in 200 pL of n-hexane. Finally, the reconstituted
extract was filtered through a 0.2 um polypropylene filter before LVI-PTV-GC-MS analysis.

Figure 3.3 shows the flow chart that summarizes the whole analytical procedure.
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Figure 3.3: Flow diagram of the procedure for organic matter determination in beachrock samples by

FUSLE extraction and LVI-PTV-GC-MS analysis.
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3.1.3.3. Comparison with traditional extraction techniques

Beachrock samples were also extracted with traditional extraction techniques used in
geochemistry applications in order to compare their extraction capabilities and to assess

the suitability of the optimized method (i.e. Soxhlet and ultrasound bath).

The Soxhlet method was based on a standard method described in the literature [24].
In brief, 0.25 g of the sample were weighed and extracted with 280 mL of DCM for 8 h in
the Soxhlet apparatus (in duplicate). After the extraction, the solvent was removed in a
rotatory evaporator (Laborota 4000 Heidolph). The extracts were subsequently passed
through glass cartridges with 0.75 g of activated copper and concentrated to dryness under
a gentle stream of nitrogen at 25 °C. Finally, the concentrated extract was reconstituted in
200 uL of n-hexane, filtered through a 0.2 um polypropylene filter, and analyzed by LVI-PTV-
GC-MS.

In the case of ultrasound bath (USB) extraction, 0.25 g of sample were weighed and
mixed with 0.5 g of activated copper. Three replicates were extracted with 15 mL of DCM
for 30 min by an Ultrasons-H bath from P-Selecta with a working frequency of 40 kHz (1000
W). Once the extraction time was over, the same procedure used for FUSLE extracts was

applied (see section 3.1.3.2.).

3.1.4. LVI-PTV-GC-MS analysis

The analysis was performed in a 6890N gas chromatograph (Agilent Technologies,
Avondale, PA, USA) equipped with a large volume injection (LVI) system and an Agilent
5975N electron impact ionization mass spectrometer. A 20-uL aliquot of sample extract was
injected using a 100 pL syringe in a cooled injection system (CIS) which consisted of a
septum-less head and an empty baffled deactivated gas liner cooled with liquid nitrogen.

LVI-PTV injection parameters were optimized by means of an experimental design. Under
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optimum conditions, the inlet temperature was held at 20 °C while the column head
pressure was fixed to 2.7 psi and the flow rate through the split vent was set at
75 mL:min! to eliminate most of the solvent. At a vent time of 0.8 min the analytes were
focused onto the column in splitless mode for 1.5 min while the temperature of the PTV
injection port was increased at 12 °C-s to 300 °C and held for 5 min. Finally, the inlet was

cleaned at a purge flow of 50 mL-min‘! before further injections.

Analytes were separated on a HP-5MS capillary column (30 m x 0.25 mm, 0.25 pum)
from Agilent Technologies (Agilent Technologies, PA, USA). The oven temperature was
programmed as follows: start at 55 °C for 5 min, increase at 45 °C-min to 90 °C and a final
increase at 6 °C-min* to 300 °C which was held for 15 min. Hydrogen (AD-1020 Hydrogen
Generator, Cinel Strumenti Scientifici, Padova, Italy) was used as carrier gas at a constant
flow of 1.3 mL-mint. The transfer line temperature was maintained at 310 °C and the ion
source and the quadrupole at 230 °C and 150 °C, respectively. Detection was carried out
both in the scan (50-450 m/z) and in the selected ion monitoring (SIM) modes
simultaneously. Table 3.1 shows the m/z values of the fragment ions monitored in the SIM

together with the abbreviation, structure and the deuterated surrogate used for each PAH.
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Table 3.1: Name, abbreviature, structure, formula, monitored m/z ion fragments (quantitative,

qualitative) and surrogate for each PAH congener studied.

Compound (Abbrev.) Structure Formula m/z Surrogate
Acenaphthene Ace O‘O Ci2H10 153,154 Ace-d10
Acenaphthylene Acy O‘b Ci2Hsg 152,153 Ace-d10
Fluorene Flu O'O C13H1o 165,166  Phe-d10
Phenantrene Phe OOO CigH10 178,179 Phe-d10
Anthracene Ant g g C1aH10 178,179 Phe-d10
Fluoranthene Fir 0’8 CigH10 202,203 Cry-d12
Pyrene Pyr O Ci6H10 202,203 Cry-d12
Benzo[a]Anthracene BaA %OO CigH12 228,229 Cry-d12
Chrysene Cry OO‘O CigH1z 228,229 Cry-d12
Benzo[b]Fluoranthene B[bJF Oé“e CyoH12 252,253 Per-d10
Benzo[k]Fluoranthene B[k]F 00.8 CaoH12 252,253 Per-d10
Benzo[a]Pyrene B[a]P Oéo‘o CaoH12 252,253 Per-d10
Indeno [1,2,3-cd]Pyrene /cdP Q“;% CxH12 276 Per-d10
Dibenzo [a,h]Anthracene DahA ~ OOQ CxoH1a 276 Per-d10

Ci

Benzo[ghi]Perylene BghiP §O“ CH12 276 Per-d10

Ace-d10: [*Hio] Acenaphthene; Phe-d10: [*Hio] Phenanthrene; Cry-d12: [?H12] Chrysene; Per-d10: [*Hi2] Perylene.
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3.2. Results and discussion
3.2.1. Optimization of LVI-PTV-GC-MS

In order to achieve higher sensitivity in the analysis of real samples, LVI in the solvent-
vent mode was optimized and applied afterwards. Although the maximization of the
chromatographic peak area is often one of the most important response variables to be
considered, chromatographic peak symmetry can also be assessed when, under several
chromatographic conditions, high peak tailing is observed. The former can be estimated
from the asymmetry factor (ASF) parameter, which ideally should be close to the unit. ASF
value is calculated as the ratio of the distance between the center of the peak and the
trailing edge to the distance between the center of the peak and the leading edge, with
both measurements made at 10% of the maximum peak height (IUPAC and American

Society for Testing and Materials, ASTM).

To achieve the optimum working conditions, an experimental design approach was
performed. Despite LVI efficiency could be affected by several variables, some of them were
fixed according to a previous work [34]: vent flow: 75 mL-min, purge flow: 75 mL-min,
splitless time: 1.5 min and injection volume: 20 pL. Hence, in the present work the
evaluation of three instrumental parameters was considered: vent time (tvent), cryo-
focusing temperature (Tds) and injection speed (vin;) in the ranges of 0.12-3.98 min for tvent,
20-80 °C for Teis and 60-360 pL-s for vinj. A Central Composite Design (CCD) was carried out
using the Statgraphics software (Centurion XV, Statpoint Tech. Inc., USA) and using a stock
solution of 1 pug-mL™ of PAHs in n-hexane. The chromatographic area and the peak ASF of
the target compounds were used as responses of the CCD. The precision of the
measurements was estimated by the relative standard deviation (RSD %) from the four
replicates of the central point (RSD % values were between 1-4% in the case of
chromatographic area and between 8-17% in the case of peak ASF for all target

compounds).
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Figure 3.4: a) Standardized Pareto Charts for the main effects and their interactions and (b) the
response surface obtained for Ace varying temperature and vent time (injection speed was fixed at

211 ulL-s?).

Multiple linear regression was used to build the different response surface models
considering only statistically significant variables at 95% of confidence level (p-value < 0.05).
In the case of the chromatographic area, no significant effects were observed under studied
conditions for any of the target compounds. Besides, regarding the peak ASF, injection
speed was also not significant at the studied range for any of the target compounds; thus,
it was fixed at 211 pL-s%. Cryo-focusing temperature was only significant for the late eluting
compounds yielding the highest values of ASF (>2) at higher temperatures. Therefore, it was
decided to fix Tesat 20 °C since most target compounds gave better responses (ASF values
close to 1) at this temperature. The influence of tvent was observed for the earliest and the
latest compounds obtaining best results at lower values, whereas there was no effect for
the intermediate ones (see Figure 3.4). Indeed, when long vent times were used
characteristic pre-peaks (peak splitting) were observed for the earliest PAHs (Acy, Ace and
Flu). As a consequence, an optimum vent time of 0.8 min was fixed. The occurrence of this
phenomenon is in concordance with other works found in the literature where larger pre-
peak areas were obtained using longer venting times [35]. This effect could be probably
attributed to a bad focusing of the analytes, first in the injection port and then in the
column, during the solvent venting [36]. In addition, the carrier gas also may contribute to

the peak splitting because chromatographic efficiency depends on it. Since most of the
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published works used helium as carrier gas, the problem of peak splitting is not documented

when LVI is used.

3.2.2. Elimination of sulfur interferences

The beachrock samples studied in this work presented high amounts of sulfur. In a first
attempt, no clean-up step was used and the obtained chromatograms showed large
interferences of sulfur, which impeded the detection of target compounds. One of the
methods suggested by the US Environmental Protection Agency to avoid interferences from
sulfur is the use of powdered activated copper (US EPA Method 3660B) [37]. Thus, in order
to eliminate distortions in the chromatograms, additional steps were included before and
after the extraction. Concretely, after the optimization of the activated copper:sample ratio,
the solid sample was decided to be mixed with 0.5 g of activated copper prior to the
extraction, and once the extraction was done, the liquid fraction was passed through glass
cartridges containing 0.75 g of powdered activated copper. This way no interference was

observed in the chromatograms.

3.2.3. Optimization of FUSLE

The variables affecting the FUSLE process (extraction solvent, ultrasound amplitude,
sonication time and total extraction time) were assessed to improve the efficiency of the
extraction step. All the steps involving the optimization were carried out using the @#<75 um
fraction of homogenized beachrock sample containing PAHs and organic biomarkers but
with low content of sulfur. The chromatographic peak areas were corrected with
deuterated surrogates that were added after the extraction step and prior to the
evaporation step. Moreover, all the areas were normalized to the weighed mass in order to

correct differences due to this factor.
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Figure 3.5: Influence of solvent mixture during FUSLE. Results expressed as chromatographic signals

normalized to the highest response (n=3, 95% confidence level).

In a first approach, the nature of the extraction solvent was evaluated. Mixtures of
non-polar and polar solvents have been used in literature for the isolation of PAHs from
solid matrices such as biota, sediment and soils [38,39]. Hence, four different mixtures of
DCM:MeOH (i.e., pure DCM, DCM:MeOH 90:10 (v/v), DCM:MeOH 85:15 (v/v) and
DCM:MeOH 70:30 (v/v)) were tested as extraction solvents. All the experiments were
performed in triplicate. Aliquots of 0.25 g of beachrock sample were mixed with 0.50 g of
activated copper and they were extracted for 5 min (20% of amplitude and 0.5 s-s* of duty
cycle) with 15 mL of the tested different solvents. Figure 3.5 shows the responses
normalized to the highest response obtained for the first nine PAHs and one of the main
abundant biomarkers (17a(H), 21B(H) hopane, also known as gammacerane). As can be
observed, the extraction efficiencies decreased with the polarity of the solvent mixture,
which is consistent with the non-polar nature of the target compounds and also with the
literature [39]. Although the reproducibility was slightly higher when 100% of DCM was used
(but still acceptable, RSD < 17%), it provided the best extraction yields for all the target
compounds compared to the other assessed mixtures. Accordingly, DCM was selected as

the extraction solvent for further experiments.
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In FUSLE, the success in the extraction yield is mainly attributed to the use of adequate
process variables, such as ultrasound amplitude, sonication time and extraction time. In
pulsed sonication the extraction time is divided in different cycles, in which each cycle is the
sum of the period of time that pulse is on (duty cycle) and off. In this work, cycles of 1 second
were used. The influence of these parameters was simultaneously evaluated by means of a
CCD and using 0.25 g of the same beachrock sample extracted with 15 mL of DCM. Thus, 18
assays (including four replicates of the central point) were performed varying the amplitude
of the delivered ultrasound from 10 to 30%, the duty cycle from 0.2 to 0.8 s-s* and
extraction time from 1 to 15 min. The studied ranges were chosen based on manufacturer's

recommendations and previous knowledge [38,39].

The responses obtained for the CCD were analyzed by means of multiple linear
regression, and ANOVA results indicated that the studied parameters had a small effect or
no significant effect at 95% of confidence level (p-value > 0.05) for any of the target
analytes. Similar results were also obtained in the literature for the isolation of PAHSs in
sediments [38]. Consequently, the amplitude and sonication time were fixed at
intermediate values of 20% and 0.5 s, but the extraction time was deeper studied in order

to fix the minimum extraction time that gives the largest extraction efficiency.

To this aim, a time profile between 0.5 and 12 min (i.e., 0.5, 0.8, 1.5, 4, 8 and 12 min)
was performed in triplicate covering lower times than the ones used during the
experimental design approach. As the principal purpose of the optimization was the
extraction of all the organic compounds (PAHs and organic biomarkers) present in the
sample, data were processed summing up all the PAHs signals detected. According to the
time profile shown in Figure 3.6., the highest values were reached after 4 minutes of pulsed
sonication and it was selected as optimum extraction time taking into account both method
sensitivity and experimental practical aspects. This extraction time is much lower than those

used in other methods employed in the field of geochemistry, but it is similar to the
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extraction times found in the literature for the isolation of organic compounds in other solid
matrices [40]. As a result, optimum extraction conditions were set as follows: extraction

time of 4 min, duty cycle of 0.5 s-s* and amplitude at 20%.

6

8.95-10

6

8.45:10
7.95-10°
745-10°
6.95-10°

6.45-10°

S Chromatographic area of 16 PAHs

5.9510°
0 2 4 6 8 10 12 14

Extraction time (min)

Figure 3.6: Extraction time profile of organic compounds by means of FUSLE. Signals expressed by
summing up all chromatographic areas corresponding to PAHs in one combined response (n=2, 95%

confidence level).

Finally, the number of consecutive extractions required for a quantitative extraction
was evaluated by analyzing three replicates of the same real sample containing both PAHs
and biomarker compounds. The consecutive extractions were performed under selected
conditions and adding fresh solvent. The results showed that above 83% of the extracted
amount was achieved in the first fraction for all compounds except for Flu, Phe and Ant, of
which extraction efficiencies were of 65%, 66% and 77% respectively. No significant
statistical differences were found between second and the third steps of FUSLE at 95% of
confidence level (p-values > 0.2 for all the target compounds). Although some of the
amounts recovered in the second extraction were not negligible, a second extraction over
the same sample would involve the use of more chlorinated organic solvent, which reduces
the “green quality” of the method. Moreover, as can be seen in the method’s figures of

merit section (3.2.4), the results were acceptable in terms of apparent recovery even not
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having performed consecutive extractions (i.e., recovery corrected with deuterated

analogues), which ensures the suitability of the method for quantitative purposes.

3.2.4. FUSLE-LVI-PTV-GC-MS method validation

The figures of merit of the developed method (FUSLE-LVI-PTV-GC-MS) were only
quantitatively calculated for PAHs since the other organic biomarkers, such as hopanes and
steranes, are not commercially available (see Table 3.2). Regarding the figures of merit for
the LVI-PTV-GC-MS method, external calibration curves showed good linearities over a wide
concentration range (i.e., 5-250 ng-mL?) with coefficients of determination (r?) higher than
0.991 for all the PAHSs. Instrumental limits of detection (LODs) were estimated and defined
as the average response (n=3) of the lowest concentration level of the calibration curve for
each analyte plus three times the standard deviation, as referenced in other works [40,41].

The obtained instrumental LODs were below 41 ng-mL? for all PAHs (see Table 3.2).

In order to calculate the procedural limits of detection (LODproc), procedural blanks
(i.e., the whole optimized extraction procedure performed without beachrock sample and
using 15 mL of DCM) were analyzed (n=3). The LODproc vValues were estimated as the average
response for each analyte plus three times the standard deviation, and when no signal was
detected at the corresponding retention time, LODproc values were referred to a value of
signal-to-noise ratio of 3. The use of other approaches to determine method detection limits
that include the presence of matrix (i.e., the definition suggested by the US EPA, [42]) were
not possible due to the presence of the target analytes at different concentration levels in
real beachrock samples and due to the impossibility to find similar matrices without target
compounds. Table 3.2 shows the obtained LODproc values, which were in the range of

5-32 ng-g~.

The repeatability of the method (expressed in terms of relative standard deviation,

RSD %) was assessed using three replicate extractions of a real beachrock sample analyzed
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in the same day. As can be seen in Table 3.2, RSD % values were between 10% and 23% for

all the target compounds.

Table 3.2: Main method parameters (limits of detection, repeatability and accuracy) for the

developed procedure.
Limits of detection Repeatability Accuracy
Analyte LOD LODjproc %RSD Recovery ’::f:‘:::;
.mL1 .ol = 9
(ng'-mL?)  (ng-g?) (n=3) (%) (%)°
Phe 11 9 10 90 80P
FIr 12 10 13 115 89¢
Pyr 12 9 10 118 89¢
BaA 41 32 14 127 97¢
Cry 23 19 14 140 107¢
B[b]F +B[k]F 14 11 17 91 47¢
B[a]P 22 17 23 137 774
IcdP+DahA 7 5 18 188 1004
BghiP 7 5 17 211 1094

(a) Apparent recovery estimated from the certified reference material SRM 1944. (b) Corrected with [?Hio]

Phenanthrene; (c) corrected with [?H12] Chrysene; (d) corrected with [?H12] Perylene.

In the absence of certified reference material for PAHs in beachrock samples, two
approaches were performed to validate the accuracy of the proposed FUSLE-LVI-PTV-GC-
MS method. On the one hand, the developed method was applied to SRM 1944 reference
material, certified sediment for PAHs. On the other hand, the beachrock sample (particle
size of @< 0.75 um) containing both PAHs and a main organic biomarker compound (i.e.,
gammacerane) was analyzed using the developed method and compared with other

classical approaches, such as ultrasound bath extraction (USB) and Soxhlet extraction.

Consequently, 0.25 g of SRM 1944 were treated under the optimal extraction
conditions for FUSLE (20 % of amplitude, 0.5 s-s’* of duty cycle and 4 min of extraction time).
Adequate recoveries (between 90% and 127%) were obtained for all the PAHs except for
the heaviest ones, which showed recoveries higher than 140% (see Table 3.2). These high

recoveries may be attributed to the matrix effect, but they were successfully corrected
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using isotopically labeled analogues added before the extraction (200 ng-g?). Table 3.2
shows the results obtained with this approach compared to the certified values for selected
PAHs in SRM 1944. As it can be seen, the obtained results were acceptable for all target
compounds except for B[b]F+B[k]F. Thus, the approach of using deuterated analogue

compounds was considered suitable for the quantification of PAHs in real samples.
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Figure 3.7: Comparison of the concentrations obtained by means of FUSLE with other traditional
techniques used in the literature: ultrasound bath extraction (USB) and Soxhlet extraction. (n=3, 95%
confidence level). Ant expressed as the sum of Phe+Ant in the case of Soxhlet extraction.

*Gammacerane expressed as chromatographic signal in the second y axis.

Moreover, in order to compare the trueness and effectiveness of the developed
method with those provided by traditional methods, the same amount of the beachrock
sample (i.e., 0.25 g) was extracted in triplicate with the different extraction techniques (i.e.,
Soxhlet, USB and FUSLE). In the case of USB extraction, samples were extracted for 30 min
according to the literature [43,44] and for Soxhlet extraction 8 h were needed to complete
8 cycles [24]. Figure 3.7 shows the concentrations (ng-g) obtained with each extraction
technique for all target compounds, as well as the response obtained for gammacerane,

which is one of the most representative organic biomarker found in saline environments.
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The results showed for gammacerane are expressed as chromatographic signal in the
second y axis and, as can be seen, FUSLE provided the highest one among all the assessed
extraction techniques. It is worth mentioning that in the case of Soxhlet extraction, the
chromatographic resolution was poorer and the retention times changed for all the target
compounds, which could be mainly attributed to a high presence of coeluting interferences.

This fact implied, for example, the coelution of two main PAHs (i.e., Phe and Ant).

The results got with the three extraction techniques were statistically comparable (t-
test p-values between 0.06 and 0.77 for all target compounds). However, in the case of USB,
higher RSD % values were achieved in comparison to the other techniques (4-40% for USB,
2-15% for FUSLE and 4-28% for Soxhlet extraction). These results, together with the fact
that USB and Soxhlet devices require longer extraction times (24 h) and larger solvent
volumes [22,23], make FUSLE a very suitable option to extract organic compounds from

beachrock samples.

3.2.5. Application to real samples

We applied the developed analytical procedure to real beachrock samples from
Tunelboka cove (Bay of Biscay, Northern Spain). Samples were ground to @<75 um grain

size and three replicates were subjected to analysis.

These analyses revealed the presence of the 16 EPA priority PAHs (see Table 3.3). PAH
concentrations were estimated with the calibration curve of each analyte and corrected
using deuterated analogue compounds. The expanded uncertainty of these results was
calculated attending to the guidelines reported by Konieczka et al. [45] (see Table 3.3). PAH
ratios were calculated according to De Luca et al. [43] indicating a pyrolitic origin of PAHs
(see Tables 3.4 and 3.5). Pyrolitic sources include combustion processes (i.e., fossil fuel

combustion) and are largely prevalent in aquatic environments. Pyrolitic PAHs appear to be
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more strongly associated with particles and less bioavailable than petroleum-derived PAHs

(petrogenic PAHSs), and they do not participate in sorption and desorption processes [46].

Consequently, the distributions of pyrolytic PAHs in a variety of sedimentary environments

are remarkably constant and they are much more resistant to microbial degradation [47].

Table 3.3: Retention times, m/z values and concentrations (n=3, 95% confidence level) of the organic

compounds measured in a beachrock sample from Tunelboka (Bay of Biscay).

Compound tr m/z Concentration
(min) Q.,q (ng-g™)
Acy 14.02 152,153 218 +20°
Ace 14.68 153,154 59 +10°
Flu 16.48 165, 166 23+6°
Phe 19.96 178,179 309 + 9°
Ant 20.12 178,179 81+9°
Fir 24,51 202, 203 558 + 9¢
PAHs Pyr 25.27 202, 203 397 + 38°¢
BaA 30.03 228, 229 586 + 58°¢
Cry 30.14 228, 229 564 + 40°
B[b]F + B[k]F 34.00 252,253 615+ 51¢
B[a]P 34.92 252,253 430+ 55¢
lcdP+DahA 38.40 276, 277 480 + 43¢
Bghip 38.99 276,277 460 + 549
17a(H),21B(H)-
28,30bisnorhopan 37.16 191, 384 -
e
17a(H),21B(H)- 37.24 191, 398 -
norhopane
Gammacerane 38.07 191, 412 -
22S-
17a(H),21B(H)- 39.14 191, 426 -
Organic homohopane
biomarkers 22R-
17a(H),21B(H)- 39.26 191, 426 -
homohopane
22S-
17a(H),21B(H)- 39.96 191, 440 -
bishomohopane
22R-
17a(H),21B(H)- 40.16 191, 440 -

bishomohopane

(a) corrected with [?H1o] Acenaphthene; (b) corrected with [?Hio] Phenanthrene; (c) corrected with [?Hi2] Chrysene;

(d) corrected with [?H12] Perylene. Q: Quantifier ion, q: qualifier ion.
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Table 3.4: Pyrolytic and petrogenic origins of polycyclic aromatic hydrocarbons. Characteristic values

of selected molecular ratios according to de Luca et al. [38].

LPAHs? Phe Chr F_lr Flr Pyr
HPAHs Ant BaA Pyr FIr 4+ Pyr BaP
Pyr?lyt|c Low <10 <1 >1 >0.5 > 10*
origin
Petrc.ag.emc High >15 >1 <1 <0.5
origin

* From urban origin.
9 LPAHSs are sum of (Naph, Acy, Ace, Flu, Phe and Ant) concentrations and HPAHSs are the sum of (Flr, Pyr, BaA, Chr,
B[b]F, B[k]F, B[a]P, IcdP, DahA and BghiP) concentrations.

Table 3.5: Experimental ratios estimated from concentrations of PAHs measured in a beachrock

sample from Tunelboka (n=3, 95% confidence level).

> LMW Phe Chr E Flr Pyr
> HMW Ant BaA Pyr FIr + Pyr BaP
Beachrock
samples from 0.18 33 0.96 1.40 0.584 0.99
Tunelboka
Standard
0.03 0.8 0.03 0.02 0.003 0.04
deviation

In addition to PAHs, we detected several organic biomarkers in the analyzed samples
(see Table 3.3 and Figure 3.8). The identification of these compounds was performed based
on the data reported in the literature and the interpretation of mass spectra [48-50].
17a(H), 21B(H) hopane, known as gammacerane (m/z 191, 412), a C30 pentacyclic
triterpane in which each ring contains six carbon atoms, was the main biomarker found. The
presence of this compound may indicate hypersaline/saline conditions during the formation
of sedimentary rock [48], an evident fact taking into account the coastal location of samples.

However, the presence of gammacerane also indicates anoxic/suboxic conditions during
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sediment deposition conditions that can accelerate the process of the beachrock formation

[51].
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Figure 3.8: LVI-PTV-GC-MS chromatogram obtained in SCAN mode for Tunelboka samples showing
the identified biomarkers: (1) 17a(H),216(H)-28,30-bisnorhopane; (2) 17a(H), 216(H)-norhopane; (3)
Gammacerane; (4) 225-17a(H),218(H)-homohopane; (5) 22R-17a(H),216(H)-homohopane; (6) 225-
17a(H),218(H)-bishomohopane; (7) 22R-17a(H),216(H)-bishomohopane. m/z values of fragment ions

are shown in Table 3.3.

Besides the gammacerane, 17a(H),21B(H),28,30-bisnorhopane (m/z 191, 384),
which is common in sulfur-rich source rocks, and 17a(H),21B(H)-norhopane (m/z 191, 398),
were found. Finally, 225-17a(H),21B(H)-homohopane, 22R-17a(H),21B(H)-homohopane,
22S5-17a(H),21B(H)-bishomohopane and 22R-17a(H),21B(H)-bishomohopane pentacyclic
triterpanes were also detected. Certainly, it is known that the latter six compounds occur
from microbial removal of the methyl group during heavy biodegradation of hopanes [48].
This fact helps to understand that the microbial activity and suboxic depositional
environments, together with the high input of organic contaminants, may have promoted
the accelerated formation of beachrock at this unusual temperate latitude setting. Indeed,
the presence of organic matter is usually linked to microbial proliferation during organic

matter degradation. Microbial metabolisms alter the geochemical environment and water
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chemistry and ultimately impact on carbonate precipitation reactions by raising locally the
level of saturation with respect to carbonate minerals of the ambient water [52]. Various
metabolic processes such as C, O, S, N and Fe-based reduction-oxidation reactions under
both oxic and anoxic conditions (i.e., photosynthetic carbon fixation by cyanobacteria,
hydrolysis of urea or denitrification, sulphate reduction under anoxic conditions, and
dissimilatory iron-reduction), that form the basis of microbial metabolisms, greatly affect
pH, alkalinity, dissolved organic carbon, and thus, the concentration and nucleation of

carbonates [4,53-56].

3.3. Conclusions

The results derived from organic analysis are known to be complementary to those
obtained from inorganic analyses of geological rock samples. The analysis of organic
biomarkers that are supposed to be at very low ng-g! levels is a tricky analytical task often
performed with conventional extraction techniques, which require high amount of
extraction solvent, large amount of sample and/or long extraction times. Ultrasound
focused solid-liquid extraction followed by large volume injection — programmable
temperature vaporizer — gas chromatography — mass spectrometry (LVI-PTV-GC-MS) turned
out to be a very suitable analytical procedure to analyze PAHs and organic biomarkers from
beachrock samples. In fact, it resulted to be a fast, eco-friendly and very sensitive procedure
that allowed the detection of target compounds at low concentration levels (low ng-g) with

high precision (RSD < 17%) and accuracy (77 — 109%).

The innovative application of the developed method has provided a promising new
approach for a fast screening of organic fraction in beachrock samples. Concretely, the
detection of the aforementioned organic biomarkers, offers a potentially powerful tool for
understanding the past environments and the biophysicochemical conditions in which the

nucleation of the cements occurred. Indeed, all of the biomarkers detected, related to a
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microbial activity during the depositional period, provided some highlighted evidences that
may relate the formation of such unusual beachrock formations with the presence of
organic matter and its decay. Therefore, the collected data render some important clues to
reinforce the importance of the biological processes involved in the formation of
beachrocks located at non-expected temperate latitudes, where the seawaters tend to be

subsaturated with respect to carbonates and low rates of evaporation are registered.

Moreover, the ratios of several PAHs detected in the analyzed beachrock samples may
indicate an anthropogenic input of such organic pollutants during the sedimentation and
the cementation of the beach grains. Thus, the whole characterization of beachrock
samples of different origins should be performed in the future in order to get more insights

into the beachrock formation phenomena.

Hence, based on this work a new line of research on the identification of
microbiological DNA traces within the cement forms and additional elemental, molecular
and isotopic compositions of the beachrock deposits could provide new information on the

biologically mediated first stages of carbonate precipitation.
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Water soluble organic compounds in
aerosol and historical mortars affected by
marine atmosphere: the case of Punta

Begona Galleries (Getxo, Northern Spain)

Under review in: Talanta

“A rock pile ceases to be a rock pile the moment a single man contemplates it,
bearing within him the image of a cathedral.”

Antoine de Saint-Exupery - The Little Prince






Water soluble organic compounds in aerosol and historical mortars affected by marine
atmosphere: the case of Punta Begofia Galleries (Getxo, Northern Spain).

Built heritage is one of the most important cultural assets in the world and it supports
the clues to enlarge the knowledge of the History. The scientific community has made
significant efforts to conserve or to slow down the decaying processes of these materials as
long as possible [1]. Several environmental stressors (i.e., atmospheric acid pollutants,
sunlight, humidity, infiltration waters containing dissolved ions, etc.) can affect the
materials promoting weathering and decay and, consequently, several pathologies on their
surfaces can appear. These decaying sources have led to a significant increase in the number
of research works focused on the assessment of the integrity of the building materials [2-

4].

In coastal areas, the atmosphere is enriched with particles that are naturally generated
by the action of wind on the seawater surface. These particles compose the sea spray or the
so-called marine aerosol that mainly contains inorganic salts and water soluble organic
matter [5]. The major component of marine aerosol is sodium chloride, but other salts such
as sulfates and nitrates may also appear at significant quantities. Although in a lesser extent,
other dissolved ions (i.e., Ca%*, K*, Mg?*, Fe3*, Al*, Sr?*, NH4*, HCOs3, Br', etc.) and suspended
materials can be also part of marine aerosol [6]. Once these salts reach the material’s
surface, they can react with other components producing new salts formations
(efflorescence and white crusts) or migrate inside the material through the pores
precipitating new salts (sub-efflorescence) with the subsequent material degradation [7,8].
The appearance of these pathologies, mainly attributed to the high presence of ions in
marine aerosols, has driven the assessment of the conservation state of different buildings

sited in coastal areas [9-12].

In addition, the 10% of marine aerosol is composed of organic matter and occasionally,
metals such as As, Ni, Cd, Pb, Ti, V, Cr, Mn, Cu, Mo and Hg. PMzs and PMzo airborne
particulate material can be also transported by the marine aerosol. Most pollutants outdoor

generated are stable enough to accumulate on building surfaces through wet and dry
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depositions, and after some physico-chemical reactions they would end up exerting

structural degradations [13].

In general, the concentration of the organic contaminants found in marine aerosol
are correlated with traffic-related pollutants, combustion processes and other industrial
and harbor activities [14]. In addition to persistent organic pollutants, the so-called water
soluble organic compounds (WSOCs) require attention in this field. Dicarboxylic acids and
related compounds are an important class of WSOCs, accounting for up to 3% and 16% of
the total organic carbon in urban areas and marine aerosols, respectively [15,16]. Small
organic anions, such as formate, acetate and oxalate, were consistently found in black crusts
in the work published by Sabionni [17]. In a recent study, the reactivity of some WSOCs in
aerosol, namely, dicarboxylic acids, with carbonaceous building materials was also

evaluated showing damages in the porous matrix [18].

The presence of dicarboxylic acids in aerosols may result from a wide range of sources.
Primary sources include vehicular exhausts, biomass combustions and natural marine
sources, but they are mainly originated from the atmospheric photooxidation of volatile
and semi-volatile organic compounds (secondary sources) [19]. Among low molecular
weight dicarboxylic acids, oxalic acid (C2) is the most abundant species and it is considered
an end product from the degradation of many organic compounds [20]. Besides, oxalic (C2),
malonic (C3), succinic (C4) and phthalic (C8, Ph) acids are the dicarboxylic acids mostly found
in urban and marine areas [21]. Although higher dicarboxylic acids are also found in a lesser
extent, they are often monitored in research works focused on atmospheric pollution since
they can be used as tracers to identify different sources of contamination. In this regard,
glutaric acid (C5) and adipic acid (C6) are considered to be originated from the oxidation of
cyclic and aliphatic olefins, while pimelic acid (C7), suberic acid (C8) and azelaic acid (C9) are
thought to be formed via photooxidation of unsaturated carboxylic acids like oleic and

linoleic acids [22,23].
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The pollutants present in air, water and marine aerosol can act as catalysts of the
chemical weathering damage and, therefore, they are considered more harmful in urban-
industrial contaminated areas [10]. Within this scenario, while SO. deposition processes
affecting building materials have been extensively studied, few works in the literature aim
to analyze the organic contaminants trapped on the surface of building materials [24]. The
matrix complexity and low concentration levels of WSOCs require a preconcentration step
that typically accounts for more than half of the total analysis time, and it can affect the
quality of the final results. Moreover, the physicochemical characteristics of WSOCs, such
as their low molecular weight, relative high polarity and limited stability, add more
challenges to the analysis [25]. Some researchers decided on using a rotary evaporator to
evaporate large volumes of water [26,27]. However, this approach shows many
disadvantages, such as loss of volatile organic compounds and adsorption of polar
compounds on the glass walls of the flask. Liquid-liquid extraction can solve some of the
previous problems when using large volumes of organic solvents and performing
consecutive extractions [28,29]. However, these strategies do not allow the elimination of
interferences arising from the presence of compounds with similar physicochemical

properties as those of the target compounds.

Solid phase extraction (SPE) is the preferred technique to isolate a wide variety of
organic contaminants from water samples avoiding the previously mentioned drawbacks.
Activated charcoal and adsorption on ion exchange like Amberlite XAD-type resins have
been used for the preconcentration of small organic acids [30]. However, the use of
activated charcoal is effective for the retention of medium to large carbon chain carboxylic
compounds but not for the smallest ones [31]. New hydrophilic polymeric sorbents with
enhanced retention mechanisms have been used for the preconcentration of dicarboxylic
acids from aqueous extracts [32] but the breakthrough volumes for very small, highly polar
molecules (namely, oxalic, malonic or succinic acids) in water are too small for their

appropriate retention and quantitative isolation. The so-called mixed-mode sorbents have
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recently appeared in order to isolate target compounds of a wide variety of polarities
allowing selective extractions through a dual mechanism: ion-exchange and reversed-phase
mode. The mixed-mode SPE procedure renders cleaner extracts and has lower matrix
effects and improved method detection limits as it has been proven in many scientific works

[33,34].

In this context, the principal aim of this work was the development of an analytical
method based on solid phase extraction coupled to gas chromatography-mass
spectrometry (SPE-GC-MS) for the determination of short chain dicarboxylic acids (C2-C10)
in marine aerosol water samples as well as in mortars, in which a previous focused
ultrasound solid-liquid extraction (FUSLE) was necessary. After the optimization and
validation of the whole procedure, the method was applied to marine aerosol water
samples affecting the facade of a 20" century historic building (Punta Begofia Galleries,
Getxo), located in a coastal area with an important industrial harbor (Biscay Gulf, Basque
Country, Northern Spain), and to the mortars from the affected columns located inside the

building.

4.1. Experimental procedure

4.1.1. Cleaning procedure

As dicarboxylic acids are ubiquitous, special care was taken to avoid any cross-
contamination. Dicarboxylic acids are prone to absorbing in glass surfaces, thus, plastic
material or silanized glass material was used throughout the experimentation. All the
laboratory material was washed with abundant Ellix quality water (< 0.2 uS-cm™, Millipore,
Bedford, MA, USA) and then sonicated under clean acetone (Q.P., Panreac Quimica,
Barcelona, Spain) for at least an hour or maintained in a clean acetone bath overnight. After
that, the material was rinsed with abundant Milli-Q water (< 0.057 pS-cm™, Milli-Q Model

185, Millipore, Bedford, MA, USA).

112



Water soluble organic compounds in aerosol and historical mortars affected by marine
atmosphere: the case of Punta Begofia Galleries (Getxo, Northern Spain).

4.1.2. Reagents and materials

The thirteen dicarboxylic acids: oxalic acid (C2), malonic acid (C3), maleic acid (C4, M),
succinic acid (C4), fumaric acid (C4, F), glutaric acid (C5), adipic acid (C6), pimelic acid (C7),
phthalic acid (C8, Ph), suberic acid (C8), azelaic acid (C9) and sebacic acid (C10) were
obtained from Fluka (Sigma Aldrich, Steinheim, Germany). The deuterated dodecanoic acid-

d23 used as surrogate was purchased from Sigma Aldrich (Steinheim, Germany).

Solid standards were dissolved to prepare individual stock solutions of approximately
3000 pg-g? in acetonitrile (AcN, HPLC-grade, 99.9%, Sigma Aldrich, Germany) with the
exception of fumaric acid, phthalic acid, suberic acid, azelaic acid and sebacic acid, which
were dissolved in acetone (HPLC-grade, 99.8%, LabScan, Ireland). All stock solutions were

stored in silanized amber glass vials at -20 °C.

A mixed fresh stock solution containing 40 pg-mL? of all target compounds was
prepared monthly in acetonitrile, whereas intermediate dilutions were prepared daily

according to the experimentation.

The derivatization reagents N,O-bis(trimethylsilyl) trifluoroacetamide with 1%
trimethylchlorosilane (BSTFA + 1%TMCS) and N-(t-butyldimethylsilyl)-N-
methyltrifluoroacetamide (MTBSTFA) were supplied by Supelco (Walton-on-Thames, UK).
Pyridine and ethyl acetate used as derivatization solvents were obtained by Honeywell
Riedel-de Haén™ (Germany) and by Sigma Aldrich (EtOAc, HPLC-grade, 99.9%, Germany),
respectively. Empty SPE tubes and ENVI-Carb graphitized carbon (200-mg, 6 mL, 100 m?-g*
specific surface area) used during the preconcentration step were purchased from Supelco
(Bellefonte, PA, USA). Plexa (200-mg, 6 mL, 550 m?-g specific surface area, 320 mesh) and
OASIS-MAX (poly(divinylbenzene-co-N-vinylpirrilidone) + quaternary amine polymer, 150-
mg) SPE cartridges were purchased from Agilent Technologies (Avondale, PA, USA) and

Waters (Milford, USA), respectively.
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4.1.3. Sampling procedure and samples

Punta Begofia Galleries, a 20™ century historical building, are located in front of the
Ereaga beach and the industrial harbor of Bilbao, in the Basque Country (Northern Spain)
(43°20°26.8"'N 3°00°51.5'W) (see Figure 4.1). Northwest direction winds are predominant
in the area where Punta Begofia Galleries are located. However, in summer, there are many

days with north wind and also southwest in autumn.

Figure 4.1: Location of the galleries of Punta Begofia (Getxo, Basque Country) and sampling points
depending on the wind directions. (SW: southwest oriented sampling point; NW: northwest oriented

sampling point).
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The galleries are composed of two levels: the upper gallery (oriented to the
southwest) and the lower gallery (oriented to the northwest) (see Figure 4.1). Two different
sampling locations were selected according to the predominant wind directions of the area:
(i) part of the building in front of the sea (northwest orientation, samples named as AN) and
(ii) part of the building oriented to the harbor (southwest orientation, samples named as
AW). Aerosol water samples (A) were collected for 24 hours in June 2016 using a

dehumidifier (Qlima D510) and a 20 L plastic bottle collector.

Mortars exposed to the marine environment were sampled in the same sampling
points of aerosol water samples. Exposed mortar samples (M) were collected in the upper
gallery (named as MW) and in the lower gallery (named as MN). Non-exposed mortars were
also collected in the inner part of the walls of the same gallery and were used for method

development purposes.

4.1.4. Extraction and preconcentration of WSOCs

4.1.4.1. Extraction of WSOCs from mortars

WSOCs were extracted from the mortars by means of FUSLE. The extractions were
carried out using a Bandelin Sonopuls HD 3100 sonifier ultrasonic cell
disruptor/homogenizer (100 W, 20 kHz; Bandelin Electronic, Berlin, Germany) equipped
with a 3 mm titanium micro-tip, and the extraction process variables (i.e., duty cycle,

sonication amplitude and extraction time) were fixed according to previous works [35,36].

Briefly, 0.5 g of exposed mortar samples were spiked with dodecanoic acid-d23 used
as surrogate and extracted by means of FUSLE (20% of amplitude, 0.5 s-s7* of duty cycle and
4 min of extraction time) using 7 mL of an AcN:H20 mixture (2:1, v/v). The extracts were
filtered through 0.45 um PTFE filters and the AcN was evaporated under a gentle stream of

nitrogen at 40 °C (Turbovap® LV, Caliper, Life sciences, USA) until approximately 2.5 mL of
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water remained. The extracts were diluted to a final volume of 5 mL of water and submitted

to a further preconcentration of analytes by means of SPE.

4.1.4.2. Preconcentration of WSOCs from water samples and mortars

The extraction and preconcentration of WSOCs from environmental aerosol water
samples was performed by means of SPE. The optimization assays were performed with
aliquots of 100 mL of Milli-Q water fortified at 8.5 ng-mL* of the target compounds and
using dodecanoic acid-d23 as surrogate. In order to achieve the maximum extraction
efficiencies and taking into account the chemical properties of the target compounds,

reversed-phase and mixed-mode SPE were tested.

For the reverse-phase SPE approach (RP-SPE), 100 mL of spiked Milli-Q water (pH
adjusted to 1 with HCI) were loaded onto 200-mg Envicarb or 200-mg Plexa cartridges,
which were previously conditioned with 5 mL of AcN and 5 mL of acidified Milli-Q water
(pH=1). Afterwards, 5 mL of acidified Milli-Q water (pH=1) were added as washing step and
the cartridge was completely dried for 1 h under vacuum. Finally, the analytes were

recovered using 5 mL of AcN.

In the case of mixed-mode SPE, aliquots of 100 mL of spiked Milli-Q water were loaded
onto 150-mg Oasis MAX cartridges (mixed-mode strong anion exchanger). Before sample
loading, the cartridges were conditioned with 5 mL of AcN and 5 mL of Milli-Q water. In this
case, the adjustment of pH of the sample was not required since all the target compounds
were in the ionized form at pH~7. After the sample loading, 5 mL of Milli-Q water and 5 mL
of AcN were added. The cartridges were completely dried for 1 h under vacuum before

recovering the analytes with 5 mL of 0.8% HCl in AcN.
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Regardless of the preconcentration strategy used, the extracts were concentrated to
dryness under a gentle stream of nitrogen at 40 °C, reconstituted in 150 uL of 75:25
EtOAc:AcN (v/v) and derivatized with 20 pL of BSTFA + 1%TMCS prior to the GC-MS analysis.

In the case of the mortar samples, once the mixed-mode SPE was selected as the
optimum approach, the extracts obtained by means of FUSLE (see section 4.1.4.1) were

charged into the cartridges following the same procedure described above.

4.1.5. Optimization of the derivatization step

Several variables affecting the derivatization step such as the derivatization reagent
nature and volume, the derivatization solvent, temperature and time were optimized.
During the optimization, 20 uL of standard solution of a mixture containing all the target
analytes at 40 pg-mL* each were evaporated to dryness under a gentle stream of nitrogen
at 40 °C. Aliquots of 130 pL of different solvents (EtOAc, AcN and pyridine) and different
volumes of the BSTFA + 1% TMCS used as derivatization reagent (20 pL, 40 pL and 60 pL)
were added and submitted to the derivatization step (30 min at 60 °C). Under the optimum
conditions, sample extracts were evaporated to dryness in chromatographic amber vials,
reconstituted in 150 pL of 75:25 EtOAc:AcN (v/v) and derivatized with 20 pL of BSTFA + 1%
TMCS at 60°C for 30 min.

4.1.6. Instrumentation

The separation and detection of the extracts was performed in a 6890N gas
chromatograph (Agilent Technologies, Avondale, PA, USA) equipped with an Agilent 5973N
electron impact ionization mass spectrometer using an Agilent 7683 autosampler. 2plL of
the derivatized extracts were injected in splitless mode at 250°C in a capillary column HP-
5MS (30 m x 0.25 mm, 0.25 um, Agilent Technologies). Hydrogen (AD-1020 Hydrogen
Generator, Cinel Strumenti Scientifi, Padova, Italy) was used as a carrier gas at a constant

flow of 1.3 mL-min. The following oven temperature program was used for the separation
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of the target analytes: 60 °C (hold 4 min), temperature increase at 10°C-min* to 150°C and
hold 3 min, a second temperature increase at 10°C-min? to 220°C to continue rising

temperature at 25°C-min’! to 300°C that was maintained for 5 min.

The mass spectrometer worked in the electron impact mode with a potential
difference of 70 eV. The MS transfer line temperature was kept at 310 °C and the ion source
and quadrupole temperatures were maintained at 230°C and 150 °C, respectively.
Detection was carried out both in the scan (m/z 50-450) and in the selected ion monitoring
(SIM) modes. The m/z values of the fragment ions monitored in the SIM mode are listed in
Table 4.1. The first ion was used as quantifier, whereas the second and third ions were

considered as qualifiers.

The quantification of soluble salts (only anions) was carried out by a Dionex ICS 2500
suppressed ion chromatograph coupled to a conductivity detector ED50. An lonPac AS23 (4
x 250 mm) column and lonPac AG23 (4 x 50 mm) precolumn were used for the separation
of anions. 4.5 mM Na2CO3 /0.8 mM NaHCOs, 25 mA and 1 mL-min’! were used as mobile

phase, suppression current and flow, respectively.
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Table 4.1: Analyzed compounds, pKa, log Kow and characteristic ions of C2-C10 dicarboxylic acids.

The first ion (bold) was used as quantifier and the rest of ions were used as qualifiers.

Characteristic ions

Compound Chemical structure pKa log Kow (m/2)
o}
Oxalic acid, €2 HO)J\“/OH 1.36; 4.11 0.26 147,73
o]
o o}
Malonic acid, C3 HOMOH 2.43;5.92 -0.33 147,73, 233
o]

HO.
OH
Succinic acid, C4 N 3.55;5.69 -0.40 147, 73, 247
o

OH
Fumaric acid, C4 HOJW 3.55; 4.41 -0.04 245, 73, 147
o)
OH O,
Maleic acid, C4 °:<=>_°” 3.05; 5.91 -0.04 147, 73, 245
o] o
Glutaric acid, €5 HOMOH 3.76; 4.56 0.05 73,147, 261

o
Adipic acid, C6 HOMOH 3.92;4.70 0.49 73,147,275
(o]

Pimelic acid, C7 Hor s~~~ Aoy 4.05;4.81 0.94 73, 147, 289
[¢]
Suberic acid, C8 Ho)VWﬁro” 4.15;4.90 1.38 73, 147, 303
(o]
HO. 10)
OH
Phthalic acid, C8 o 2.94;5.42 1.29 73,147,295
o (0]
Azelaic acid, C9 I NN - 4.15; 4.98 1.82 73, 147, 303

Sebacic acid, C10 HO S O 4.72;5.32 2.27 73,147,331
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4.2. Results and discussion
4.2.1. Optimization of the derivatization step

The influence of some conditions (nature and volume of the derivatization reagent,
nature of the derivatization solvent and derivatization time and temperature) on the

efficiency of the derivatization process was assessed.

Although BSTFA, with addition of TMCS as a catalyst, is the most frequently used
reagent to derivatize carboxylic compounds, some authors suggest that MTBSTFA renders
better results in terms of detection limits as well as detection capabilities (i.e., more reliable
fragment ions of MTBSTFA-derivatives) [37]. Hence, the use of both alternatives was
evaluated using a 5 ug-mL WSOCs standard solution prepared in 150 pL EtOAc, which was
mixed with 20 uL of the corresponding derivatization reagent at 60°C for 30 minutes. As
proposed by Schummer et al. [37], the main characteristic fragmentation ions of the
MTBSTFA-derivatives ([M]*, [M-57]" and [M-131]*) were observed, but dirty
chromatograms with raised baseline were obtained in comparison to those obtained with
BSTFA + 1%TMCS. This fact would turn into higher detection limits and thus, the use of

BSTFA + 1%TMCS was considered in further experiments.

Regarding the solvent, pyridine is often used since it acts as catalyst increasing the
reactivity of BSTFA [38], but other aprotic solvents such as AcN and EtOAc are also suitable.
The influence of pyridine, AcN and EtOAc in the derivatization process was assessed using a
5 ug-mL™* WSOCs standard solution prepared in 150 plL of the corresponding solvent where

20 pL of silylation reagent were added and the derivatization was run at 60°C for 30 minutes.

On the one hand, the use of pyridine produced peak tailing and dirty chromatograms,
thus, its use was discarded. On the other hand, both AcN and EtOAc allowed the reaction
forward efficiently obtaining adequate chromatographic baselines and peak shapes.

Nevertheless, the derivatization yield can also depend on the reaction temperature and
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time. The effect of both parameters was evaluated for each compound in different solvent
media (EtOAc and AcN). Derivatization was performed using stock solutions of WSOCs (5
ug-mL1) prepared in the corresponding solvents and 20 pL of BSTFA + 1%TMCS. The
influence of the reaction time was tested at 60°C and 80°C using AcN and at 60°C and 70°C
using EtOAc for 30, 60, 90 and 120 minutes. Higher temperatures were not examined for
EtOAc due to the risk of solvent evaporation throughout derivatization reaction (EtOAc
boiling point 77°C). These assays were performed in duplicate. Figure 4.2 shows the results
(expressed as chromatographic peak areas) obtained for oxalic acid, fumaric acid, suberic

acid and succinic acid as examples of the behavior of the other studied compounds.
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Figure 4.2: Chromatographic signals of the silyl-derivatives of four target compounds at different

derivatization conditions (derivatization time, solvent and temperature).

Overall, it was found that derivatization time had only limited effects on the analytical
responses, hence, the minimum time (i.e., 30 min) was established as optimum. Besides,
the temperature showed a weak effect on the derivatization reaction. Whilst statistically

comparable results (p-level > 0.05) were obtained at tested temperatures in EtOAc media,
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the increase of temperature showed a negative effect on the derivatization yield using AcN

as solvent. Thus, the derivatization temperature was fixed at 60°C.

The use of AcN or EtOAc showed an unequal effect on the reaction progress depending
on the number of carbons of the WSOCs. The use of AcN rendered higher chromatographic
responses for oxalic acid (i.e., the compounds with the shortest carbon chain), whereas
EtOAc seemed to be more adequate for the rest of compounds. Due to these two trends,
the effect of the solvent nature was further studied in detail by performing assays using
different mixtures of EtOAc:AcN. Figure 4.3 shows the responses obtained for silyl-
derivatives of oxalic acid, fumaric acid, suberic acid and succinic acid after their
derivatization with 20 pL of BSTFA + 1%TMCS and the corresponding derivatization solvent
at 60°C for 30 min. Similar results to those mentioned above were obtained. The results
prove that the presence of AcN favors the derivatization of the most polar WSOCs,
especially for oxalic acid. Thus, the use of a 75:25 EtOAc:AcN (v/v) mixture was considered

as the best option from then on.
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Figure 4.3: Chromatographic signals of the silyl-derivatives of four target compounds obtained with

20 ul BSTFA + 1%TMCS in 150 ul of 0:100, 25:75, 50:50 and 100:0 AcN:EtOAc (v/v) mixtures: a)

oxalic acid, b) succinic, fumaric acid and suberic acids.
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Finally, the volume of derivatization reagent was optimized. Three different volumes
of BSTFA + 1 %TMCS were evaluated (i.e., 20 uL, 40 pL and 60 pL) using a stock solution of
WSOCs in 75:25 EtOAc:AcN (v/v) and using the derivatization conditions fixed previously. In
general, the use of large quantities of silylation reagent did not render higher yields, but
favored the presence of additional derivatives or artifacts that lead to more complex and
dirtier chromatograms (data not shown). Hence, to minimize these drawbacks, the
minimum amount of sylilation reagent was fixed as optimum value (20 uL of BSTFA +
1%TMCS). Under optimum conditions, the extracts were reconstituted in 150 uL of 75:25
EtOAc:AcN (v/v) and 20 pL of BSTFA + 1%TMCS and derivatized at 60°C for 30 min.

4.2.2. Preconcentration of WSOCs from water samples

4.2.2.1. Selection of sorbent material

In the first step, the use of several combinations of RP-SPE (i.e., 200-mg ENVI-Carb,
200-mg Plexa and their mixture ENVI-Carb:Plexa (1:1) 100-mg each) and mixed-mode (200-
mg Oasis-MAX) sorbents were assayed. These experiments were carried out by triplicate

using 100 mL of Milli-Q water aliquots fortified at 8 ng-mL™* of WSOCs.

In the case of reversed-phase cartridges, the initial assays were performed according
to methods published in the literature with some modifications [30,32]. In these
experiments, the water aliquots were adjusted to pH 1 with HCl 1 mol-L? (to ensure that all
the compounds are non-charged) and submitted to the SPE conditions described in
experimental section (see section 4.1.4.2.). Regarding the use of Oasis MAX cartridges, the
preliminary assays performed with them were based on a method found in the literature
for other analytes with similar properties [39] (see section 4.1.4.2.). In this case, the

adjustment of the pH was not required before sample loading.

The results of these assays are expressed as chromatographic signal normalized to the

highest chromatographic response in Figure 4.4. Two different trends can be distinguished.
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On the one hand, using pure reversed-phase sorbent Envicarb, the compounds with the
largest carbon chain were mainly retained (i.e., C6 — C10). Similar results were also reported
in the literature, where the difficulties found to retain small dicarboxylic acids in reversed-
phases are pointed out [32]. Pure hydrophilic reversed-phase sorbent Plexa did not improve
the abovementioned results, except for phthalic acid, which is more non-polar in
comparison to the other screened small molecules. These results were also in agreement
with those obtained by Jurado-Sanchez et al. [32]. Similar conclusions were derived from

the experiments conducted with the combination of both phases (i.e., Envicarb:Plexa (1:1)).
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Figure 4.4: Recoveries (%, normalized to the highest ones) obtained for Milli-Q water samples (n=3)
with ENVI-Carb (200-mg), Plexa (200-mg , a mixture of them (ENVI-Carb:Plexa) (100-mg:100-mg)

and mixed-mode (Oasis MAX) cartridges.

According to literature, the use of a higher amount of sorptive material could improve
the retention of these compounds [30], thus, some extra analyses were performed using
400-mg of Envicarb instead of 200-mg. However, doubling the sorbent bed mass did not

increase the retention capacity of the smallest WSOCs, whereas the results obtained for the
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highest ones (i.e., C6—C10) were statistically comparable (p-value > 0.05) to those obtained

using 200-mg.

On the other hand, the mixed-mode Oasis MAX cartridges allowed a better retention
of acidic compounds. As can be seen in Figure 4.4, whereas the highest WSOCs were
retained by reversed-phase interaction, the smallest ones (i.e., C2—C5) were mostly retained
by an ion-exchange mechanism, as they were always eluted in the acidic acetonitrile
fraction. Thus, the use of mixed-mode cartridges was required for the quantitative retention

of all the target compounds in the same run.

4.2.2.2. Elution profile

The use of an organic solvent in acidic media is often required to elute quantitatively
short chain dicarboxylic acids from mixed-mode SPE cartridges. According to the literature,
both MeOH and AcN can be used, but owing to the instability of the target compounds in
MeOH (especially in acidic media) [40], elution profiles were studied using pure AcN (0.8%
HCl). For this purpose, aliquots of 100 mL of Milli-Q water fortified at 8 ng-mL! were loaded
onto Oasis WAX cartridges. Three consecutive 2 mL fractions of the solvent were collected
in separate vials to get the elution profile corresponding to a total volume of 6 mL. All the
fractions were evaporated to dryness, reconstituted in 150 pL of 75:25 EtOAc:AcN (v/v) and
derivatized with 20 pL of BSTFA + 1% TMCS for their subsequent individual analysis by means
of GC-MS. As can be seen in Figure 4.5, analytes were almost not recovered with 2 mL, and

the use of 6 mL of elution solvent was required to recover quantitatively all the analytes.

125



Chapter 4

W6 mL W4 mL 2mL
100%

80% -
60%
40% -

20%

Normalized recovery (%)

0%
Oxalic acid Fumaric acid Suberic acid

Figure 4.5: Percentage of representative WSOCs recovered in the consecutive 2 mL aliquots of AcN

(0.8% HCI) eluted from Oasis-MAX cartridges.

4.2.3. SPE-GC-MS method validation

The main figures of merit of the whole analytical method are summarized in Table 4.2.
Experimental calibration curves were built with standard solutions derivatized in 150 pL
75:25 EtOAc:AcN (v/v) and 20 pL BSTFA + 1%TMCS and were analyzed by means of GC-MS
at ng-mL? concentration levels in the range of 200 to 7500 ng-mL™ for all the compounds.
Adequate linearity was observed in that range for all the dicarboxylic acids under study
obtaining determination coefficients (r?) between 0.9988 and 0.9999. Instrumental limits of
detection (LODs), estimated and defined as the average response (n=3) of the lowest
concentration level plus three times the standard deviation, were below 20 ng-mL™ levels

for all the target analytes.
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4.2.3.1. Milli-Q and aerosol water samples

The trueness of the method for aqueous matrices was determined in terms of recovery
using 100 mL of Milli-Q water and aerosol water samples (collected in the less exposed side
of Punta Begofia Gallery, that is, the northwest), both fortified with WSOCs and the
deuterated surrogate (dodecanoic acid d-23) at 5 ng-mL. In both cases, non-spiked samples

were also measured and their concentration was considered in recovery calculations.

Recoveries were in the range of 45 and 103% for spiked Milli-Q samples and slightly
lower for spiked aerosol water samples (30 and 94%). Apparent recoveries, calculated with
the deuterated surrogate, ranged between 105% and 126% in the case of Milli-Q water
samples and between 90% and 130% in the case of aerosol water samples for the target
compounds except for oxalic and malonic acids. These results can be considered as

satisfactory as those reported in the literature [32].

The method repeatability, calculated in terms of relative standard deviation (%RSD),
was obtained from the same abovementioned assays performed within a day. The %RSD
values were lower than 7% for all the target analytes, except for malonic acid, in Milli-Q and

aerosol water samples, which was about 20%.

It is worth mentioning that matrix effects in the proposed methodology are mainly
attributed to the presence of inorganic salts in the aqueous samples that compete with
dicarboxylic acids in the anion exchange process. In the marine aerosol sample used for the
validation 3.3 * 0.2 upgmL! of chloride, 0.17 * 0.01 upg-mL! of nitrate and
0.85 + 0.04 pg-mL? of sulfate were determined by means of ion chromatography. Since
statistically comparable results were obtained for Milli-Q water samples and marine aerosol
samples (p-level > 0.05), the absence of matrix effect was assured for this type of samples.

Nevertheless, the deuterated surrogate corrected the extraction efficiencies of those
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analytes with values lower than 80%. Thus, its use was not discarded for the subsequent

analysis of real marine aerosol samples.

One of the main problems reported in the literature related to the analysis of short
chain dicarboxylic acids at trace level is the background contamination in the analytical
blanks. All the target compounds were detected in procedural blanks performed with
purified Milli-Q water samples, which raised the procedural limits of detection (LODproc) to
the range of 26 ng-mL?! — 1503 ng-mL? in the case of aqueous matrices. In fact, the
concentrations found in non-spiked marine aerosol samples used for validation purposes
were lower (between 102 ng-L™ to 344 ng-L) than those detected in Milli-Q water samples.
Oxalic acid deserves more attention since this compound was detected at high
concentration values in non-spiked Milli-Q water samples, which impeded the method
validation for this compound at the low ng-mL™* levels. However, the LOD values obtained
for short chain dicarboxylic acids are still adequate to determine these compounds in

environmental water samples [30].

4.2.3.2. Mortar samples

In the case of solid matrices, the trueness of the method was stablished similarly using
a non-exposed mortar sample (collected from the inner walls of the galleries) containing
25.6 + 0.3 pg:mL*? of chloride, 7.68 + 0.02 pg-mL? of nitrate and 2.34 + 0.03 pg-mL™* of
sulfate, according to the ion chromatography measurements. 0.5 g of non-exposed mortar
was fortified at two levels of concentration by adding 0.17 pg and 0.85 pg of WSOCs and
was extracted by means of FUSLE after the addition of dodecanoic acid d-23 as surrogate at
the same concentration levels. In parallel, the same non-exposed and non-fortified mortar
sample was also analyzed in order to subtract the concentration of WSOCs present in such

real sample (n=3).
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Extraction efficiencies were generally low for all the analytes, but especially for oxalic,
malonic, maleic, fumaric and phthalic acids in which values below 50% were obtained. The
low extraction efficiency found for these compounds can be attributed to their higher
interaction with the matrix via conjugated systems (1t bonds). Besides this fact, the lower
extraction efficiencies obtained for oxalic and malonic acids can be also related to their
lower stability when heating (during the evaporation step) or their higher reactivity when
treated with acids (0.8% of HCI during the evaporation step, after elution), especially for

oxalic acid [41-43].

After the correction of the extraction efficiencies with the deuterated surrogate
(dodecanoic acid d-23) adequate apparent recoveries were obtained: between 73 and
121%, and between 86% and 98% for low and high concentration levels, respectively, except
for the previously mentioned analytes (i.e., oxalic, malonic, maleic, fumaric and phthalic
acids) that cannot be corrected with dodecanoic acid d-23 and their recovery should be

considered to provide accurate results.

The method repeatability for solid samples in terms of % RSD, was below 23% for all
the analyzed WSOCs in mortar samples except for oxalic and malonic acids (see Table 4.2).
The higher values (%RSD > 30) obtained for these two compounds can be attributed to
instability and reactivity problems as well as to the background contamination issues

previously explained (see section 4.2.3.1).

In order to calculate the procedural limits of detection, procedural blanks (i.e., the
whole optimized extraction procedure performed without mortar sample) were analyzed in
triplicate. The LODproc Were estimated as the average response for each analyte plus three
times the standard deviation. Each WSOC was found in procedural blanks raising the values
of the LODproc to the range 33-116 ng-g? (values estimated considering 0.5 g of mortar
sample), except for oxalic acid which had a higher limit of detection (220 ng-g™) owing to its

ambient ubiquity.
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4.2.4. Application to real samples: the case of Punta Begoia Galleries

The developed SPE-GC-MS method was applied to real aerosol water samples and
mortars collected both in two different exposed sides (northwest and southwest) of the
building of Punta Begofia. Table 4.3 summarizes the concentration of dicarboxylic acids

detected in aerosol water samples and mortars analyzed in triplicate.

4.2.4.1. Marine aerosol samples

All the analytes were detected at ng:mL? level in the samples collected in the
southwest side. Regarding the samples collected in the northwest side only succinic,
fumaric, adipic, pimelic, phthalic and sebacic acids were detected, being the rest of the

target compounds under LODs.

Oxalic acid (C2) was the second most abundant compound found in the exposed zone
(southwest oriented). In the literature, oxalic acid is described as the most commonly
detected dicarboxylic acid in aerosol water samples [14,30,44], being the last
transformation product in the degradation pathway of a variety of gas and particle-phase
constituents. Nevertheless, in this case, the dicarboxylic acids were all found at similar
concentrations in the range 100-700 ng-mL™, being adipic acid (C6) the compound found at
higher concentration. However, more monitoring campaigns should be performed to infer

relevant information about the possible trends among the different compounds.

Overall, lower concentrations were found for all the analytes in the aerosol water that
impacts the northwest side of the facade of Punta Begofia in comparison to the southwest
side. Considering the orientation of the facade to the sea and harbor (see section 4.1.3.), it
might be possible that the source of these compounds could be the photochemical
degradation of organic contaminants of the atmosphere due to the harbor activities.
Although this is the first time that these compounds have been monitored nearby the

facade of Punta Begofia Galleries, other organic contaminants such as polycyclic aromatic
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hydrocarbons and polychlorinated byphenyls were detected in previous works performed

on the walls of the same building [45].

Table 4.3: Concentrations (n=3, 95% confidence level, 2s) measured in aerosol water and mortar

samples of two different sides of Punta Begofia (southwest and northwest) Galleries.

Punta Begofia Galleries

Southwest galleries Northwest galleries
Analyte
Aerosol Mortar Aerosol Mortar
water water
(ng-mL?) (ng-g”) (ng:mL-) (ng-g?)
Oxalic acid (C2) 723 +£289 4120 + 590 <LOD <LOD
Malonic acid (C3) <LOD 92+4 <LOD 61+2
Maleic acid (C4, M) 23952 173 £59 <LOD 127 +27
Succinic acid (C4) 450+ 81 517 + 49 139+ 25 518 +132
Fumaric acid (C4, F) 457 £119 170+ 21 306 + 80 121+15
Glutaric acid (C5) 132+ 26 158 + 27 <LOD 117 +7
Adipic acid (C6) 920 + 202 420 +15 344+ 76 319+98
Pimelic acid (C7) 631 + 50 163 +32 114 +9 127 +14
(c8,Ph)
Suberic acid (C8) 298 +24 258 + 22 <LOD 202+ 18
Azelaic acid (C9) 652 + 52 331+57 <LOD 554 + 46
Sebacic acid (C10) 293 +35 578 +30 102 £ 12 597 +75

LOD: limit of detection
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4.2.4.2. Mortar samples

In the case of mortar samples, higher differences were observed when comparing
samples taken from the northwest oriented galleries with the southwest oriented ones,
which are supposed to be more exposed to the industrial harbor. The most interesting case
involves oxalic acid, which was not identified in mortars from the gallery oriented to the
northwest, whereas noticeable high values were quantified in the southwest oriented
gallery (4121 + 590 ng-g). A similar situation was found for maleic acid, which is a more
reactive species among the organic acids and may be seen as an intermediate by-product
of different substances, including aromatic hydrocarbons [46]. Maleic acid was not found
among northwest oriented samples, whereas concentrations over the LOD were detected

in samples oriented to the southwest.

For the rest of the WSOCs, similar concentrations were found both in the northwest
and the southwest oriented mortar samples, being generally slightly higher for those from
the southwest gallery. Exceptionally, azelaic and sebacic acids were found at significantly
higher levels in mortars from the northwest gallery. However, their presence can be
attributed to many different sources other than harbor contamination, including fatty acids

and their by-products from vegetation [47-49].

4.3. Conclusions

To assess the risks arising from the presence of short chain dicarboxylic acids in any
building affected by marine environment, new sensitive and robust analytical

methodologies are required for routine analysis.

In the present work a cost effective and environmental friendly analytical method for
the determination of 12 short chain dicarboxylic acids in aerosol water and mortar samples

was developed. Mixed-mode SPE-GC-MS was successfully applied for the determination of

133



Chapter 4

these compounds after optimizing several variables affecting both the extraction and
analysis steps. Moreover, the presented method is interesting for routine analysis in

monitoring programs in the low ng-mL™* and ng-g* ranges.

The developed method was applied to aerosol water and mortar samples and,
according to the results, harbor activities might have a key role in the concentrations of
dicarboxylic acids of aerosol water since the side exposed to the industrial harbor is more
contaminated. This theory was confirmed with the analysis of mortar samples, in which
significant high values were obtained for oxalic acid, which is supposed to dominate the
composition of the aerosol particles [46]. Those high values were only determined in
mortars from the galleries oriented to the southwest, that is, the facade exposed to the

industrial harbor, whereas no oxalic was found in mortars from the northwest galleries.

The developed method extracts low chain organic acids from the mortars. If we
consider that these mortars are partially composed by calcium carbonate, a neutralization
reaction is expected between oxalic acid and calcium carbonate to form the highly insoluble
salt calcium oxalate, either in the monohydrate (whewellite) or dehydrate (weddellite)
form. This is a reaction that takes time to be completed but not more than a couple of days.
As we have extracted an important amount of oxalic acid from samples, we must conclude

that this low chain organic compound arrives daily in important quantities to the building.

In view of these results, it can be considered that one of the main sources of WSOCs
in the facade of the historical building under study is related to harbor activities. This
problem makes necessary a long-term monitoring of the zone to study the long-term impact

of those activities on the galleries of Punta Begofia.

To conclude, the developed method is suitable for the determination of WSOCs in
aerosol and mortar samples in any historical building located near industrial complexes in

order to diagnose their influence on the facades of built heritage.
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Determination of wine related organic biomarkers in archaeological potteries at trace level.

Analytical research in the field of organic archaeological residues found in ancient
vessels has grown into a recognized field in its own right and has developed rapidly in recent
decades. The characterization of such residues has led to the clarification of several aspects
of daily life related to diet, trade, rituals, etc. [1-3]. As explained in Chapter 1, those residues
can survive as actual contents preserved in situ as vessel fills (rarely observed), surface
residues appearing as visible residues on the interior or exterior of vessels, or absorbed
residues preserved within the vessel wall, invisible to the naked eye, being the latter the

most common category [4].

For centuries, wine has been one of the most produced, consumed and traded liquid
worldwide. Wine has been widely consumed, especially in different regions of the
Mediterranean area [5-7], and besides, it has been used for medicinal purposes in China
and Middle East [8] or as offering in funerary rituals in ancient Egypt [9]. In any case, dolia
and amphorae were the ceramic containers that were used in past periods of time for
storage and transport of foodstuff such as wine, oil and fish sauces [6]. The analysis of
organic residues preserved in such materials using hyphenated analytical techniques allows
uncovering hidden information about ancient activities and about the stored or transported
foodstuff [10]. Lipids and their by-products are the most detected organic residues in
archaeological amphorae since they remain adsorbed in the pores of the ceramics that
contained fatty foodstuff (e.g., animal fats, vegetal fats, etc.) [11,12]. Some small organic
acids are widely considered as wine-related organic markers (e.g., tartaric, malic and
syringic acid) [6,7,13-26] and wine fermentation-related markers (e.g., fumaric and citric
acid). In fact, the presence of tartaric acid, hardly found in nature, is a chemical evidence of
the presence of wine in ancient ceramics [9,13,27,28]. However, all these compounds linked
to grapes and wine are often labile and do not easily remain in the ceramic surface
throughout the ages. Consequently, their detection at trace levels is still an analytical

challenge [16,19,20].
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Malvidin, an extremely stable and persistent anthocyanin that can be hydrolized to
syringic acid [13], is another important wine biomarker that gives information about the
color of ancient wine, since it is the responsible of the red color of grapes and red wines
[13]. Concretely, the anthocyanin malvidin-3-glucoside gives the characteristic red-purple
color to young red wines, which changes to red-brown tonality when they are aged due to
the formation of polymeric pigments [9]. In addition to the already mentioned wine
biomarkers, resins and resin-derived compounds can also be found in this type of
archaeological ceramics [7]. The presence of these water-insoluble tree and plant exudate
stable compounds could be related to their use as waterproofing agents or to give flavor to

the stored liquid [5].

Many efforts have been done in the literature to develop new analytical methods to
detect wine-related organic biomarkers. Folin-Denis and Folin-Ciocalteu methods to
determine tannins and polyphenols, respectively, by UV-VIS in amphorae [29] and Fiegl spot
test to identify tartaric acid in organic residues when irradiated with UV light [8,21], are
some routine analytical methods to detect wine-related organic compounds. However,
detection at trace levels is not feasible using these methods and they could also bring false
positives as they do not allow a specific identification [16]. Owing to these limitations,
hyphenated chromatographic techniques such as liquid chromatography coupled to a wide
range of detectors (e.g., diode array detector (HPLC-DAD) [16], mass spectrometry (HPLC-
MS) [7,30], tandem mass spectrometry (HPLC-MS/MS) [9,13,21]), and specially, gas
chromatography coupled to mass spectrometry (GC-MS), have been widely used in research
works dealing with organic acids and other wine-related compounds [6,7,15,16,19-

21,24,30].

Regardless of the detection technique used, the effectiveness of the analysis relies on
the extraction and preconcentration protocols used for the isolation of wine biomarkers.

Moreover, the high polarity and solubility of some wine-related organic compounds (e.g.,
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tartaric acid, malic acid, etc.) difficulties their isolation, being critical both the extraction
technique and solvent used. Ultrasound bath is by far the most used technique for the
extraction of wine-related compounds from ceramic materials [19] but, recently, other
techniques such as focused ultrasound solid-liquid extraction (FUSLE) [31], ultrasound
micro-bath (UMB) [32] and microwave assisted extraction (MAE) [33] have also shown their
efficiency to determine organic compounds at trace levels in archaeological remains. Owing
to the wide range of polarities of wine-related organic compounds, mixtures of solvents of
different polarities (water, methanol or dichloromethane) have been used in the literature
[20,21]. Some authors suggest the use of pure alkaline solutions (KOH) to favor the cleavage
of compound-matrix bonds as well as to determine malvidin [19] (see Figure 5.1). Malvidin
is a specific marker of dark grape that can be hydrolyzed to syringic acid, which is a wine-
related marker but not as specific as malvidin because syringic acid is also present in barley,
wheat and even in soils due to microbiological activity [13]. Alternatively to the use of KOH
to differentiate free syringic acid from that released by malvidin, recently, a two-step
protocol based on a first extraction with traditional solvents (i.e., dichloromethane,
methanol) and a second extraction using boron trifluoride has been proposed in the

literature [16].

OCH,

OH

HoOC OcH,

SYRINGIC ACID

MALVIDIN

Figure 5.1: Alkaline treatment of malvidin (specific marker of red wine) with KOH 1 M and release of

syringic acid (non specific wine related compound).

No matter the extraction solvent and technique used, a preconcentration step is

almost always required in order to get lower limits of detection. Liquid-liquid extraction
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(LLE) is the most classical technique used in the literature [11,34], but the use of more
specific extraction techniques such as ion-pair LLE, solid-phase extraction (SPE) [35,36] and
mixed-mode SPE [37] can render higher extraction efficiencies for compounds with a wide

range of polarities.

The efficiency of all these methods is widely accepted for the identification of wine-
related compounds in archaeological residues. However, the improvement of those
methods in terms of sensitivity and extraction efficiency is still required in order to be able
to detect those compounds, especially in archaeological remains with no visible organic
residues. In this context, the present work describes a thorough optimization and validation
of an analytical method to determine wine-related organic compounds (including tartaric
acid, malic acid, fumaric acid, succinic acid, citric acid and syringic acid) in archaeological
ceramics at trace levels. The method was applied to real archaeological ceramic fragments
together with organic residues found inside two amphorae from Zaragoza (Spain) suspected

to have been used to store wine.

5.1.Experimental part

5.1.1. Archaeological samples

The ceramic models used during the optimization and validation of the methodology
were prepared and supplied by the Department of Sculpture of the Fine Arts Faculty from
the University of the Basque Country (UPV/EHU). The models were prepared according to

a previous work [32].

In this work, fragments of two different amphorae (ca. Il-l BCE) suspected to be related
to wine production and collected in an archaeological site found in Tarazona (Zaragoza,
Spain) in 2015 were analyzed using the developed method. These samples were named as

DC4 and DC7. Another two samples of visible residues (M47 and M48) recovered from the
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inner walls of two different non-restored and not cleaned amphorae, stored in the museum
of Zaragoza and catalogued as possible wine containers, were also analyzed. The samples
of Roman origin containing these residues were found in 2014 in the archaeological site

located in Tenerias (Zaragoza, Spain).

5.1.2. Cleaning procedure

Since the target compounds are prone to be adsorbed in glass material, plastic or
silanized glass material was used throughout the experimentation. All the laboratory
material was washed with abundant Ellix quality water (<0.2 puS-cm™, Millipore, Bedford,
MA, USA) and then sonicated under clean acetone (Q.P., Panreac Quimica, Barcelona,
Spain) for at least an hour. After that, the material was rinsed with abundant Milli-Q water

(< 0.057 puS-cm?, Milli-Q Model 185, Millipore, Bedford, MA, USA).

5.1.3. Reagents and materials

The six wine markers: succinic acid, fumaric acid, malic acid, tartaric acid, citric acid
and syringic acid were obtained from Sigma-Aldrich (Steinheim, Germany). Individual stock
solutions from each solid standard were dissolved to prepare approximately 1000 pg-g* in
acetonitrile (AcN, HPLC-grade, 99.9%, Sigma Aldrich, Germany) with the exception of
fumaric and syringic acids which were dissolved in acetone (Ace, HPLC-grade, 99.8%,
LabScan, Ireland). All stock solutions were stored in silanized amber glass vials at -20 °C. A
mixed fresh stock solution containing 20 ug-mL? of all target compounds was prepared
monthly in acetonitrile, whereas intermediate dilutions were prepared daily according to

the experimentation.

The solvents ethyl acetate (EtOAc), acetone, propan-2-ol (IPA), dichloromethane
(DCM), methanol (MeOH) and acetonitrile (AcN) (all HPLC grade, 99.8%) were purchased
from LabScan (Dublin, Ireland). Potassium hydroxide pellets (KOH) were supplied by Merck

(Darmstadt, Germany). The derivatization reagent N,O-bis(trimethyl)silyltrifluoro-
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acetamide containing 1% trimethylchlorosilane (BSTFA + 1% TMCS) and the
tetrabutylammonium bromide (TBA) were acquired from Sigma-Aldrich (Milan, Italy).
OASIS-MAX (poly(divinylbenzene-co-N-vinylpirrilidone) + quaternary amine polymer, 150-
mg) and OASIS-HLB (N-vinylpyrrolidone and divinylbenzene, 200-mg) SPE cartridges were
purchased from Waters (Milford, USA).

5.1.4. Sample preparation

Special care was taken in all analytical steps including sample crushing, fractionation
and extraction to avoid any cross-contamination. In the case of ceramic samples DC4 and
DC7, sub-samples were taken both from the inner wall surface and from the cross section
of the ceramic fragments using a scalpel. For samples M47 and M48, the residues were
crushed in the mortar in order to obtain a fine powder. All samples were weighed and stored
in glass vessels for their preservation until their analysis and subsamples of 1 g and 0.5 g
were taken from the glass vessels for ceramic samples (DC4 and DC7) and residues (M47

and M48), respectively. The analyses were performed in triplicate.

5.1.5. Extraction of wine biomarkers from solid matrix using focused ultrasound

bath and ultrasound probe

According to the literature, KOH (1M, aq.) [19,24] or a mixture of a non-polar solvent
(dichloromethane, chloroform, etc.) and MeOH using a ratio of 2:1 v/v [7,20,21] are the
most frequently used extraction solvents for this type of compounds. However, due to the
wide range of polarities of the target compounds, the efficiency of several extraction
solvents was evaluated: H.0, KOH (1M, aq.), 0.1% formic acid in H20:MeOH (4:1, v/v), DCM:
MeOH (2:1, v/v), AcN:H20 (1:1, v/v) and AcN:H20 (2:1, v/v).

Briefly, 1 g of the synthetic ceramic was spiked with ~0.85 ug of the target compounds

and subjected to extraction by means of ultrasound micro bath (UMB). The assays were
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carried out wusing a Bandelin Sonopuls HD 3100 sonifier ultrasonic cell
disruptor/homogenizer (100 W, 20 kHz; Bandelin Electronic, Berlin, Germany) with a cup
booster BR made of stainless steel. The extraction process variables (i.e., duty cycle,
sonication amplitude and extraction time) were fixed according to a previous work [31].
Wine related compounds were extracted from ceramics using 3 mL of the solvents under
study, immersed in an ice-water bath for 4 min using a duty cycle of 0.5 s-s* and a sonication
amplitude of 20%. Two consecutive extractions were performed using fresh extraction
solvents to ensure a quantitative extraction of the target compounds. After the extraction
procedure, the extracts were centrifuged, filtered through 0.45 um PTFE disks and
subjected to a LLE according to Pecci et al. [19]. Briefly, all the extracts (except those in KOH,
which were acidified before LLE) were directly extracted with 2 mL of EtOAc and vortexed
for 2 min, and the organic layer containing the target compounds was recovered. The
process was carried out in triplicate. The extracts were combined, dried under a gentle
stream of nitrogen (Turbovap® LV, Caliper, Life sciences, USA) and derivatized with 20 uL of

BSTFA and 150 pL of EtOAc at 70 °C for 30 min before being analyzed by means of GC-MS.

The efficiency of the UMB and FUSLE was assessed according to the results obtained
in the previous assays. To this aim, 1 g of the synthetic ceramic was spiked with ~0.85 ug of
the target compounds and extracted with 7 mL of the optimum extraction solvent using
FUSLE and extraction conditions fixed according to a previous work (4 min, duty cycle of

0.5 s-s’t and 20% amplitude) [31].

5.1.6. Preconcentration step

5.1.6.1. Liquid-liquid extraction and ion-pair formation

Owing to the wide range of polarities of the target compounds (i.e., from tartaric acid
(log P=-1.32) to syringic acid (log P=1.01)) the efficiency of LLE using four extraction solvents
combining ethyl acetate (EtOAc) and propan-2-ol (IPA) was studied: EtOAc (100%),
EtOAc:IPA (95:5, v/v), EtOAc:IPA (90:10, v/v) and EtOAc:IPA (80:20, v/v). For this purpose,
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an aqueous solution containing ~0.85 ug of the target compounds was acidified with HCI
(to pH=1) and extracted with 2 mL of the solvents under study by vortexing for 2 min (3 x 2
mL). The organic phases were combined, dried under a gentle stream of nitrogen,

derivatized (20 pL of BSTFA, 150 pL of EtOAc, 30 min, 70 °C) and analyzed by GC-MS.

The use of ion-pair reagents can improve the extraction efficiency of the target
compounds in the LLE step, and hence, the use of tetrabutylammonium bromide (TBA) as
ion-pairing agent was studied. TBA was added at different concentration levels (50 mM,
75 mM and 100 mM) onto 3 mL of Milli-Q water (fixed at pH>6) containing ~0.85 g of the
target compounds. LLE was performed in triplicate using 2 mL of EtOAc and vortexing for
2 min. Phases were separated under centrifugation (5 min, 3500 rpm) and the supernatant
was recovered. The organic phases were combined and acidified with HCl to pH 1 in order
to recover the target compounds in their free acidic forms. The combined extracts were
dried under a gentle stream of nitrogen, derivatized (20 pL of BSTFA, 150 plL of EtOAc,
30 min, 70 °C) and injected in the GC-MS.

5.1.6.2. Solid phase extraction (SPE)

Reversed-phase SPE (RP-SPE) and mixed-mode SPE were also tested to preconcentrate
the target compounds. For this purpose, aliquots of 5 mL of Milli-Q water were fortified

with ~0.85 ug of the target analytes and subjected to the SPE procedure in triplicate.

For RP-SPE, 5 mL of spiked Milli-Q water were loaded onto 200-mg OASIS HLB
cartridges, which were previously conditioned with 5 mL of EtOAc and 5 mL of acidified
Milli-Q water (pH=1). Afterwards, 5 mL of acidified Milli-Q water was added as washing step
and the cartridge was completely dried for 2 h under vacuum. Finally, the analytes were

recovered using 6 mL of EtOAc.

For mixed-mode SPE, aliquots of 5 mL of spiked Milli-Q water were loaded onto 150-

mg Oasis MAX cartridges (mixed-mode strong anion exchanger). Before sample loading, the
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cartridges were conditioned with 5 mL of AcN and 5 mL of Milli-Q water. The adjustment of
pH of the sample was not required since all the target compounds were in the ionized form
at pH~7. After the sample loading, 5 mL of Milli-Q water and 5 mL of AcN were added in
order to eliminate non-charged polar interferences and non-polar interferences,
respectively. The cartridges were completely dried for 1 h under vacuum before recovering

the analytes with 5 mL of 0.8% HCl in AcN.

The recovered extracts in both preconcentration strategies were concentrated to
dryness under a gentle stream of nitrogen at 40 °C. Afterwards, they were reconstituted in

150 pL of EtOAc and derivatized with 20 pL of BSTFA (70 °C, 30 min) prior to the GC-MS.

5.1.7. Derivatization

Target compounds need to be derivatized prior to their analysis by means of GC-MS.
The variables affecting the derivatization step such as derivatization solvent (100% EtOAc
and 25:75 EtOAc:AcN), temperature (60 °C, 70 °C and 80 °C) and time (30, 60 and 90 min)
were optimized, whereas derivatization reagent (BSTFA + 1%TMCS) and volume (20 uL)
were fixed according to previous works [32]. Under optimum conditions, the extracts were
evaporated to dryness in chromatographic amber vials and derivatized with 20 plL of BSTFA

+ 1% TMCS and 150 pL of EtOAc at 70 °C for 30 min.

5.1.8. GC-MS analysis

Separation and detection of the derivatized extracts was performed in a 6890N gas
chromatograph (Agilent Technologies, Avondale, PA, USA) equipped with an Agilent 5973N
electron impact ionization mass spectrometer using an Agilent 7683 autosampler. 2 uL
were injected in splitless mode at 250 °C in a capillary column HP-5MS (30 m x 0.25 mm,
0.25 um, Agilent Technologies). Hydrogen (AD-1020 Hydrogen Generator, Cinel Strumenti

Scientifi, Padova, Italy) was used as a carrier gas at a constant flow of 1.5 mL-min™. The
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following oven temperature program was used for the separation of the target analytes:
60 °C (hold 4 min), temperature increase at 10 °C-min’! to 150 °C and hold 3 min, a second
temperature increase at 10 °C-min! to 220 °C to continue rising temperature at 25 °C:min!

to 300 °C that was maintained for 5 min (total analysis run time lasts 31.20 min).

The mass spectrometer worked in the electron impact mode with a potential
difference of 70 eV. The MS transfer line temperature was kept at 310 °C and the ion source
and quadrupole temperatures were maintained at 230°C and 150 °C, respectively.
Detection was carried out both in the scan (50-450 m/z) and in the selected ion monitoring
(SIM) modes. The m/z values of the fragment ions monitored in the SIM mode are listed in
Table 5.1. The first ion was used as quantifier, whereas the second and third ions were

considered as qualifiers.

Table 5.1: Chemical structure, pKa, log Kow and characteristic ions of wine biomarkers. The first ion

(bold) was used as quantifier and the second (and third) ion was used as qualifier.

. log Characteristic ions
Compound Chemical structure Ka
i e Kow (m/z)
o
HO.
NOH
Succinic acid e} 3.55 -0.40 147,73, 247
(o]
HONOH
Fumaric acid ° 3.35 -0.04 245,73, 147
O OH
HOJ\/‘\H/OH
Malic acid o] 3.20 -1.11 73,147,233
OH O
HO.
NOH
Tartaric acid o o 2.72 -1.83 73,147,292
Citric acid Ho on 3.05 -1.32 73,147,273
Oﬁ\,OH
Syringic acid HaCO‘Q\OCHn 3.93 1.01 327,312,73
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The quantification of soluble salts (only anions) was performed by a Dionex ICS 2500
suppressed ion chromatograph coupled to a conductivity detector ED50. An lonPac AS23 (4
x 250 mm) column and lonPac AG23 (4 x 50 mm) precolumn were used for the separation
of anions. 4.5 mM NazCOs3 / 0.8 mM NaHCOs, 25 mA and 1 mL-min? were used as mobile

phase, suppression current and flow, respectively.

5.2. Results and discussion
5.2.1. Optimization of the derivatization step

Several variables, such as the nature and volume of derivatization reagent, the nature
of derivatization solvent and derivatization time and temperature can affect the efficiency
of the derivatization reaction. In the present work it was decided to use directly BSTFA due

to its frequent use in literature related to wine markers [5,16,19-21,24,30].

EtOAc has been reported in literature as an adequate derivatization solvent [32].
Nevertheless, the addition of a small percentage of acetonitrile has shown to be effective
in order to favor the derivatization process of polar compounds [31]. Thus, the use of 150 uL
of 100% of EtOAc and a mixture of 75:25 v/v EtOAc:AcN was tested under fixed
derivatization conditions (i.e., 20 pL of BSTFA + 1% TMCS, 30 min, 60 °C). The use of 100%
EtOAc rendered better chromatographic responses for all the target compounds, hence, it

was fixed for further experiments (see Figure 5.2a).

Regarding derivatization temperature, assays were performed at 60 °C, 70 °C and
80 °C for 30 min. As shown in Figure 5.2b, the lowest (60 °C) and the highest temperatures
tested (80 °C) meant lower chromatographic signals and poorer repeatability in comparison
to the ones obtained at 70 °C for all the target compounds. Consequently, 70 °C was fixed

as optimum derivatization temperature for subsequent analysis.

Finally, in order to evaluate the influence of time on the derivatization reaction, the

extracts were derivatized using 20 pL of BSTFA + 1% TMCS and 150 pL of EtOAc at 70 °C for
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30, 60 and 90 min. As it can be observed in Figure 5.2c, no statistical differences were found
for the studied time intervals, so that 30 minutes were chosen as optimum derivatization
time in order to shorten the analytical procedure. To sum up, the silylation was performed
using 20 pL of BSTFA + 1 %TMCS and 150 pL of EtOAc at 70 °C for 30 min.

8-10° 16107
mEtOAc : AcN (75:25) mEtOAc 100% b)

4-10° -10°
2:10° 4-10°
00 mill

W 60°C m70°C 80°C

Chromatographic signal
Chromatographic signal

Succinic  Fumaric Malicacid Tartaric ~ Syringic Succinic  Fumaric Malic acid Tartaric  Syringic
acid acid acid acid acid acid acid acid
1.2:107 M 30 min m 60 min 90 min
]
£ 9.0-10° N .
2 :
£
E 6.0-10°
3
8
k]
£ 3.0-10°
Succinic Fumaric  Malicacid  Tartaric Syringic
acid acid acid acid

Figure 5.2: Obtained chromatographic signals of the silyl-derivatives of the target compounds when
optimizing: a) the derivatization solvent (20 uL of BSTFA + 1 % TMCS, 30 min, 60 °C), b) the
derivatization temperature (20 uL of BSTFA + 1 % TMCS, 100% EtOAc, 30 min) and c) the
derivatization time (20 ulL of BSTFA + 1 % TMCS, 100 % EtOAc, 70 °C).

5.2.2. Optimization of the extraction of wine biomarkers from solid matrix
5.2.2.1.Selection of extraction solvent
Several extraction solvents were evaluated to extract wine related compounds based
on the physicochemical properties of the target compounds. On the one hand, polar
compounds such as tartaric, citric or malic acids require the use of polar solvents (H20, 0.1%
formic acid in H20:MeOH (4:1, v/v)). Aqueous KOH (1 M) is necessary to ensure the

hydrolysis of malvidin to syringic acid, but it may not be adequate for the rest of the target
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compounds. Finally, less polar solvents such as DCM:MeOH (2:1, v/v), AcN:H20 (1:1, v/v)
and AcN:H20 (2:1, v/v) can be more adequate to extract those slightly less polar compounds
(fumaric and succinic acids), together with the less polar syringic acid. Hence, the efficiency

of all these solvents to extract target compounds from the synthetic ceramic sample was

tested.
mH,O0 EKOH1M H,0 : MeOH (4:1 v/v, 0.1% HCOOH)
. 6 -
3.0-10 DCM : MeOH (2:1v/v) mAcN:H,0(L:1v/v) m AcN:H,0(2:1 v/v)
2.5-10°
w
) 6
g 2.0-10"
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Figure 5.3: Chromatographic signals obtained during the optimization of the solvent used for the
solid-liquid extraction by means of UMB (4 min of extraction, duty cycle of 0.5 s-s"* and sonication

amplitude of 20%) (n=3).

Figure 5.3 shows the chromatographic responses obtained for the target compounds
extracted with the different solvents. Overall, the use of mixtures of polar/non-polar
solvents (i.e., DCM:MeOH (2:1, v/v) or AcN:H20 (1:1 and 2:1, v/v)) rendered better
responses for all target compounds in comparison to the use of polar solvents (i.e., H20,
KOH (1M, ag.) or H20:MeOH (4:1 v/v, 0.1% formic acid)). Moreover, polar solvents are not
adequate to extract syringic acid. Poor extraction recoveries were obtained for fumaric acid
using DCM:MeOH, so that AcN:H20 (2:1, v/v) was selected as optimum extraction solvent

in order to: (i) get the highest extraction efficiencies for all the target compounds, and (ii)
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reduce water content that can promote the extraction of other ionic interfering

compounds.

It is noteworthy that, according to the literature, the use of KOH (1 M, aq.) is required
to hydrolyze malvidin to free syringic acid [7]. Hence, in order to determine all wine specific
biomarkers in the same run, a two-step strategy was proposed. Once the extraction of
tartaric, malic, fumaric, succinic and citric acid was over using 7 mL of AcN:H20 (2:1, v/v),
the remaining residue was extracted with fresh 7 mL of KOH (1 M, aq.) by means of FUSLE
(4 min, duty cycle of 0.5 s-s* and 20% of amplitude) in order to determine the putative

content of malvidin as free syringic acid.
5.2.2.2.Ultrasound micro bath (UMB) vs. titanium probe (FUSLE)

The duality of the ultrasound equipment allowed to make a comparison between the
micro bath and the titanium probe. The extraction by means of UMB and FUSLE was
performed using 3 mL and 7 mL of AcN:H20 (2:1, v/v), respectively, and using the same
extraction parameters (i.e., 4 min, duty cycle of 0.5 s-s* and 20% amplitude). The samples
were extracted once using FUSLE, whereas two consecutive extractions using 3 mL of fresh
solvent each time were performed using UMB. Results were statistically comparable (p-
level > 0.05) regardless of the extraction technique used and the number of extractions

performed. Thus, in order to shorten the analytical procedure, FUSLE was used thereafter.

5.2.3. Optimization of the preconcentration step

5.2.3.1.Liquid-liquid extraction and ion-pair formation

The compounds in the AcN:H20 (2:1, v/v) phase after FUSLE procedure can be re-
extracted to a small volume of organic phase (LLE), and the organic extract can be easily

evaporated and derivatized afterwards.
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The efficiency of LLE was evaluated using several solvents: 100% EtOAc, EtOAc:IPA
(95:5, v/v), EtOAC:IPA (90:10, v/v) and EtOAc:IPA (80:20, v/v). The recoveries obtained for
the target compounds are summarized in Figure 5.4. Overall, good repeatability and
extraction efficiencies were obtained for the most hydrophobic compounds using EtOAc:IPA
(80:20, v/v) by LLE, but poor recovery was obtained for the most important wine biomarker,
tartaric acid (< 15%), and for malic acid (< 20%). The high polarity of these two analytes
makes difficult their extraction from the aqueous media. Moreover, the addition of a 20%
of 2-propanol enlarges significantly the subsequent evaporation step prior to the
derivatization (almost 90 minutes were necessary to evaporate the extracts to dryness) and,

consequently, the analysis throughput.

a) W 100% EtOAc M EtOAc: IPA (95:5) = EtOAc : IPA (90:10)
EtOAc : IPA (80:20)

140
120
100
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60
40
20

Recovery (%)

Succinic Fumaric Malicacid Tartaric Syringic
acid acid acid acid

Figure 5.4: Recoveries (%) obtained during LLE with EtOAc and EtOAc : IPA mixtures at different ratios.

In order to promote the transference of malic and tartaric acids to the organic phase,
10% of NaCl was added to the AcN:H20 (2:1, v/v) solution spiked with the target
compounds. The addition of salt increases the ionic strength of aqueous samples, reducing
the solubility of the organic compounds and consequently, improving the mass transference
to the organic phase. The recovery for tartaric and malic acids was only increased up to 30%
using this strategy, thus, we evaluated another approach based on ion-pair formation to

improve the mass transference to the organic phase. The use of TBA as ion-pair reagent
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rendered dirty chromatograms and did not provide adequate results in terms of extraction
efficiency. Consquently, LLE approach was discarded to preconcentrate the biomarkers of

wine and other alternatives based on SPE approaches had to be evaluated.

5.2.3.2.Solid phase extraction

5.2.3.2.1. Selection of sorbent material

The use of RP-SPE (200-mg, Oasis HLB) and mixed-mode (150-mg, Oasis-MAX) was
studied to preconcentrate wine biomarkers. For this purpose, assays were performed in
triplicate spiking 5 mL of Milli-Q water with ~0.85 ug of the target analytes and following
the procedures described in section 5.1.6.2. In these assays, the target compounds were
eluted with 6 mL of EtOAc when Oasis-HLB cartridges were used and with 6 mL of AcN (0.8%
HCI) when Oasis-MAX cartridges were used.

a) b)
120 W OASIS MAX M Oasis HLB 140 L-L extraction (EtOAc : IPA 80:20) B SPE Oasis MAX
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Figure 5.5: a) % Recoveries of the target compounds after mixed-mode SPE (Oasis MAX) and RP-SPE
(Oasis HLB). b) Comparison of liquid-liquid extraction with optimum solvent mixture with SPE using

Oasis-Max cartridges.

The best SPE cartridge for the preconcentration of wine related compounds was
selected according to the recoveries (%) that are shown in Figure 5.5a. The dual retention
mechanism (i.e., partition and ion-exchange) in Oasis-MAX cartridges in comparison to the

partition mechanism in Oasis-HLB, enhanced the retention of the target compounds and it
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was quantitative (> 80%) for all the target compounds except for syringic acid. On the other
hand, due to its more non-polar nature in comparison to the rest screened small molecules,
syringic acid is prone to be retained by the reversed-phase mode, and hence, slightly higher
recovery was obtained for this compound using Oasis-HLB cartridges (75%) in comparison

to the one obtained using Oasis-MAX (46%).

Moreover, the results obtained with Oasis-MAX cartridges were also compared to the
ones obtained with the classical extraction mechanism LLE. As it can be seen in Figure 5.5b,
although acceptable results can be obtained for the more hydrophobic compounds (i.e.,
syringic acid, fumaric acid and succinic acid), LLE did not render quantitative recoveries for
the most hydrophilic compounds including the most important wine biomarker (i.e. tartaric

acid).

According to these results, the compounds recovered in AcN:H>O FUSLE fraction were
preconcentrated using Oasis-MAX cartridges. Moreover, in order to improve the efficiency
of the procedure to determine syringic acid formed after the alkaline hydrolysis of malvidin,
the syringic acid recovered in the KOH FUSLE fraction was preconcentrated using Oasis-HLB

cartridges.

5.2.3.2.2. Elution profile

In order to improve the elution of analytes from the mixed-mode anion exchange
sorbent, the influence of elution solvent was evaluated. The use of an organic solvent in
acidic media is required to quantitatively elute short chain dicarboxylic acids from mixed-
mode SPE cartridges. Although both MeOH and AcN can be used, owing to the more non-
polar nature of syringic acid, target compounds were eluted with AcN (0.8% HCI) and the

need of a second elution using pure AcN was also evaluated.
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For this purpose, aliquots of 5 mL of Milli-Q water fortified with ~0.85 ug of target
analytes were loaded onto Oasis WAX cartridges. Three consecutive 3 mL fractions of the
solvent (pure AcN, 0.8% HCI) were collected in separate vials to get the elution profile
corresponding to a total volume of 9 mL. Afterwards, 5 mL of pure AcN were also loaded
and collected separately. All the fractions were evaporated to dryness, reconstituted in
150 pL of EtOAc and derivatized with 20 uL of BSTFA + 1% TMCS for their subsequent

individual analysis by means of GC-MS.

The results of these assays were expressed as the chromatographic signal normalized
to the sum of chromatographic responses of each fraction. According to the results
summarized in Figure 5.6a, the use of 6 mL of elution solvent was required to recover all
the compounds. Moreover, in order to quantitatively elute succinic and fumaric acids (see

Figure 5.6b), the addition of 5 mL of AcN was necessary.
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acid acid acid acid acid acid acid

Normalized chromatographic
signal (%)
Normalized chromatographic
a
foa)

S

Figure 5.6: Obtained normalized chromatographic signal of wine biomarkers during the elution
profile from Oasis-MAX cartridges using: a) consecutive 3 mL aliquots of AcN (0.8% HCl) and b) a

subsequent 5 mL aliquot of pure AcN after elution with optimum amount of AcN (0.8% HCI).

Similarly, we designed an elution profile experiment for the quantitative elution of
syringic acid from reversed-phase Oasis HLB cartridges. Thus, aliquots of 5 mL of Milli-Q
water fortified with ~0.85 ug of syringic acid were loaded onto Oasis HLB cartridges. Four

consecutive 3 mL fractions of the EtOAc were collected in separate vials to get the elution
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profile corresponding to a total volume of 12 mL. According to the results displayed in

Figure 5.7, 6 mL of EtOAc were required to quantitatively elute the syringic acid.

E3mL m6mL 9 mL 12 mL

Normalized chromatographic

Replicate 1 Replicate 2 Replicate 3

Figure 5.7: Obtained normalized chromatographic signal of syringic acid during the elution profile

from Oasis-HLB cartridges using consecutive 3 mL aliquots of EtOAc.

5.2.3.2.3. Matrix effect

The extraction efficiency can be affected by the composition of the sample since high
levels of anions co-extracted with the target compounds from the ceramic sample may
compete in the anion-exchange process occurring in the mixed-mode sorptive material.
Therefore, the efficiency of the mixed-mode SPE was tested using the synthetic ceramic
samples spiked with the target compounds and extracted with the solvent fixed as optimum
(i.e., 7mL AcN:H20 (2:1, v/v)). Under these conditions, it was determined by ion
chromatography that, in addition to the target compounds, 4.3 = 0.3 ug-mL? of chlorine,
0.40 + 0.02 pg-mL? of nitrate and 4.91 + 0.03 ug-mL™? of sulfate were also extracted from

the synthetic ceramic sample.

The matrix effect during the preconcentration step was evaluated by the comparison
of a FUSLE synthetic ceramic sample extract (n=3) spiked with ~0.85 pg of the target
compounds before the mixed-mode SPE step with the FUSLE clean solvent extract (n=3)

spiked with the same mass of the target compounds.
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Figure 5.8 shows the ratio between the recovery of the analytes achieved in presence
and in absence of matrix interferences. The most affected compounds by the co-extracted
interfering anions were the most polar target compounds (i.e., tartaric and citric acid),
whereas no effect was observed for the rest of the compounds. Anyhow, since the ratio for
all the target analytes was between 75% and 114% for all the target analytes (see Figure
5.8), matrix effect during the preconcentration using mixed-mode Oasis MAX cartridges can

be considered negligible.

120

100 -
80
60
40
20
0
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% Matrix effect

Figure 5.8: Evaluation of matrix effects (%) for wine biomarkers in the presence and in the absence of

interfering anions extracted from the synthetic ceramics.

5.2.4. SPE-GC-MS method validation

The main figures of merit of the analytical procedure can be found in Table 5.2.
External calibration curves were built from standard solutions at ng-mL? concentration
levels in the range of 500 to 10000 ng-mL* for all the target compounds and derivatized in
150 pL of EtOAc and 20 plL BSTFA + 1% TMSC and analyzed by means of GC-MS. Linearities
were found to be good with determination coefficients (r?) in the range 0.9950-0.9997 for

all the trimethylsilylated wine markers under study.
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Table 5.2: Main method parameters for the developed procedure.

Sylilation-GC-MS

FUSLE-SPE (MAX)-GC-MS
Ceramic spiked at 1.7 pg-g?*

Absolute

Apparent

analyte  eRod Hne AODmr | Recovery  Recoverye gy oo
(%) (%)
Succinic acid 7 0.999 0.01 100 - 3 54
Fumaric acid 9 0.998 0.01 86 - 4 40
Malic acid 6 0.999 0.01 34 123 6 55
Tartaric acid 4 0.998 0.02 22 80 2 68
Citric acid 7 0.995 0.02 28 99 1 76
Syringic acid? 8 0.998 0.02 18 - 6 71
Syringic acid® 8 0.998 0.02 47 - 10 66

a FUSLE performed with 7 mL of AcN:H0 (2:1 v/v) and preconcentration by mixed-mode SPE (MAX).

b FUSLE performed with 7 mL of KOH 1M and preconcentration by RP-SPE (Oasis-HLB).

¢ Extraction recovery corrected with 3-hydroxy-3-methyl pentadienoic acid used as surrogate.

The workflow of the procedure to analyze wine-related organic compounds is shown

in Figure 5.9. Briefly, it consisted in a first extraction of the ceramic sample with 7 mL of

AcN:H20 (2:1, v/v) and the analytes recovered in this fraction were preconcentrated by

means of mixed-mode SPE. In a second step, the remaining solid residue was treated with

7 mL of KOH (1M, aq.) to hydrolyze malvidin to syringic acid, which was preconcentrated by

means of reversed-phase SPE.
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Figure 5.9: Schematic flow-chart of the developed analytical procedure for the determination of wine

biomarkers in archaeological ceramics.

The accuracy of the whole analysis procedure for the determination of all wine related
compounds (except malvidin) was determined in terms of recovery using 1 g of ceramic

model fortified with 0.85 pg of the aforementioned wine markers.

The fortified ceramics were first treated with 7 mL of AcN:H»0 (2:1, v/v), the extracts
were submitted to mixed-mode SPE preconcentration and finally, wine biomarkers were
analyzed by GC-MS after derivatization. As it can be observed in Table 5.2, acceptable

recoveries were obtained for succinic and fumaric acids, 100% and 86% respectively,
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whereas low recoveries were obtained for malic, tartaric and citric acids (in the range of
22% and 34%). Tartaric, malic and citric acids (all with hydroxyl substituents) are prone to
be more deeply impregnated and strongly bonded to the clay structure (i.e., via hydrogen
bonds). Therefore, the low absolute recoveries obtained for these compounds may be
related to the weak efficiency of AcN:H.0 mixture and ultrasound energy to cleavage the
bonds between the compounds and the matrix. In order to correct the extraction efficiency,
the use of 3-hydroxy-3-methyl-pentadienoic acid, a substituted dicarboxylic acid of similar
nature, as surrogate was evaluated. This compound was added at the beginning of the
whole procedure together with the target compounds. As can be seen in Table 5.2,
adequate apparent recoveries (> 80%) were obtained after correcting the concentration of

the target compounds with the surrogate.

The remaining fortified ceramic samples were re-extracted with 7 mL of KOH, and
although malvidin was not present in the matrix, the absolute recovery for syringic acid was
evaluated. We detected that in presence of matrix, the recovery decreased up to 47%, but
the use of 3-hydroxy-3-methyl-pentadienoic acid was not adequate for this compound and
we did not find any compound that could correct this lack of accuracy. Even so, the obtained
absolute recovery was still much better than those obtained after performing liquid

extraction (12%) as preconcentration technique.

Method repeatability was calculated in terms of relative standard deviation (% RSD)
(see Table 5.2) and adequate % RSD values, between 1-10%, were obtained for all the target

analytes.

The whole method was performed without using solid matrices but all the organic
solvents and steps involved in order to calculate procedural limits of detection (LODproc).
They were calculated as the average signal of blank (n=3) plus three times its standard

deviation. In the case that no signal was detected at the corresponding retention time,
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LODproc Were referred to a ratio signal-to-noise of 3. The calculated limits of detection were
estimated considering 1 g of archaeological ceramic sample (recalculations should be
performed for 0.5 g of archaeological organic residues). The values of the LODproc Were
raised to the range 40-76 ng-g* but even adequate to detect them in ancient ceramic

residues.

5.2.5. Application to real samples

The developed method was applied to real archaeological samples in order to detect
wine biomarkers. Figure 5.10 shows the obtained chromatograms in SIM mode for the

residue M48 (Figure 5.10a) and the archaeological ceramic fragment DC7 (Figure 5.10b).

Tartaric acid was found in both residue samples (M47 and M48), together with
succinic, fumaric, malic and citric acids, which, according to the literature, confirms the
archaeological hypothesis of being a wine residue and the use of the original amphorae to
store wine [19]. Moreover, we detected two tricyclic diterpenoid acids in these samples:
dehydroabietic acid and 7-oxo-dehydroabietic acid. Dehydroabietic acid and its oxidation
by-product, 7-oxo-dehydroabietic acid, are characteristic compounds of a resin from
Pinaceae family, and they have been widely detected in archaeological ceramics or glass
containers [20,38,39]. The use of pine resin is documented not only as sealant or
waterproofing material, but also as medicine, antiseptic or balms used in rituals [1].
Nevertheless, when pine resin is detected together with wine biomarkers, it is thought to
be used in order to coat the interior surface of the ceramic artifacts, making it less porous
[7,19,24], or to act as antioxidant promoting wine preservation or flavor enhancement
[11,13,20,40]. Apart from the already mentioned wine related compounds, the alkaline
treatment of the ceramic residues allowed the identification of syringic acid derived from

malvidin, which reveals the red grape origin of the wine.
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Figure 5.10: Obtained chromatograms in SIM mode after analysis by GC-MS for a) the organic
residue M48 found in the interior walls of an amphora and b) the potsherd sample named DC7.
Shortened chromatograms in a frame correspond to the obtained result after performing the second
extraction step to identify syringic acid. Cx:y are fatty acids of chain length x and degree of

unsaturation y.
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In the case of potsherds DC4 and DC7, all the organic acids (i.e. tartaric, fumaric,
succinic, malic and citric acids) were detected confirming their use as wine storing devices.
Syringic acid was also found in both archaeological ceramics after the alkaline treatment at
higher concentration than the concentration found in the residues (see Figure 5.10.b). Pine
resin biomarkers were not found in the potsherds. In the case of sample DC7, in addition to
wine related markers, high concentrations of oleic acid (Cis:1), together with palmitic (Cie:0),
stearic (Cis.0) and azelaic (C9 diacid) acids, and low levels of linoleic acid (Cis:2) were also
found (see Figure 5.10b), which are characteristic compounds of vegetable oil [5,41]. Thus,
these data suggest that the archaeological ceramic was used for multiple purposes: to store
wine but to store vegetable oil as well. Nevertheless, a more exhaustive analysis using a
specific methodology to obtain the lipid profile of the organic residues in the ceramic should

be performed in order to get more specific information about the vegetable oil.

5.2.6. Conclusions

Many archaeologists and analytical chemists have been concerned about the wine use
in antiquity and consequently, the search for wine related compounds in archaeological
samples has increased during the last decades. Despite several different analytical
methodologies have been developed to detect these biomarkers, few are the works that
aim developing new analytical methods that render high extraction efficiencies in order to
detect organic biomarkers at trace levels. Herein, an entire analytical procedure was fully
developed, optimized and validated in order to identify wine biomarkers in visible or
absorbed organic residues in archaeological ceramic samples. FUSLE extraction rendered
the best results in a single and short extraction time (4 min) using first 7 mL of a AcN:H.0
mixture (2:1, v/v) and, then, 7 mL of KOH. For the preconcentration step, mixed mode SPE
using a strong anion exchanger cartridge rendered clean extracts, with negligible matrix
effect and satisfactory recoveries for fumaric and succinic acids, and also for the rest of the

target compounds after the correction with 3-hydroxy-3-methyl-pentadienoic acid as
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surrogate. Reversed phase Oasis HLB was used to preconcentrate syringic acid formed after
the alkaline hydrolysis of malvidin, and even if it was not quantitatively recovered, the

recoveries were good enough to detect it in the analyzed archaeological samples.

The developed procedure was successfully applied to two archaeological ceramic
samples (ca. ll-l BCE) and two organic residues found inside the walls of two amphorae
(Roman origin). Despite the antiquity of the archaeological samples, all the studied wine
markers were detected above the LODs confirming the use of DC4 and DC7 archaeological
ceramics as wine containers and the nature of M47 and M48 samples as wine residues.
Additionally, the developed procedure allowed to detect simultaneously resin biomarkers
from Pinaceae family, which, according to the literature, has been largely used for the

preservation of wine.

On the other hand, several fatty acids were also identified in the analyzed samples,
which helped searching for other uses of the materials under study. In this sense, one of the
analyzed samples (DC7) was suggested to have also been used to store vegetable oil apart
from wine. However, this analytical method was specifically developed for the identification
of wine-markers; thus, it should only be used as a screening tool for the detection of fatty
acids and more specific analysis that can be found in literature should be performed in order

to go into detail.
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Organic residues can remain for a long time in ceramic pottery mainly absorbed in
the porous matrix. The analysis of organic remains in these potsherds offers an insight into
vessel use, site and regional economies and technologies. Among the wide range of
investigated compounds, lipids and their transformation products have been the most
widely studied ones due to the wide use of animal fats and oils of various nature and origin
in the past and their relative stability [1,2]. Marine animal fats are easily distinguished from
modern terrestrial ones through their lipid profiles being the formers richer in
monounsaturated (Cie:1, C18:1, C20:1and C22:1) and polyunsaturated (Czo:s and Ca2:6) fatty acids.
Unfortunately, unsaturated compounds rarely survive to the oxidation processes that take
place during vessel use and burial [3]. In this sense, many investigations have focused their
attention on the determination of oxidation products such as dihydroxy derivatives of
monounsaturated fatty acids and w-(o-alkylphenyl)-alkanoic acids containing 16—-20 carbon
atoms [4]. Isoprenoid fatty acids [4,8,12-trimethyltridecanoic acid (4,8,12-TMTD) and
3,7,11,15-tetramethylhexadecanoic (phytanic acid)] have also been demonstrated to be
important biomarkers for the processing of marine commaodities in archaeological pottery

vessels [5-7].

From an analytical point of view, the isolation and characterization of unknown
constituents within complex organic mixtures is a challenging analytical task that requires
the use of many analytical techniques involving mainly chromatographic techniques
coupled to mass spectrometry (MS) [2,8,9]. Gas chromatography — mass spectrometry (GC-
MS) provides valuable structural information on each of the separated components and
allows recognizing diagnostic lipid distributions and identifying the previously mentioned
stable molecules (biomarkers) present in the ancient material or formed over the centuries
due to ageing [8]. Previous published works have generally focused their attention on the
identification of the target molecules without giving too much importance to the analytical

procedure itself, which often requires tedious and long pre-treatment steps.

177



Chapter 6

The isolation of suspect organic compounds from archaeological vessels often requires
several consecutive steps that normally consist of an extraction, hydrolysis and
saponification step, followed by a liquid extraction and a final derivatization step prior to
the GC-MS analysis [10,11]. The combined hydrolysis and saponification procedure is the
most critical one and is often assisted by external energies such as temperature and/or
ultrasound energy [10,11]. Nowadays, however, the use of ultrasound probes has gained
interest in many research fields since, as explained in previous chapters, they provide 100
times higher sonication power, as well as higher reproducibility and efficiency. However,
when the quantity of solution is limited, the ultrasound instrument can be used as a small
water bath (ultrasound micro bath or UMB) in which the sample is immersed, and this way,
the ultrasound energy’s action is restricted only to one sample, allowing fast, reproducible
and quantitative extraction assays [12,13]. Nevertheless, the use of ultrasound micro bath
for the extraction or hydrolysis of organic biomarkers from archaeological ceramic samples

has not yet been reported in the literature.

In this framework, we present an improved analytical approach based on an alkaline
hydrolysis by means of an ultrasound micro bath (UMB) followed by liquid extraction in
combination with GC-MS, which was fully optimized and validated. For this purpose, fatty
acid methyl esters were used in order to simulate the processes that biomarkers from real
samples would undergo to be successfully identified. This main goal has been achieved after
the optimization of the main parameters affecting the hydrolysis step (% MeOH/H20 and
volume and ultrasound micro bath parameters such as ultrasound amplitude, duty cycle
and hydrolysis time), the extraction procedure (extractant nature and volume) and the
derivatization step (% BSTFA and derivatization solvent). Finally, the method was applied to
analyze organic remains preserved in ceramic vessels, concretely, samples collected from a
deposit in Lekeitio (Basque Country, Northern Spain). These vessels are suspected to have

been used by Basque Whalers in the period from 16 to 17t Century to store whale oil.
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6.1. Materials and methods

6.1.1. Archaeological samples

The ceramic samples used in the application of the optimized analytical procedure
were collected in an archaeological site in Lekeitio (Basque Country, Northern Spain). No
entire ceramic amphora was found but several fragments corresponding to different vessels
were recovered from the deposit. In this work, we analyzed five ceramic samples labeled as
follows: Lekeitio 002 (L002), Lekeitio 003 (LO03), Lekeitio 006 (L006), Lekeitio 016 (LO16) and
Lekeitio 020 (L020). No visible residues were detected among the different pieces of
ceramic, which made largely difficult the characterization and identification of potential

organic residues.

6.1.2. Reagents and materials

Laboratory material was carefully cleaned with abundant pure water (<0.2 pS-cm?,
Millipore, USA) and without using detergent to avoid possible contamination produced by
detergent residues. The material was sonicated under clean acetone (Q.P., Panreac
Quimica, Spain) for an hour and then rinsed with ultrapure water (<0.057 pS-cm?, Milli-Q

model, Millipore, USA). Finally, the glass material was dried in an oven at 400 °C for 4 h.

Fatty acid methyl esters (FAME) mix containing methyl octanoate (CoH1802), methyl
decanoate (C11H2202), methyl laurate (C13H2602), methyl tetradecanoate (CisH3002), methyl
palmitate (C17H3402), methyl palmitoleate (Ci7H3202), methyl stearate (Ci9H3s02), cis-9-oleic
methyl ester, methyl linoleate, methyl linolenate (C19H3402), methyl arachidate (C21H4202),
methyl docosanoate (Ca3H4602), methyl erucate (C23Has02) and methyl lignocerate
(C25Hs002) at 2000 pg-mLtwas purchased from Supelco (Sigma-Aldrich, Germany). Standard
individual solutions of octanoic acid (Cs:.0), decanoic acid (Ci0.0), dodecanoic acid (lauric acid
or Ci2.0), tetradecanoic acid (myristic acid or Ci4.0), hexadecanoic acid (palmitic acid or Cis0),

octadecanoic acid (stearic acid or Ciso), oleic acid (Cis:1) and linoleic acid (Cis2) were
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acquired from Supelco (Sigma-Aldrich, Germany). Mixed fresh solutions with =50 pg-g™* of
each target compound were monthly prepared and stored in amber vials at -20 °C. Dilutions

of these stock solutions were daily prepared in n-hexane according to the experimentation.

The used solvents, n-hexane (Hex), ethyl acetate (EtOAc), dichloromethane (DCM),
methanol (MeOH) and isooctane (all HPLC grade, 99.8 %) were purchased from LabScan
(Dublin, Ireland). Diethyl ether, potassium hydroxide pellets (KOH) and N,O-
bis(trimethyl)silyltrifluoro-acetamide containing % trimethylchlorosilane (BSTFA +

1% TMCS) were purchased from Sigma-Aldrich (Milan, Italy).

The ceramic models used during the validation of the methodology were prepared and
supplied by the department of sculpture of the Fine Arts faculty from the University of the
Basque Country (UPV/EHU). The models were prepared according to chemical and

mineralogical information of the archaeological vessels, which is described elsewhere [14].

6.1.3. Sample preparation

Special care was taken in all analytical steps (including sample crushing, fractionation
and extraction) in order to minimize cross-contamination sources and other side effects.
Ceramic powder samples were collected with a scalpel, both from the external and internal
part of the archaeological pieces. The powdered samples were crushed in a mortar in order
to obtain a more homogeneous sample since a heterogeneous particle size was obtained
using the scalpel. Finally, the samples were weighed and stored in glass vessels in order to
preserve them until their analysis. For the analysis of the ceramics, sub-samples of 0.5 g
were taken from the glass vessels in order to have representative aliquots of the
archaeological pieces and the assays were performed using three sub-samples of each real

sample.

180



An alternative analytical method based on Ultrasound Micro Bath hydrolysis and GC-MS
analysis for the characterization of organic biomarkers in archaeological ceramics.

6.1.4. Hydrolysis and extraction of fatty acids

6.1.4.1. Optimization of the hydrolysis step

According to the literature, KOH dissolved in a hydroalcoholic mixture of MeOH and
H20 is the most used hydrolyzing agent [15]. Thus, the composition of this mixture as well
as the volume required for a quantitative hydrolysis was evaluated in the first assays. The
volume (i.e., 1, 3 and 5 mL) of the hydrolyzing mixture fixed as KOHwmeon (10 %
weight)/KOHu20 (10% weight), 2:3 (v/v) was studied using a ceramic model in order to
simulate the volume occupied by 1g of the archaeological samples. Next, in order to
maximize the corresponding recovery of this step, a mixture of 3 mL of MeOH with different
percentages of KOH (2.5%, 5% and 10%) and ratios of MeOH:H20 (0:5, 1:4, 2:3, 3:2, 4:1 and
5:0) were tested. All these previous assays were performed according to the traditional
method of hydrolysis, which consists of heating and stirring the samples in a water bath at

60 °C for 3 hours [16].

Afterwards, the applicability of the ultrasound micro bath in order to accelerate the
hydrolysis step was assessed. The assays were carried out using a Bandelin Sonopuls HD
3100 sonifier ultrasonic cell disruptor/homogenizer (100 W, 20 kHz; Bandelin Electronic,
Berlin, Germany) with a cup booster BR made of stainless steel. A mixture of ~0.85 ug of
FAMEs were hydrolyzed using 3 mL of 5% KOH in MeOH:H20 (2:3, v/v). The extraction
process variables (i.e., duty cycle and sonication amplitude) were thoroughly optimized by
means of an experimental design approach and the hydrolysis time by means of a time
profile (up to 10 min). Under optimum conditions, FAMEs were hydrolyzed from ceramic
vessels using a mixture of 3 mL of 5% hydroalcoholic KOH (MeOH:H:0, 2:3 v/v), immersed
in an ice-water bath for 2.5 minutes using a duty cycle of 0.5 s and a sonication amplitude

of 20%. The process was repeated three times using fresh hydrolyzing agent.
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After the hydrolysis step, the neutral fraction was extracted with n-hexane (3 x 500 uL)
and quantitatively recovered. The remaining aqueous fraction was acidified (HCl 12 mol-L?,
to pH=2) and the acid fraction containing fatty acids was subsequently extracted with
diethyl ether (3 x 500 pL). The extracts were evaporated to dryness and derivatized with
20 ulL of BSTFA + 1% TMCS and 150 pL of isooctane and analyzed by means of GC-MS. The
neutral fractions were also analyzed in order to ensure that no fatty acid remained as

methyl ester after the analytical pretreatment.

6.1.4.2. Optimization of the extraction step

The extraction of both neutral and acid fractions was optimized. In a first attempt, the
neutral fraction was extracted using different extraction volumes (3 x 250, 500 or 1000 pL)
of n-hexane. The remaining aqueous phase was acidified with hydrochloric acid (12 mol-L%;
to pH 2) and the free fatty acids were extracted from the hydrolysate testing different
extraction solvents (diethyl ether, dichloromethane and n-hexane) and volumes (3 x 250,
500 or 1000 pL). The extracts were concentrated to dryness under a gentle stream of
nitrogen at 25 °C, reconstituted in the derivatization solvent, derivatized with BSTFA + 1%
TMCS (60 °C, 30 min) and analyzed by means of GC-MS system. Under optimum conditions,
1000 pL of n-hexane were used to isolate both neutral compounds and fatty acids from the

neutral and acid fractions, respectively.

6.1.5. Optimization of the derivatization step

The analysis of fatty acids by means of GC-MS requires a previous derivatization step,
which was optimized. During optimization, 42.6 uL of standard solution of a mixture
containing all the analytes at 20 pg-mL™? each were evaporated to dryness under a gentle
stream of nitrogen (Turbovap® LV, Caliper, Life sciences, USA) at 25 °C. Aliquots of 150 pL

of different solvents (ethyl acetate, n-hexane and isooctane) and different volumes of the
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BSTFA + 1% TMCS used as derivatization reagent (8.5 uL, 20 pL and 34 uL) were added and
submitted to the derivatization step (30 min at 60 °C). In the case of sample extracts, they
were evaporated to dryness in chromatographic amber vials and re-dissolved in the
optimum conditions. Hence, under optimum conditions, the extracts were reconstituted in

150 pL of EtOAc and 20 uL of BSTFA + 1% TMCS and derivatized at 60°C for 30 min.
6.1.6. Analysis by GC-MS

2 pL of the derivatized extract were injected into a 6890N gas chromatographer
(Agilent Technologies, Avondale, PA, USA) coupled to a 5973N electron impact ionization
mass spectrometer and a 7683 Agilent autosampler. The analysis was performed in the
splitless mode for 1.5 min at 300 °C using HP5-MS capillary column (30m x 0.25mm, 0.25
um, Agilent). The oven program temperature used was established as follows: 55 °C (5min),
a temperature increase of 45 °C-min! to 90 °C to continue rising at 6 °C-min’! to 300 °C,

maintaining it for 15 min.

Hydrogen (Hydrogen generator AD-1020, Cinel Strumenti Scientifici, Padova, Italy) was
used as carrier gas at constant flow of 1.5 mL-mint. The MS transfer line temperature was
maintained at 310 °C, the ion source and quadrupole at 230 °C and 150 °C, respectively.
Measurements were performed in both SCAN (m/z: 50-450) and SIM modes using the most
abundant m/z fragment of trimethylsilylated n-alkanoic acids (m/z: 73) as quantifier and
m/z: 117 and each fatty acid trimethylsilyl ester’s molecular ion minus 15 (corresponding to

the loss of a methyl group) as qualifiers (see Table 6.1).
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Table 6.1: Name, abbreviature, structure and monitored m/z ion fragments (quantitative in bold) for

each fatty acid under study.

Compound Abbreviation Structure m/z
o}
Octanoic acid Cso0 H30WOH 73 117 201
(Caprilic acid)
o]
Decanoic acid Cio0 H3C/\/\/\/\)J\OH 73 117 229
(Capric acid)
o]
Dodecanoic acid C120 ch/\/\/\/\/\)J\OH 73 117 257
(Lauric acid)
o}
Tetradecanoic acid Cia0 Hac/\/\/\/\/\/\)\w 73 117 285
(Myristic acid)
0
Hexadecanoic acid Cis0 H30W0H 73 117 313
(Palmitic acid)
o]
Octadecanoic acid Cis:0 Hsc/\/\/\/\/\/\/\/\)J\OH 73 117 341
(Stearic acid)
o
cis-9-octadecenoic acid Ciga \/\/\/\/ﬁ/\/\/\)&w 73 117 339
(Oleic acid)

cis,cis-9,12-
octadecadienoic acid Cis22 WMH 73 117 337

(Linoleic acid)

6.2. Results and discussion

All the steps involving the optimization were carried out by spiking the different
solutions in each stage (hydrolysis, extraction or derivatization) with 42.6 pL of a fresh stock
solution of FAMEs at 20 pug-mL™ each. Despite the lack of standard stock solutions for the

biomarkers of interest, it should be highlighted that they have a similar chemical behavior
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compared to the target compounds studied in this work (i.e. saturated and unsaturated
fatty acids). Thus, the obtained results for the target compounds in the optimization and

validation steps can be applicable to the biomarkers of whale oil.

6.2.1. Optimization of the derivatization step

Several parameters affecting the derivatization step were evaluated (i.e.,
derivatization reagent volume and solvent nature). On a first attempt, for the derivatization
step different volumes (8.5 L, 20 plL and 34 pulL) of derivatizing agent (BSTFA + 1% TMCS)
were tested using isooctane as the solvent to obtain a final volume of 170 plL according to
literature [8]. The derivatization assays were performed in triplicate at 60 °C for 30 min. As
it is shown in Figure 6.1, there are no statistical differences between the different studied
volumes. Thus, 20 pL of BSTFA + 1% TMCS were used in the subsequent assays in order to:
(i) minimize the introduction of large quantities of this reagent to the chromatographic
system and (ii) ensure the quantitative derivatization of the target compounds. On the other
hand, the effect of three different solvents (i.e., EtOAc, n-Hex, isooctane) in the
derivatization step was tested in triplicate. Figure 6.2 clearly shows a significant increase in
the chromatographic responses of the four target compounds when using EtOAc. Despite
isooctane has been usually used in literature [16,17], more polar solvents seem to favor the
trimethylsilylation reaction of the fatty acids. Hence, optimum derivatization conditions
were fixed as 20 pL of BSTFA + 1% TMCS using 150 pL of EtOAc as derivatization solvent, at
60°C for 30 min.
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Figure 6.1: Chromatographic response of some target compounds after their derivatization with
different volumes of BSTFA + 1% TMCS using isooctane as derivatization solvent (n=3, 95%

confidence level).
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Figure 6.2: Chromatographic response of some target compounds after their derivatization with 150

uL of different organic solvents and 20 uL of BSTFA + 1% TMCS (n=3, 95% confidence level).
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6.2.2. Optimization of the hydrolysis step

Critical factors that can affect the quantitative hydrolysis of FAMEs, such as the
concentration of KOH, the hydro-alcoholic mixture ratio and the volume, were studied. In
all these assays, once the FAMEs were hydrolyzed, the neutral fraction was recovered with
n-Hex (3 x 1 mL) whereas the acidic fraction was recovered after the acidification of the
aqueous media and extraction with diethyl ether. The extracts containing acid fatty acids
were derivatized and analyzed by GC-MS.

4.0-10°
W 2.5% KOH W 5% KOH 10% KOH
3.5-10°
3.0-10°
2.5-10°
2.0-10°
1.5-10°

1.0-10°

Chromatographic signal

5.0-10° 1

0.0

C 10:0 C 12:0 C 16:0 C 18:0

Figure 6.3: Comparison of the different concentrations of KOH in a mixture of 3 mL of MeOH:H;0 2:3
(v/v) (n=3, 95% confidence level).

Firstly, the influence of KOH % (2.5%, 5% and 10%) in the hydrolysis step was evaluated
in triplicate. The different concentrations of KOH were prepared in pure MeOH and Milli-Q,
and mixtures of 3 mL of alkaline MeOH:Milli-Q (2:3, v/v) were used to perform the
hydrolysis in a water bath at 60 °C for 3 hours. Figure 6.3 shows the chromatographic signal
obtained for four of the studied fatty acids at different hydrolysis conditions. The results are
statistically comparable at 95% of confidence level except in the case of decanoic and

octadecanoic trimethylsilyl esters when using 10% of KOH, for which a decrease in the
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chromatographic signal was observed. In addition, the repeatability in terms of relative
standard deviation (% RSD) was also higher than 20% when 10% KOH was used, which was
attributed to the appearance of KCl salts during the extraction procedure after the
acidification with HCI. The presence of this salt makes difficult the derivatization step since
it is highly hygroscopic and the presence of water reverts the equilibrium of the
derivatization reaction. Since the repeatability of the results was neither highly improved
using the minimum amount of KOH (i.e., 2.5%), 5% of KOH was selected as optimum in order
to perform an efficient and reproducible hydrolysis. This concentration value is consistent

with some other procedures found in the literature [11].

In the next step different ratios of the 3 mL of hydroalcoholic mixture MeOH:H20 were
evaluated, (i.e., 0:5, 1:4, 2:3, 3:2, 4:1 and 5:0 v/v). During the assays, it was observed that
in those replicates with high organic content (i.e., 5:0 and 4:1 v/v), white KCl salts appeared
when adding HCI to acidify the medium, which impeded a quantitative extraction and
subsequent derivatization. Thus, these ratios were directly discarded and the conclusions
were taken from the chromatographic responses obtained for the rest tested ratios (see
Figure 6.4). No statistical differences were observed at 95% of confidence level between the
ratios that rendered higher chromatographic responses (i.e., 0:4 and 2:3 MeOH:H:0 ratios),
thus, 2:3 MeOH:H-0 ratio was selected as optimum for the rest of experiments since high
chromatographic responses and repeatabilities were obtained for all the target compounds,
and, according to literature, alkaline saponification in hydroalcoholic KOH is the most

widespread approach [15].
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Figure 6.4: Comparison of the ratios of MeOH: H,O with 5 % of KOH (n=3, 95 % confidence level).

6.2.3. Optimization of ultrasound micro bath hydrolysis

In order to accelerate the hydrolysis step, the use of ultrasound micro bath was
studied and optimized. Thus, several process variables affecting the hydrolysis yield were
optimized, such as ultrasound amplitude, duty cycle and hydrolysis time. In pulsed
sonication the extraction time is divided in different cycles being each of these cycles the
sum of the period of time that pulse is on (duty cycle) and off. In this work, cycles of 1 second
were used. The influence of the first two parameters was simultaneously evaluated by
means of an experimental design approach, concretely a central composite design (CCD).
Thus, 20 assays (including four replicates of the central point and two replicates of the rest
of the points) were performed using aliquots of 42.6 uL of containing ~0.85 ug of FAMEs in
a hydroalcoholic KOH mixture and varying the amplitude of the delivered ultrasound from
10 to 30% and the duty cycle from 0.2 to 0.8 s:s’. The studied ranges were chosen based on
manufacturer's recommendations and previous knowledge [18]. The responses obtained
for the CCD were analyzed by means of multiple linear regressions. ANOVA results indicated

that none of the studied variables had significant effect at 95% of confidence level (p-value
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> 0.05) for any of the target analytes. Consequently, the amplitude and duty cycle were

fixed at intermediate values of 20% and 0.5 s-s™.

Finally, a time profile was performed from 1 to 10 minutes in order to study the
optimum hydrolysis time. Figure 6.5 shows the chromatographic signal obtained for each
target compound after the application of ultrasound micro bath energy at 5 different times
(i.e., 1, 2.5, 5 and 10 min) performed in triplicate. Since no statistical differences were
observed among the whole studied time range, the optimum hydrolysis time was fixed at
2.5 min. This time was selected as optimum to avoid the heating of the system, which would
take place with longer hydrolysis times involving the possible loss of volatile compounds or

the reduction of the cavitation phenomena [19].
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Figure 6.5: Hydrolysis time profiles for target compounds under optimized conditions for ultrasound

micro bath (amplitude at 20%, duty cycle of 0.5 s-s"1) (n=3, 95% confidence level).

As a result, optimum extraction conditions were set as follows: amplitude at 20%, duty
cycle of 0.5 s and extraction time of 2.5 minutes. This extraction time is significantly lower
in comparison to other traditional hydrolysis procedures that require longer hydrolysis

times (i.e., up to three hours [11,20]), and thus, the method throughput is totally assured.
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6.2.4. Optimization of the extraction step

Once the conditions for the hydrolysis were fixed, the extraction of neutral and acid
fraction of fatty acids from the hydroalcoholic mixture was optimized. To this aim, both
extraction volume and organic solvent nature were studied in parallel. Three different
volumes of organic solvent were tested: 500, 1000 and 1500 pL. The use of 500 pL was
discarded due to the difficulties to separate and recover the organic phase quantitatively.
Statistically comparable results were obtained with 1000 and 1500 uL of organic solvent.

Hence, 1000 pL of organic solvent was used in subsequent assays.

Regarding the organic solvent, the potential of n-hexane, diethyl ether and
dichloromethane to extract both neutral and acid fractions was tested. Dichloromethane
was rapidly discarded since the organic phase remained under the aqueous one, thus, when
collected water was swept along impeding the subsequent derivatization. On the other
hand, during the evaporation of the acid extracts after using diethyl ether as extraction
solvent, KCl salts appeared in two of the replicates impeding the consecutive derivatization.
The appearance of these salts is related to the partial solubility of ethyl acetate in water
(6.9 g/100 mL). In the case of n-hexane, no salts were observed neither in the neutral nor
in the acidic fraction, and the obtained recoveries were higher than those achieved with
ethyl acetate. According to literature, when using diethyl ether as extractant, just a small
aliquot (100-200 uL) is evaporated to dryness and subjected to derivatization step [1]. In
this last case diethyl ether works as a suitable extraction solvent since no salts appear.
However, in the present work we want to determine organic biomarkers in archaeological
samples without not visible residues, thus, recovering the organic fraction completely is
necessary. As a result, n-hexane was chosen as the best extraction solvent both for the

neutral and acidic fraction.

Finally, the number of consecutive extractions required for a quantitative extraction

was evaluated. Three consecutive extractions were performed in triplicate under optimum
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conditions adding 1 mL of fresh n-hexane. The different extracts were evaporated to
dryness and derivatized with 20 uL of BSTFA + 1% TMCS and 150 pL of EtOAc. Above 85% of
the extracted amount was recovered with one extraction for small fatty acids (from Cs.oto
Ci6:0). However, in the case of the three longer fatty acids (Cis:0, C1s:1 and Cis:2) more than
20% was still recovered in the third extraction. Thus, it was decided to establish three
consecutive extractions as optimum in order to ensure a quantitative extraction for all the

target compounds.

6.2.5. UMB-GC-MS method validation

The figures of merit for the developed method were quantitatively calculated for 8
fatty acids (from their corresponding methyl esters) and are summarized in Table 6.2.
Linearity of the external calibration curves were found to be good over the range of tested
concentrations (2.5-10 pg-mL?) with coefficients of determination (r?) higher than 0.998 for

all the trymethylsilylated fatty acids.

Procedural limits of detection (LODproc) Were experimentally calculated from three
blank samples as the average signal of blank (n=3) plus three times the standard deviation.
The obtained values were in the range 0.05-0.38 pg-g* giving octanoic and hexadecanoic
acid trimethylsilyl esters particular high values (0.26 and 0.38 pg-g?, respectively). The main
problem of blanks regarding to these compounds were attributed to the use of plastic
material, which was avoided afterwards. However, as these concentrations were found to
be negligible in comparison to those found in real samples, we decided to correct the

concentration with the procedural blank signals.

The repeatability of the method was calculated as the relative standard deviation
(RSD %). Four replicates of 5% KOH in hydroalcoholic mixture were spiked with ~0.85 ug of
FAMEs and analyzed in the same day. As can be seen in Table 6.2, RSD % values were

between 4% and 12% for all the target compounds. In order to establish the accuracy of the
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developed method two approaches were used. On the one hand, due to the lack of a
certified reference material for fatty acids in ceramic samples, ceramic models were spiked
with the FAME solution and followed the whole optimized procedure. On the other hand,
the methodology using UMB for the hydrolysis was compared with the classical approach

based on heating the samples for 3 hours.

Table 6.2: Main method parameters (linearity, limits of detection, repeatability and accuracy) for the

developed procedure.
Linearity Repeatability Accuracy
Fatt LOD 9
s B Recovery () Y 7
(n=3) with UMB? bath?

Cs:o 0.999 0.26 7 35 12
Ci0:0 0.999 0.13 4 85 78
C12:0 0.999 0.15 5 80 78
Cia0 0.999 0.16 6 81 75
Ci6:0 0.999 0.38 12 75 68
Cis:0 0.998 0.16 8 95 83
Cisa 0.999 0.11 9 131 98
Cis2 0.998 0.05 6 95 78

2 Recovery estimated from the spiked synthetic ceramics using ultrasound micro bath for hydrolysis.

b Recovery estimated from the spiked synthetic ceramics using water bath (60° C, 3 h) for hydrolysis.

For the first approach 50 mg of ceramic model was spiked with ~0.85 pgand subjected
to the optimized hydrolysis (20% of amplitude, 0.5 s-s* of duty cycle and 2.5 min of
hydrolysis time), extraction (1 mL of n-hexane) and derivatization (20 uL of BSTFA + 1%
TMCS in 150 uL of EtOAc for 30 min). In general, good recoveries were obtained (75%-131%)
after subtracting the blank signals to each target compound (see Table 6.2). However, lower

values were obtained for the octanoic acid TMSE (32%), probably due to its higher volatility.

Subsequently, the optimized procedure’s effectiveness was compared to the
traditional approach used to determine organic compounds in archaeological ceramic

samples. The classical hydrolysis is generally performed in a water bath at 60 °C for 3 hours
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[8,20-23]. Thus, replicates spiked with ~0.85 pg of FAMEs were subjected to the traditional
hydrolysis as well as to UMB hydrolysis under optimum conditions. The obtained results in
terms of recoveries with both hydrolysis techniques were statistically comparable (t-test, p-
values between 0.20 and 0.77) for all the compounds except in the case of octadecanoic
and decanoic acid trimethylsilyl esters, which gave lower recoveries when performing the
traditional hydrolysis (see Table 6.2). Additionally, higher % RSD values were achieved when
using the water bath (1-30% RSD) in comparison with UMB hydrolysis (1-12% RSD). Taking
into account these results together with the fact that ultrasound micro bath hydrolysis
involves much less time (2.5 min vs. 3 hours for traditional hydrolysis), it can be concluded
that hydrolysis by means of UMB is a suitable approach for the saponification of fatty acids

and biomarkers of similar nature in archaeological ceramic samples.

6.2.6. Application to archaeological samples

The developed method using hydrolysis assisted by ultrasound micro bath was applied
to real archaeological ceramic samples in order to detect fatty acids. Five ceramic pieces
corresponding to different giant containers, in which whale oil is suspected to have been

stored, were analyzed. For this purpose 0.5 g of samples were subjected to analysis (n=3).

The eight studied fatty acids were detected and quantified (see Table 6.3 and Figure
6.6) including the unsaturated ones (oleic and linoleic acids) in some samples. Among these
results, it should be highlighted that, together with hexadecanoic acid (palmitic acid or
Ci60), tetradecanoic acid (myristic acid or Ci4.0) showed the highest concentration values
suggesting that these ceramics were used to store whale oil. Although this hypothesis
cannot be consistent only with the presence of these compounds, it is widely known that
these two compounds are the most characteristic ones among saturated fatty acids, both
in fresh marine mammal tissues [24] and archaeological pottery related to marine
commodities [25]. Additionally, the main components of the spermaceti (a waxy substance

found in the head cavities of the sperm whale and, in smaller quantities, in the oils of other
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whales) are cetyl palmitate (Cis:0) together with esters of myristic (Ciax0), lauric (C12:0) and

stearic (Cis:0) acids [26].

Table 6.3: Concentrations of the studied fatty acids in ug-g* quantified in real samples from a

deposit in Lekeitio (n=3, 95% confidence level).

Fatty

. L002 L003 L006 L016 L020
acids
Cs:0 <LOD 1.2+0.1 1.5+0.1 0.94 +0.07 1.07 +0.08
Cio0 1.4+0.1 1.9+0.2 2.1+0.2 1.01+0.04 1.9+0.2
Ciz0 1.740.2 2.0+0.1 1.7+0.2 0.58 + 0.08 1.1+0.1
Cia0 6+1 14+2 7+1 6+1 33406
Cis0 842 20+4 11+2 942 4+1
Ciso 0.53 +0.06 0.7+0.1 0.8+0.1 0.33+0.06 0.35+0.02
Cisa 1.5+0.2 1.8+0.4 0.78 +0.08 0.57 +0.05 <LoD
Cis 0.42 +0.03 0.27£0.01 0.19+0.01 <LoD <LoD
Cia0 Ciq.
2.0-10° 180
N Cig1 \
Q
g
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Figure 6.6: GC—MS chromatogram obtained in SCAN mode for L016 sample showing the obtained
signals for the quantified target compounds and the identified biomarkers. Cx:y represents fatty
acids of carbon chain length x and level of unsaturation y; diCe: sebacic acid;

11,12-OHC30:11,12- dihydroxyeicosanoic acid.
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Moreover, other biomarkers related to marine commodities were identified in the
analyzed sample extracts (see the chromatogram in Figure 6.6). The identified compounds
are listed in Table 6.4. They are mainly saturated fatty acids together with two important
molecular markers of whale oil: eicosapentaenoic acid and docosahexaenoic acid [27].
Eicosapentaenoic acid (EPA, Ca20:503) and docosahexaenoic acid (DHA, C22:6w3) are the major
polyunsaturated fatty acids in blubber and fish oil, giving evidence of their marine origin
[27,28]. These two compounds were detected in trace amounts but they were identified
with their characteristic m/z values and by comparison with mass spectral libraries (NIST
2.0) in four of the five samples (L002, LO03, LO16 and L020). In addition, 11-eicosenoic acid
(C20:1) was also found in three samples (L002, LO03, LO06). This compound is also indicative
of marine organisms and has been previously found together with oleic and linoleic acids in
a midden deposit used to store seal and whale oil as well as in slab-lined pits suggested as

production sites for marine mammal oil [28,29].

Table 6.4: Biomarkers found in 5 real samples from Lekeitio with their respective m/z values used for

their identification (n=3, 95 % confidence level).

Real Samples

> i:’,r:z;i m/z values L002 1003 006 L016  L020
Ce0 73,117,173 . .
Czo 73,117, 187 . . .
Coo 73,117, 215 . . o . .
Ci10 73,117, 243 . . . . .
Ciso 73,117, 299 . . . . .
Ci70 73, 117, 327 . .

Ufr;i:;ua::;esd m/z values L002 L003 LO06 LO16 L020
Ci61 73,117,311 . . . .
Ca0:1 73,117,327 . . .
Caoss 73,79,91, 117, 131, 145, 385 . .
Cas 73,79,91, 93,117, 119, 129, 359 . .
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Several research works analyzing blubber or marine oils describe all the compounds
previously mentioned together with other saturated, unsaturated and polyunsaturated
fatty acids. In fact, most of the compounds found in those studies matches with the
biomarkers identified in this work: Cia.0, Ci6:0, C1s:1, C20:1, C20:5 and Caz:6 [30-34]. Normally,
degradation products such as dihydroxy derivatives of monounsaturated fatty acids, w-(o-
alkylphenyl) alkanoic acids or isoprenoid compounds are found in archaeological samples
suspected to have stored marine oil, whereas unsaturated fatty acids are absent [5]. In the
present work, as can be seen in Figure 6.6, only sebacic acid (decanedioic acid) and 11,12-
dihydroxyeicosanoic acid were found as degradation compounds of 11-eicosenoic acid.
Nevertheless, it was checked that the extraction of the acid fraction with n-hexane is not
guantitative for the determination of more polar compounds such as dicarboxylic acids, and
consequently not suitable for the determination of dihydroxy derivatives of unsaturated
fatty acids. However, we decided to use n-hexane instead of diethyl ether in order to avoid
the salt and water problems observed using diethyl ether. In any case, other biomarkers,
such as highly unsaturated compounds or even w-(o-Alkylphenyl) alkanoic acids and
isoprenoid compounds, which are more related to marine commodities, have been

identified when using n-hexane as extraction solvent [11].

The possibility of a laboratory contamination can be ruled out since the performed
blanks gave no analytical response for the mentioned biomarkers. Additionally, the
hypothesis that the analyzed ceramics could have native fatty acids has also been refused
since no biomarkers were found after the analysis of the external surface of the ceramics

and the target compounds were below the limits of detection.

It is not usual to find unsaturated fatty acids in archaeological samples since they tend
to degrade during oxidation processes faster than the saturated ones. However, according
to literature, longer- (> C18) and shorter-chained (< C14) fatty acids oxidize more quickly
than medium-chained compounds (C14-C18). Moreover, the oxidation rate depends

significantly on the number of unsaturations increasing over ten times for each double bond
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present [35]. In 1992, DeMan found that the rate of oxidation of oleic acid compared to the
linoleic acid at 100 °C was 1:100:1200. By means of a simulation of decomposition of four
fatty acids (Cis:.o, C1s:1, C1s:2and Cis:3) DeMan determined that after 100 decomposition steps
the Cis:1/Cis ratio remained almost constant, giving evidence to support the idea of the
possible preservation of Cig:1and Czo:1[36]. Nevertheless, care must be taken when trying

to establish the specific origins based on preserved fatty acid distributions alone.

6.3. Conclusions

The challenge of understanding the composition of the organic remains in
archaeological ceramic samples has been taken by many researchers in the last decade.
However, no special attention has been paid to the development, optimization and
validation of a suitable analytical procedure. In addition, the methods used normally in this
field are time consuming and have to be performed in more than one day, running the risk
of losing important information. In this sense, in this work we propose a fast, eco-friendly
and sensitive analytical method which allowed the detection of the target compounds and
many important fatty acid biomarkers with high precision (RSD < 12 %) and accuracy (75-

100 %) as well as acceptable limits of detection.

The reduction in the analysis time was mainly attributed to the use of ultrasound micro
bath energy, which allowed obtaining in 2.5 minutes similar results to those achieved with
traditional hydrolysis techniques that normally require at least 3 hours of heating. Hence,
the developed method has provided a new approach to perform fast screening of
archaeological ceramic samples in order to identify and quantify (if desired) organic
biomarkers. The detection of such organic biomarkers offers a powerful tool for
understanding the past use of this type of archaeological materials. In this work, we have

found some evidences that suggest the use of the analyzed ceramics to store whale oil.
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However, care must be taken with final conclusions about the origin of a certain
archaeological sample. Marine fats and oils have remained difficult to detect in the organic
residues in archaeological pottery and unsaturated compounds rarely survive as significant
components due to their susceptibility to oxidation during vessel use and burial [5].
Decomposition and other confounding problems relegate these analyses more to the role

of producing hypotheses or supporting information about the function of artifacts [35].

In this respect, it would be worthwhile to support fatty acid analysis with other
hydrolysis and extraction techniques. Another approach, if available, is the use of a range
of supplementary analytical and derivatization techniques, such as stable isotope analysis.
Nevertheless, the use of these multi-analytical approaches is difficult and sometimes

impossible due to the unavailability of such analytical tools.
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Chapter 7

GC-MS and HPLC-ESI-QToF characterization
of organic lipid residues from ceramic
vessels used by Basque whalers from 16 to

17" centuries

Microchemical Journal 137 (2018) 190-203

“Consider the subtleness of the sea; how its most dreaded creatures glide under
water, unapparent for the most part, and treacherously hidden beneath the
loveliest tints of azure. Consider all this; and then turn to this green, gentle , and
most docile earth; consider them both, the sea and the land; and do you not find a

strange analogy to something in yourself?.”

Herman Melville, Moby-dick






GC-MS and HPLC-ESI-QToF characterization of organic lipid residues from ceramic vessels
used by Basque whalers from 16 to 17th centuries.

As it has been shown in the results of the previous chapter, the unequivocal
characterization of organic compounds in archaeological ceramics provides important
information about their use and the history around them. Chapter 6 highlights that among
thousands of organic compounds, lipid profiling is one of the main subjects of archaeological
studies aiming to infer information about the use and environmental source of pottery
sherds, human remains, ancient sediments, etc. [1-6]. In fact, it is known that lipids, and
specially their diagenetic and catagenetic hydrocarbon products, can survive unaltered in
recent and ancient archaeological remains due to their inherent resistance to
decomposition in comparison to other compounds such as proteins [1]. Nevertheless, the
natural degradation processes of lipids can be accelerated in oxidant environments and at
high temperatures, which often occurs in the context of archaeological pottery vessels
preservation [7].

Marine commodities have played a very important role in the past 16™-17" centuries
in the Basque Country (northern Spain). Fishing or hunting whales was undoubtedly one of
the most productive activities in the Bay of Biscay during more than half a millennium [8].
Basque whalers used to sail across the Atlantic Ocean as far as Newfoundland and Labrador,
where there is archaeological evidence of more than ten Basque whaling stations located
along the Gulf of Saint Lawrence (see Figure 7.1). The Red Bay whale station, which UNESCO
named World Heritage Site in 2013, is the most outstanding of all the whale stations where
excavations have taken place. Once the whale was captured its fat was melted in the ovens
located at the stations to collect the blubber or oil, which was then stored in wooden barrels
and transported back to the Basque Country in order to be sold in Spain or in different places
in Europe, such as Flanders or England [8-10]. Before the fats were sold, they were stored
in particular large ceramic jars in the docks of Basque ports, ready for their distribution.
Recent archaeological excavations in the old quarter of the Biscayan village of Lekeitio have
recorded a 16™-17" century old warehouse linked to the trade and storage of whale oil. In
this archaeological site, 15 big ceramic jars laid beneath a clay floor at the same level as

their mouths, serving as big deposits for liquid storage. These tinajas or big jars measured
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between 1.30 and 1.80 m in height, and 1.10 and 1.45 m in diameter with an estimated
capacity of around 1000 L. Chronologically, these big ceramic vessels made in Seville are
attributed to the Modern Era, and according to the archaeological record and written
sources, correspond to ceramics likely from the 2" half of the 16™ century and 1°t half of

the 17t century, matching the highest peak of Basque whaling activity [11,12].

Figure 7.1: Excavation works performed in the Basque whaling station of Chateau Bay (Labrador)

where the battery of ovens to melt blubber is visible. Source: Azkarate (1992) [8].

Marine fats and oils are an important class of unsaturated lipids difficult to detect in
the organic residues in archaeological pottery [13,14]. As described in previous chapters,
they contain high abundances of polyunsaturated fatty acids (PUFAs), which rarely survive
in the ceramic vessels in significant amounts due to degradation processes affecting their
chemical composition. Despite these complications, several degradation products have
been identified as biological markers in recent studies focused on marine oils and fats in

archaeological ceramic samples. w-(o-Alkylphenyl) alkanoic acids with 16-20 carbon atoms
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are known to be formed at cooking temperatures from fatty acids (FAs) of marine sources
[14-16]. Specific dihydroxy acids can also be found in extracts of archaeological pottery and
are the direct degradation products of Z-monounsaturated alkenoic acids such as Co:1 and
C22:1 fatty acids, which are suggestive of seal or whale fats [10,17]. PUFAs can also be
oxidized forming dicarboxylic acids, which have been found in slab-lined pits where marine
mammal oil was produced [4,18]. In addition, the isoprenoid FAs 4,8,12-
trimethyltridecanoic acid (4,8,12-TMTD), 2,6,10,14-tetramethylpentadecanoic acid
(2,6,10,14-TMPD, or pristanic acid) and 3,7,11,25-tetramethylhexadecanoic acid (3,7,11,15-
TMHD, or phytanic acid) are as well important biomarkers of marine products in

archaeological ceramics [14,15,17].

In the peer-reviewed literature, analytical methodologies based on gas
chromatography-mass spectrometry (GC-MS) [2,6,19-23] and gas chromatography-
combustion-isotope ratio mass spectrometry (GC-C-IRMS) [1,5,24-26] have been applied for
lipid analysis of organic residues in ceramics. Nevertheless, the FA content can also be
obtained with the acquisition of the entire triacylglycerol (TAG) profile of the lipid material
[27]. In previous investigations, high-performance liquid chromatography - atmospheric-
pressure chemical ionization - mass spectrometry (HPLC-APCI-MS) has been applied to
analyze the content of pottery sherds to identify its TAG composition [28,29]. Nevertheless,
high resolution chromatographic techniques such as high-performance liquid
chromatography - electrospray ionization - quadrupole time-of-flight mass spectrometry
(HPLC-ESI-QToF) has not been widely used for the analysis of the triglyceride profile of the
lipid fraction in archaeological ceramic samples, only in archaeological ointments [30],
which could provide more accurate information about the structure of the TAGs. The
information obtained by HPLC-ESI-QToF, together with the complementary information
obtained by more consolidated analytical techniques such as GC-MS would allow

identifiying the oils and fats stored in archaeological vessels.
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Specific extraction, saponification and derivatization steps are required before the
chromatographic analyses. Evershed et al. used solvent extraction of the powdered
potsherd with a mixture of chloroform/methanol using ultrasonication [1], Ribechini et al.
performed the direct saponification of the organic residues found in ceramic pieces with a
subsequent extraction step [20], whereas Correa-Ascencio et al. developed a direct acidified
methanol extraction [5]. Different derivatization procedures have also been applied: i)
trimethylsilylation [20] and ii) esterification with diazomethane [31] or with iii) boron

trifluoride in methanol [15].

The aim of the present work was the analysis of the non-visible residual contents of
five different ceramic samples belonging to five different ceramic jars found in a deposit in
Lekeitio (Basque Country, northern Spain) suspected to have been used to store oil from
whales from Newfoundland and Labrador, captured by Basque whalers in the period from
16" to 17t century. To fulfil this goal, fresh blubber samples, used as reference materials,
and archaeological samples were analyzed by means of HPLC-ESI-QToF and GC-MS. The
former was used to identify TAGs whereas the latter was mainly used to obtain the FAs
profile as well as to detect new possible biomarkers of whale oil in the archaeological

samples.

7.1 Materials and methods

7.1.1. Archaeological samples

The archaeological ceramic artefacts under study were sampled from the ceramic set
recovered in the 16™-17" century warehouse found in the old quarter of Lekeitio (Basque
Country, northern Spain). Just three out of the fifteen big ceramic containers were
unearthed without any damage and are currently exhibited at the Archaeological Museum
of Biscay. The rest of the ceramics were accidentally broken into several pieces during

archaeological works due to their size and poor state of conservation. Thus, several
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fragments without visible residues and corresponding to different ceramic vessels (n=>5)
were analyzed: Lekeitio 002 (L002), Lekeitio 003 (LO03), Lekeitio 006 (LO06), Lekeitio 016
(L016) and Lekeitio 020 (LO20) (see Figure 7.2).

Figure 7.2: Archaeological ceramics found in the warehouse of Lekeitio: a) entire ceramic container
without neck showing the scale (10 cm per colored section), b) arrangement of the ceramic
containers beneath the clay floor with the mouth visible and c) archaeological ceramic fragments
under study showing the internal surface of the vessel (arranged in order as L002, LO03, LO06, LO16
and L020). Photos a) and b): courtesy of Silvia Cajigas.

7.1.2. Fresh blubber and whale oil samples

Due to the difficulty to obtain ancient whale oil samples, four fresh whale blubber

samples and a whale oil sample were used as reference materials (see Table 7.1).
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Table 7.1: Description of the whale blubbers and oil used as reference materials.

Sample Whale sub-

Genus Specie Source
type order
Fin Whale
(Balaenoptera physalus)
Minke Whale Swedish Museum
Balaenoptera (Balaenoptera of Natural History
acutorostrata) in Stockholm
Mysticete
Whale Sei Whale
Blubber (Balaenoptera borealis)
Humpback Whale
Megaptera Australia
(Megaptera
novaeangliae)
Swedish Museum
Harbour Porpoise
Odontoncete Phocoena of Natural History
(Phocoena phocoena) in Stockholm
Association for the
Study and
Whale Oil Unknown Unknown Unknown Conservation of

Marine Fauna

(AMBAR)

Four fresh whale blubber samples belonging to different whale species were provided
by the Swedish Museum of Natural History in Stockholm. Three different blubber samples
from three different whale species belonging to the sub-order mysticete and genus
Balaenoptera were characterized: (i) fin whale (Balaenoptera physalus), (ii) minke whale
(Balaenoptera acutorostrata) and (iii) sei whale (Balaenoptera borealis). The fourth blubber

sample was extracted from harbour porpoise specie (Phocoena phocoena) belonging to the
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sub-order odontocete and genus Phocoena. The last specie was obtained from whale
blubber sampled from a humpback whale (Megaptera novaeangliae) in Australia belonging

to the sub-order mysticete and genus Megaptera.

Besides the whale blubber samples, a sample of liquid whale oil extracted from fat of
unknown whale species in Asturias (Northern Spain) supplied by the Association for the

Study and Conservation of Marine Fauna (AMBAR) was characterized.

7.1.3. Reagents and materials

Laboratory material was carefully cleaned with abundant pure water (<0.2 uS-cm™,
Millipore, USA) and without using detergent to avoid possible contamination produced by
detergent residues. The material was sonicated under clean acetone (Q.P., Panreac
Quimica, Spain) for an hour and then rinsed with ultrapure water (<0.057 uS-cm?, Milli-Q

model, Millipore, USA). Finally, the glass material was dried in an oven at 400 °C for 4 h.

The mix solution of mono and dicarboxylic fatty acids (FAs) in acetone and purchased
from Sigma-Aldrich (Milan, Italy) contained lauric acid (Cs.0; 0.24 mg-g*), suberic acid (C8
diacid; 0.27 mg-g?), azelaic acid (C9 diacid; 0.28 mg-g™), myristic acid (Cia:0; 0.25 mg-g?),
sebacic acid (C10 diacid; 0.30 mg-g?), palmitic acid (Cie:0; 0.25 mg-g?), oleic acid (Cis:1; 0.51
mg-g*) and stearic acid (Cis:o; 0.51 mg-g?). Tridecanoic acid solution in isooctane (118.3
pg-g?) and hexadecane solution in isooctane (133.3 pg-g™) were both supplied by Sigma-

Aldrich (USA) and used as internal standards (ISs).

The used solvents n-hexane (Hex), ethyl acetate (EtOAc), methanol (MeOH), ethanol
(EtOH), chloroform (CHCIs), dichloromethane (DCM) and 2-propanol (all HPLC grade, 99.8%)
were purchased from Sigma-Aldrich (Milan, Italy). Hydrochloric acid (HCl), diethyl ether,
potassium hydroxide pellets and N,O-bis(trimethyl)silyltrifluoro-acetamide (BSTFA)

containing 1 % trimethylchlorosilane, were purchased from Sigma-Aldrich (Milan, Italy).
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7.1.4. Sample preparation

Special care was taken in all analytical steps (sample crushing, fractionation and
extraction) in order to minimize cross-contamination. Ceramic samples (1 g) were collected
with a scalpel, both from the external and internal part of the archaeological pieces,
weighed and stored in glass vessels until their analysis (see Figure 7.2). Fresh whale blubber

and oil samples were stored in the supplied glass vials before taking 1-2 mg for analysis.

7.1.5. Sample treatment

7.1.5.1.Solvent soluble fraction: isolation of triacylglycerols (TAGs)

Microwave assisted extraction (Milestone microwaves Ethos One, USA) was used to
characterize the solvent soluble fraction. The extraction conditions were fixed according to
the previous works found in the literature [32,33]. In this work, the extractions were
performed at 80 °C and 600 W for 25 min using 300 pL and 600 pL of a CHCls:Hex mixture
(3:2, v/v) to extract 1-2 mg of fresh whale oil samples and 1 g of ceramic archaeological
samples, respectively. The extracts were completely dried under a nitrogen stream, diluted
with 600 pL of MeOH: 2-propanol (90:10, v/v) and filtered through 0.45 um PTFE filters

(Grace Davison Discovery Sciences, USA) just before the analysis by HPLC-ESI-QToF.

7.1.5.2.Saponified fraction: isolation of fatty acids (FAs)

The extraction of the acidic and neutral compounds was performed according to the
methodology described by Colombini et al. [7]. Briefly, 1 g of each archaeological sample
was directly subjected to microwave assisted saponification (Milestone microwaves Ethos
One, USA) with 600 pL of 10% KOH in EtOH at 80 °C and 200 W for 60 min. In the case of
the fresh samples (i.e., whale blubber and oil samples) used as reference materials 0.5-1 mg

were immersed in 300 uL of the previously mentioned saponification solution.
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After saponification, the alcoholic solutions were diluted in bi-distilled water and the
neutral fractions were extracted with Hex (3 x 400 uL). Subsequently, the aqueous phases
were acidified with HCI (6 M to pH=2) and re-extracted with diethyl ether (3 x 400 pL). 5 pL
of tridecanoic acid solution (118.3 pg-g) used as IS was added to the 200 pL of the final
EtOAc extract and evaporated to dryness under a gentle stream of nitrogen. Derivatization
was performed with 20 pL of BSTFA and 150 pL of isooctane (derivatization solvent) at
60 °C for 30 min in a water bath. 5 pL of hexadecane solution (133.3 pg-g?) used as IS were

added to the derivatized extract before the analysis by means of GC-MS.

7.1.6. Instruments and methods

7.1.6.1. High performance liquid chromatography/mass spectrometry

HPLC-ESI-QToF analyses were carried out using a 1200 Infinity HPLC, coupled with a
Quadrupole-Time of Flight tandem mass spectrometer 6530 Infinity QToF detector by a Jet
Stream ESI interface (Agilent Technologies). The chromatographic separation was carried
out using a Poroshell 120 EC-C18 column (3.0 mm x 5.0 mm, 2.7 um particle size) with a
Zorbax eclipse plus C-18 guard column (4.6 mm x 12.5 mm, 5 um particle size) at a flow rate
of 0.3 mL-min? and at 45 °C. Aliquots of 10 pL were injected and the elution gradient was
programmed using methanol/water 85:15 (eluent A) and iso-propanol (eluent B) as follows:
90 % A for 5 min, followed by a linear gradient to 90 % B in 30 min (held for 10 min). Re-

equilibration time for each analysis run was 10 min.

The ESI operating conditions were: drying gas (N, purity >98 %): 350 °C and 10
L-min’%; capillary voltage 4.5 KV; nebulizer gas 35 psig; sheath gas (N2, purity > 98 %): 375 °C
and 11 L:-min’t. High resolution MS and MS/MS spectra were acquired in positive mode in
the range 100-1700 m/z. The fragmentor was kept at 200 V, nozzle voltage 1000 V, skimmer
65 V, octapole RF 750 V. The MS/MS spectra were obtained at 50 V. The collision gas was
nitrogen (purity 99.999%). The data were collected by auto MS/MS acquisition with an MS
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scan rate of 1.03 spectra-sec* and an MS/MS scan rate of 1.05 spectra-sec’; only one
precursor was acquired per cycle (relative threshold 0.010%). The mass axis was calibrated
daily using the Agilent tuning mix HP0321 properly diluted in water and acetonitrile (Agilent
Technologies). MassHunter® Workstation Software (B.04.00) was used to carry out mass

spectrometer control, data acquisition and data analysis.

The structures of the TAGs were identified by the evaluation of their exact mass, the
interpretation of their tandem mass spectra and by comparison with previously published
mass spectra data [34-38]. TAGs were named by means of the three abbreviations
corresponding to the nature of the acyl chains (FAs) linked to the glycerol backbone: C,
capric acid (Ci00); La, lauric acid (Ci2:0); M, myristic acid (Ci4.0); P, palmitic acid (Cis:0); Po,
palmitoleic acid (Cis:1); S, stearic acid (Cis.0); O, oleic acid (Cis:1); L, linoleic acid (Cis:2); Ln,
linolenic acid (Cis:3); Sa, stearidonic acid (Cis:4); E, eicosenoic acid (Cz0:1); E2, eicosadienoic
acid (Ca02); Es, eicosatrienoic acid (Ca3); Es, eicosatetraenoic acid (Ca4); Epa,
eicosapentaenoic acid (Cxos); A, arachidic acid (C200); D, docosenoic acid (C22:1); Dte,
docosatetraenoic acid (C22:4); Dpa, docosapentaenoic acid (C22:5); Dha, docosahexaenoic

acid (Cazs); B, behenic acid (C22:0); T, tetracosenoic acid (Ca4:1).

7.1.6.2.Gas chromatography/mass spectrometry

The gas chromatographic system 6890N (Agilent Technologies, Palo Alto, CA, USA) was
coupled to a 5975 single quadrupole mass spectrometer (Agilent Technologies, Palo Alto,
CA, USA). 2 pL of the derivatized extract were injected in splitless mode at 280 °C into the
GC-MS system. For the gas chromatographic separation, a HP-5MS fused silica capillary
column (5% diphenyl- 95% dimethyl-polysiloxane, 30 m x 0.25 mm i.d., 0.25 um film
thickness, J&W Scientific Agilent Technologies, USA) with a de-activated silica pre-column
(2 m x 0.32 mm i.d., J&W Scientific Agilent Technologies, USA) was used. The carrier gas

(He, purity 99.9995%) was used in the constant flow mode at 1.2 mL-min’. The GC-MS oven
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program temperature was as follows: 80 °C (2 min), a temperature increase of 10 °C-min*

up to 200 °C (3 min) to continue rising at 10 °C-min* up to 280 °C (40 min).

Measurements were performed in SCAN mode (m/z 50-650) and peak assignments
were performed using standard solutions of FAs, mass spectra interpretation, comparison

with mass spectral libraries (NIST 2.0) and with mass spectra reported in the literature [4,7].

7.1.7. Semi-quantitative analysis

For the HPLC-ESI-QToF analysis, relative abundances were calculated from extract ion
chromatograms, considering the isotopic distribution of the molecular species. To establish
the TAG profiles in both archaeological and fresh reference samples the signals were

normalized to 100% for each chromatogram.

For the GC-MS analysis, the chromatographic peak areas of the extract ion
chromatograms were integrated and corrected with the signal of n-tridecanoic acid and
hexadecane internal standards. The data were normalized to 100% for each chromatogram

in both archaeological and fresh materials.

7.2. Results and discussion

7.2.1. Characterization of blubber and whale oil reference samples

Due to the lack of certified reference material of whale oil, the main characteristic
fingerprints of this type of samples were first identified in fresh blubber samples, which

were used as reference materials (see section 7.1.2.).
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7.2.1.1. HPLC-ESI-QToF triglycerides profiling

HPLC-ESI-QToF was applied for the characterization of the TAG profiles of the
reference materials. Auto MS-MS acquisition mode in HPLC-ESI-QToF allows the non-target
screening of as many TAGs as possible in the sample. The identification of each acyl
substituent was carried out considering the detected fragment ions and searching for m/z
values corresponding to the loss of acyl substituents in positions sn-1, sn-2 and sn-3.
According to La Nasa et al. [39], several fragmentation studies in the literature show that
the losses of acylic chain in position sn-1 and sn-3 are energetically more favored than the
loss in the sn-2 position in the case of sodiated adducts. Consequently, it is expected that
diacylglycerol ions of sn-1 and sn-3 position fragments in the MS-MS spectra will be the

more abundant ones [39,40], provided that no coelution of isobaric species occurs.

Figure 7.3 shows the mass spectrum of PPoO as an example: the relative abundances
of both the sodiated and proton adducts resulting from the losses in position sn-1 ([PoO]*
and [PoO+Na]*) and sn-3 ([PPo]* and [PPo+Na]*) are higher than the corresponding ones for
the adducts [PO]* and [PO+Na]* that result from the loss of the acyl group in the sn-2
position. However, this interpretation is not always useful for the identification of those
complex oils with TAGs containing high amounts of omega-3 long chain polyunsaturated
FAs (PUFAs). Baiocchi et al. [35] observed an inversion of abundance profiles when
comparing thermal- and collision- induced fragmentations for this kind of TAGs when
studying samples of tuna oil. In the latter case, the most abundant peaks are due to
fragment ions corresponding to the loss of the acyl chain from the sn-2 position.
Consequently, in the present work the first mentioned fragmentation pattern was used for
the saturated or modestly unsaturated FAs, whereas for the TAGs containing omega-3 PUFA
the collisionally-induced fragmentation observed in the literature was considered

predominant.
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Figure 7.3: MIS/MS spectra for the PPoO.

Table 7.2 shows the 91 TAGs identified in fresh blubber and whale oil samples used as
reference materials. Their relative abundance was obtained based on the peak area of their
precursor ion in the extracted ion chromatograms. As it can be seen, most of them are
characterized by the presence of the two main omega-3 long PUFAs: acyl chains

docosahexaenoic acid and eicosapentaenoic acid.
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Table 7.2: Triglycerides (TAGs) determined by HPLC-ESI-QToF in the reference whale blubbers and oil
with formula, parent ions, daughter ions and proposed fragmentation of the mass spectra and

tandem mass spectra for all the identified species.

Mmst MS?
Major fragments Minor fragments
TAG Formula [M+Na]* Product Fragment. Product Fragment. Product Fragment.
ion pattern ion pattern ion pattern
M-P-La CasHgsOp 745.6 545.4 [MP+Na]* 517.4 [PLa+Na]* 489.4 [MLa+Na]*
523.4 [MP]* 495.4 [PLa]* 467.4 [MLa]*
M-La-L Ca7H3606 769.6 541.4 [LaL+Na]* 489.4 [MLa+Na]* 569.5 [ML+Na]*
519.4 [LaL]* 467.4 [MLa]* 547.5 ML)
M-O-La Cu7H3s0 7716 571.4 [MO+Nal* 543.4 [OLa+Na]* 489.4 [MLa+Na]*
549.4 [MO]* 521.4 [OLa]* 467.4 [MLa]*
La-P-L CagHooOs 797.6 517.4 [LaP+Na]* 597.5 [PL+Na]* 541.4 [LaL+Na]*
495.4 [LaP]* 575.5 [PL]* 519.4 [LaL]*
0-c-0 CagHooOs 797.6 515.4 [OC+Na]* 625.5 [00+Na]*
493.4 [oc)* 603.5 [0O]*
O-La-P Ca9Ho206 799.6 543.4 [OLa+Na]* 517.4 [LaP+Na]* 599.5 [OP+Na]*
521.4 [OLa]+ 495.4 [LaP]* 577.5 [oP]*
M-P-P Ca9Ho4Op 801.7 545.4 [MP+Na]* 573.5 [PP+Na]*
523.4 [MP]* 551.5 [PP]*
Po-O-M  CgHeOs 8257 597.5 [PoO+Na]* 5715 [MO+NaJ* 543.4 [PoM+Na]
575.5 [PoO]* 549.5 [mMO]* 521.4 [PoM]*
M-O-P Cs1Ho606 827.7 571.5 [MO+Na]* 599.5 [OP+Na]* 545.4 [MP+Na]*
549.5 [MO]* 577.5 [oP]* 523.4 [MP]*
P-P-P Cs1Hog06 829.7 573.5 [PP+Na]* 551.5 [PP]*
M-Po-Epa CssHooO6 845.6 543.4 [MPo+Na]* 569.4 [MEpa]*
521.4 [MPo]* 617.4 [PoEPA+Na]
591.4 [MEpa+Na]* 595.4 [POEPA]*
M-O-Ln Cs3Ho406 849.7 571.5 [MO+Na]* 621.5 [OLn+Na]*
549.5 [MO]* 599.5 [OLn]*
567.5 [MLn+NaJ* 545.5 [MLn]*
P-Po-Ln Cs3HeaOp 849.7 571.5 [PPo+Nal]* 571.5 [PoLn]*
549.5 [PPo]* 595.7 [LnP+Na]*
593.5 [PoLn+Na]* 573.5 [LnP]*
M-L-L Cs3Ho406 849.7 569.5 [ML+Na]* 621.5 [LL+Na]*
547.5 [ML]* 599.5 (LU
Ln-P-P Cs3Hos06 851.7 595.7 [LnP+Na]* 573.5 [PP+Na]*
573.5 [LnP]* 551.5 [PP]*
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Table 7.2: Continuation.

Mms?! Ms?
Major fragments Minor fragments
TAG Formula [M+Na]* Product Fragment. Product Fragment. Product Fragment.
ion pattern ion pattern ion pattern
P-Po-O Cs3Hos0s 853.7 571.5 [PPo+Nal]* 597.5 [PoO+Na]* 599.5 [PO+NaJ*
549.5 [PPo]* 575.5 [PoO]* 577.5 [PO]*
P-0-P Cs3H10006 855.7 599.5 [PO+NaJ* 577.5 [POJ*
P-P-0 Cs3H10006 855.7 573.5 [PP+Na]* 599.5 [PO+NaJ*
551.5 [PP]* 577.5 [PO]*
P-P-S Cs3H10206 857.7 573.5 [PP+Na]* 601.5 [PS+Nal]*
551.5 [PP]* 579.5 [PS]*
P-Po-Epa CssHo4O6 873.7 571.5 [PPo+Na]* 597.5 [PEpa]*
549.5 [PPo]* 617.4 [PoEPA+Na]
619.5 [PEpa+Na]+ 595.4 [POEPA]*
P-O-Ln CssHogOg 877.7 599.5 [PO+NaJ* 599.5 [oLn)*
577.5 [PO]* 595.7 [PLn+Na]*
621.5 [OLn+Na]* 573.5 [PLn]*
Po-O-L CssHogOg 877.7 597.5 [PoO+Nal* 623.5 [OL+Na]* 595.5 [PoL+Na]*
575.5 [PoO]* 601.5 [oL* 573.5 [PoL]*
PLL CssHogOg 877.7 597.5 [PL+Na]* 621.5 [LL+Na]*
575.5 [PLI* 599.5 (LU
Po-0-0 CssH10006 879.7 597.5 [PoO+NaJ* 625.5 [00+Na]*
575.5 [PoO]* 603.5 [0O]*
0-P-0 CssH10206 881.7 599.5 [OP+NaJ* 577.5 [oP]*
P-0-0 CssH10206 881.7 599.5 [PO+Na]* 625.5 [0O+Na]*
577.5 [PO]* 603.5 [0O]*
P-0-S CssH10406 883.7 599.5 [PO+Na]* 627.5 [OS+Na]* 601.5 [SP+Na]+
577.5 [PO]* 605.5 [OS]+ 579.5 [SP]+
P-S-S CssH10606 885.7 601.5 [PS+Na]* 629.5 [SS+Na]*
579.5 [PS]* 607.5 [SS]*
Ln-Ln-Ln Cs7H9206 895.7 617.5 [LnLn+Na]* 595.5 [LnLn]*
Epa-O-Po Cs9H10006 899.7 617.5 [EpaPo+Na]* 597.5 [PoO+Na]* 595.5 [EpaPo]+
645.5 [OEpa+Na]* 575.5 [PoO]* 623.5 [OEpa]+
Epa-O-P Cs7HogO6 901.7 645.5 [OEpa+Na]* 599.5 [PO+Na]* 623.5 [OEpa]+
619.5 [EpaP+Na]* 577.5 [POJ*
L-L-L Cs7HogO6 901.7 621.5 [LL+Na]* 599.5 [LL]*
Ln-L-O Cs7HogO6 901.7 619.5 [LnL+Na]* 623.5 [LO+Na]*
597.5 [LnL]* 601.5 (Lo
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Table 7.2: Continuation.

Mms?! Ms?
Major fragments Minor fragments

TAG Formula [M+Na]* Product Fragment. Product Fragment. Product Fragment.
ion pattern ion pattern ion pattern
621.5 [OLn+Na]* 599.5 [OLn]*

P-O-E4 Cs7H10006 903.7 599.5 [PO+Na]* 621.5 [PEs+Na]* 625.5 [OE,]*
577.5 [POJ* 647.5 [OE4+Nal* 625.5 [00+Na]*

O-Ln-0 Cs7H10006 903.7 621.5 [OLn+Na]* 625.5 [OO+Na]* 603.5 [0O]*
599.5 [OLn]* 603.5 [00]*

L-L-0 Cs7H10006 903.7 621.5 [LL+Na]* 623.5 [LO+Na]*
599.5 [LL]* 601.5 [LOJ*

0-0-L Cs7H10206 905.7 625.5 [OO+Na]* 623.5 [LO+Na]*
603.5 [0O]* 601.5 [LOJ*

0-L-0 Cs7H10206 905.7 623.5 [LO+Na]* 601.5 [LOJ* 625.5 [0O+Nal*
601.5 [LOJ* 603.5 [00]*

S-O-Ln Cs7H10206 905.7 627.5 [SO+Na]* 621.5 [OLn+Na]*
605.5 [so]* 599.5 [OLn]*
623.5 [SLn+Na]* 601.5 [SLn]*

0-0-0 Cs7H10406 907.7 625.5 [0O+Nal* 603.5 [00]*

S-L-0 Cs7H10406 907.7 625.5 [SL+Nal* 623.5 [LO+Na]* 627.5 [SO+Na]*
603.5 [SLI* 601.5 [LOJ* 605.5 [so]*

0-0-S Cs7H10606 909.7 625.5 [0O+Nal* 627.5 [OS+Na]*
603.5 [0O]* 605.5 [OS]*

E-P-0 Cs7H10606 909.8 627.5 [EP+Na]* 599.5 [PO+Na]* 653.5 [EO+Na]*
605.5 [EP])* 577.5 [PO]* 631.5 [EO]*

S-S-0 Cs7H10506 911.8 629.5 [SS+Na]* 627.5 [SO+Na]*
607.5 [SS]* 605.5 [SO]*

Po-Epa-

Epa CsgHsg,06 919.6 617.5 [PoEpa+Na]* 643.5 [EpaEpal* 595.5 [EpaPo]+
665.5 [EpaEpa+Na]*

M-Epa-

Dha CsoHg,06 919.6 591.5 [MEpa+Na]* 691.5 [DhaEpa]* 569.5 [MEpa]*
617.5 [DhaM+Na]* 595.5 [DhaM]*

Dha-0-Po  CsgHogOg 925.7 643.5 [DhaPo+Na]* 575.5 [OPo]* 649.5 [DhaO]*
597.5 [OPo+Nal* 671.5 [DhaO+Na]* 621.5 [DhaPo]*

Epa-0-0 Cs9H10006 927.7 645.5 [EpaO+Na]* 603.5 [OoO]* 623.5 [EpaO]*
625.5 [0O+Na]*

Dha-P-O  CsoH10006 927.7 645.5 [DhaP+Na]* 577.5 [POJ*
599.5 [PO+Na]* 671.5 [DhaO+Na]*
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Table 7.2: Continuation.

MSt MS?
Major fragments Minor fragments
TAG Formula [M+Na]* Product Fragment. Product Fragment. Product Fragment.
ion pattern ion pattern ion pattern
Dpa-O-P Cs9H10206 929.7 647.5 [DpaP+Nal+ 599.5 [OP+Na]*
673.5 [DpaO+Na]+ 577.5 [OP]*
E,-0-S CssH10406 931.7 649.5 [E4S+Na]+ 605.5 [0S]*
627.5 [OS+Na]*
Dte-O-P Cs9H10406 931.7 675.5 [DteO+Na]* 653.5 [DteO]*
599.5 [OP+Na]* 577.5 [OP]*
649.5 [DteP+Nal* 627.5 [DteP]*
L-E,-0 CsoH10406 931.7 651.5 [E,0+NaJ* 649.5 [LE,+Na]* 623.5 [LO+Na]*
629.5 [E,O]* 627.5 [LE;]* 601.5 [LO]*
E-L-O CsoH10606 933.7 651.5 [EL+NaJ* 623.5 [LO+Na]* 653.5 [EO+Na]*
629.5 [EL]* 601.5 [LO]* 631.5 [EO]*
E-0-0 Cs9H10806 935.8 653.5 [EO+Na]* 625.5 [OO+Na]*
631.5 [EO]* 603.5 [OO]*
A-0-0 Cs9H11006 937.8 655.5 [AO+Na]* 625.5 [OO+Na]*
633.5 [AO]* 603.5 [o0oJ*
th;‘\;l'?)ha' CoHonOs 9437 7175  [DhabhasNal g5, [Dhaa'\]’P*N 6955  [DhaDha]*
615.4 [DhaMo+Na]* 593.5 [DhaMo]*
Poéf]za' CaHesOs 9457 617.5 [PoEpa+Nal* 691.5 [DhaaE]’fa+N 595.5 [PoEpal*
643.5 [DhaPo+Na]* 621.5 [DhaPo]*
Dhal'v?ha' CoiHosOs 9457 617.5 [DhaM+Na]* 595.5 [DhaMJ*
7175 [Dhabha+Nal 695.5 [DhaDhal*
Dha-S;-O  Ce1HegO6 947.7 619.5 [DhaS,+Nal* 671.5 [DhaO+NaJ* 597.5 [DhaS,]*
665.5 [S40+NaJ* 643.5 [s40]*
Dha"lepa' CoaHeeOs  947.7 619.5 [DpaM+Na]* 7195 [Dha;’faJ'N 597.5 [DpaMJ*
617.5 [DhaM+NaJ* 595.5 [DhaM]*
P-E;Dha  CeiHogOs 949.7 621.5 [PE,+Na]* 693.5 [A4D]h+a+Na 6715 [E,Dha]*
645.5 [PDha+Na]* 599.5 [PE4]*
P-E;-Dha  CeiH10006 951.7 623.5 [PEs+Na]* 645.5 [PDha+Na]* 601.5 [PE3]*
695.5 [EsDha+Na]* 673.5 [EsDhal]*
Dha-0-0  CeiH10,06 953.7 671.5 [DhaO+Nal* 603.5 [o0oJ* 649.5 [DhaOJ*
625.5 [OO+Na]*
Dha-$-0  CeiH10406 955.7 673.5 [DhaS+Na]* 605.5 [so]* 651.5 [DhasS]*
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Table 7.2: Continuation.

MSt
Major fragments Minor fragments
TAG Formula [M+Na]* Product Fragment. Product Fragment. Product Fragment.
ion pattern ion pattern ion pattern
627.5 [SO+NaJ* 671.5 [DhaO+Nal*
Epa-O-E Cs1H10406 955.7 645.5 [EpaO+Na]* 653.5 [EO+Na]* 623.5 [EpaO]*
673.5 [EpaE+Nal* 631.5 [EO]* 651.5 [EpaE]*
Dpa-0-S Cs1H10406 957.7 673.5 [DpaO+Nal* 627.5 [SO+Na]* 651.5 [DpaO]*
675.5 [DpaS+Nal* 605.5 [SOJ* 653.5 [DpaS]*
O-Ex-E Ce1H11006 961.8 651.5 [OE,+NaJ* 679.5 [E;E1+Na]* 653.5 [OE+Na]*
629.5 [OE,]* 657.5 [E,Eq]* 631.5 [OE]*
O-D-L Cs1H11006 961.8 679.5 [DL+Na]* 681.5 [OD+Na]* 623.5 [LO+Na]*
657.5 [DL]* 659.5 [OD]* 601.5 [LO]*
T-P-O Cs1H11406 965.8 683.6 [TP+Na]* 599.5 [PO+Na]* 709.6 [TO+Na]*
661.6 [Tey+ 577.5 [POJ* 687.6 [ToJ*
P-E-D Cs1H11406 965.8 627.5 [PE+Na]* 709.6 [ED+Na]* 655.6 [PD+Na]*
605.5 [PEJ* 687.6 [ED]J* 633.5 [PD]*
B-0-0 CotH11406 965.8 683.6 [BO+NaJ* 625.5 [0O+Na]*
661.6 [BOJ* 603.5 [OO]*
Dha’;gha— Ce3Hos06 971.7 643.5 [DhaPo+Na]* 621.5 [DhaPo]* 695.5 [DhaDha]*
7175 [DhaDTa+Na]
O-Epa-
Dha Ce3HogOp 973.7 645.5 [EpaO+Na]* 671.5 [DhaO+Na]* 623.5 [EpaO]*
691.5 [DhaEpa+Na]* 649.5 [DhaO]*
PDPa- ¢ HieOs 9757 647.5 [DpaP+Na* 7195  [Dpabha+N
Dha al*
645.5 [DhaP+Na]*
Dpa-O-E Ce3H10806 983.8 673.5 [DpaO+Nal* 631.5 [OE]* 679.5 [DpaE]*
653.5 [OE+Na]* 701.5 [DpaE+Na]* 651.5 [DpaO]*
S-Epa-D Cs3H11006 985.8 647.5 [SEpa+Na]+ 683.5 [SD+Na]+
701.5 [EpaD+Nal+
E-D-O Ce3H11606 991.8 709.6 [ED+Na]* 681.5 [OD+Na]* 653.5 [OE+Na]*
687.6 [EDJ* 659.5 [oD]* 631.5 [OE]*
D-Po-D CesH11606 991.8 653.5 [PoD+Na]* 737.6 [DD+Na]*
631.5 [PoDJ* 715.6 [DDJ*
Dh:;”a' CosHosOs  993.7 665.5 [EpaEpa+Na]* 643.5 [EpaEpal*
691.5 [DhaEpa+Na]* 669.5 [DhaEpa]*
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Table 7.2: Continuation.

MSt MS?
Major fragments | Minor fragments
TAG Formula [M+Na]* | Product Fragment. Product Fragment. Product Fragment.
ion pattern ion pattern ion pattern
P-E-T CesHaaOp 993.8 627.5 [PE+Na]* 709.6 [ET+Na]* 683.6 [PT+Na]*
605.5 [PE]* 687.6 [ET]* 661.6 [PT]*
Dha;’ha' CesH10006 999.7 671.5 [DhaO+Na]* 649.5 [DhaO]* 695.5 [DhaDhal*
717.5 [DhaDha+Na]*
OI'DDh‘;a' CosHiOs 10017 6735 [Dpa0+Na]* 719.5 [Dpaf]'fam 653.5 [OE+Na]*
671.5 [DhaO+Na]*
D-Epa-E CesH11206 1011.8 673.5 [EpaE+Na]* 709.6 [DE+Na]* 651.5 [EpaE]*
701.5 [DEpa+Na]* 679.5 [DEpa]*
Dh;fapa' CoHesOs  1019.7 691.5  [DhaEpa+Nal* 669.5 [DhaEpal*
717.5 [DhaDha+Na]* 695.5 [DhaDha]*
0-D-D CesHio0s  1019.8 681.5 [OD+Nal* 737.6 [DD+NaJ*
659.5 [OD]* 715.6 [DD]*
T-O-E CosH12006 1019.8 653.6 [OE+Na]* 709.6 [TO+Na]* 737.6 [TE+Na]*
631.6 [OE]* 687.6 [TOJ* 715.6 [TE]*
Dr;;?- CeHogOs  1021.7 693.5 [DhaE4+Na]* 671.5 [DhaE4]*
717.5 [DhaDha+Na]* 695.5 [DhaDha]*
E-D-Dha Ce7H11406 1037.8 709.6 [ED+Nal]* 727.6 [DhaD+NaJ* 705.6 [DhaD]*
699.5 [DhaE+Na]* 687.6 [ED]* 677.5 [DhaE]*
D-D-Dha  CgoH11506 1065.8 727.6 [DhaD+Na]* 705.6 [DhaD]*
737.6 [DD+Nal* [DD+Na]* 715.6 [DD]*
D-D-D CooH12806 1075.9 737.6 [DD+Na]*
715.6 [DD]*

[M+Na]*: Precursor ion

Fragment. pattern: fragmentation pattern

Some of the most abundant TAGs in all the characterized whale blubber samples are
Epa-0-P, Dha-P-0, Epa-0-0, P-Po-Epa, and E-O-0, A-O-0. In concordance with other works
studying TAGs in other marine species [37], the omega-3 FAs Dha and Epa were
preferentially linked to the backbones of the TAGs with higher level of monounsaturated
fatty acids (MUFAs) such as palmitoleic (Po), oleic (O), eicosenoic (E) and docosenoic (D)

acids than saturated FAs.
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As mentioned above, the adopted strategy fails in the identification of the compounds
when chromatographic coelution of isobaric TAGs occur, since the MS/MS spectra is due to
the mixture of product ions corresponding to different TAGs. Exemplarily, this happens for
the precursor ion 991.8 (Figure 7.4) which, according to the product ions, can correspond
to E-D-O or D-Po-D. Due to the homogeneity of their structure and the absence of PUFAs,
the fragmentation behavior for both TAGs is explained by the energetically more favored
losses in positions sn-1 and sn-3 (ions 709.6 for [ED+Na]* and 681.5 for [DO+Na]* or ion
653.5 for [PoD+Na]*). Most probably, the most abundant of the two coeluting compounds
is E-D-O due to the higher abundance of the product 709.6 ([ED+Na]*) with respect to the
653.5 ([PoD+Na]* or [EO+Na]*). Nevertheless, the occurrence of the product with m/z 737.6

([DD+Na]*) confirms the presence of D-Po-D.

. [ED+Na]
[PoD+Na] . .
or _ [DO+Nal" [gpy* /709.6 [EDO+Na]
[EO+Na] 681.5 991.8
. 687.6 2
[EO] 65\3.5 N )
631.5 o]’ . [DD+Na]
DD
g 7 659.5 7[ Sé 7376

640 650 660 670 680 690 700 710 720 730 740
Counts vs. Mass-to-Charge (m/z)

baie.. A P ll}h“\ .

100 200 300 400 500 600 700 800 900 1000 1100
Counts vs. Mass-to-Charge (m/z)

Figure 7.4: MS/MS spectra for the two possible compounds with the same fragments and parent ion

E-D-0O and D-Po-D.

The obtained TAG profiles in fresh material were compared amongst the different

whale species in order to study possible similarities or differences that could be used as
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markers. According to the results shown in Figure 7.5, it can be clearly observed that there
is a close TAG distribution profile for all the blubber samples belonging to Balaenoptera
genus (i.e., sei whale, fin whale and minke whale) whereas totally different distributions
were found for the rest of the studied genus (i.e., Phocoena and Megaptera). Thus, it can
be suggested that the TAG profile could be related to the genus of the whale from which oil
or blubber has been extracted. Due to the faster degradation of the polyunsaturated TAGs
with respect to the saturated or modestly unsaturated ones, it is highly unlikely to find them
preserved in the archaeological ceramic samples. Nevertheless, the TAGs written in blue in
Table 7.2 were found in archaeological samples (see below) and thus, they were considered

to study trends and ratios in the fresh material as well.

Figure 7.6. shows the relative abundances of the previously mentioned TAGs in the
reference blubber samples, taking into account only the modestly unsaturated TAGs (Figure
9.1 in the annexes shows the HPLC-ESI-Q-ToF extract ion chromatograms referring to the
mentioned TAGs in fresh samples). Five groups of triglycerides, highlighted in boxes and
numbered 1-5 in the figure, can be considered significant in discriminating between samples
belonging to the same or different whale genus. The species belonging to Balaenoptera
genus show similar tendencies for the TAGs highlighted in the five groups, whereas they are
different in the cases of Phocoena and Megaptera. Additionally, observing these profiles,
we might hypothesize that the whale from which blubber was extracted and transformed

into the unknown whale oil sample belonged to the Balaenoptera genus.

In order to add a statistical value to the observation of the trends of the TAGs in the
five boxes, four ratios were defined and calculated for the blubber samples: LaPO/LaPL,
PPoO/POP, MOP/SPoM and MOLa/MLalL. Those groups involving TAGs with a higher
number of total unsaturations (i.e. groups 4 and 5 in Figure 7.6) were not taken into account
in order to establish the ratios due to their different degradation rate with time. As it can

be seen in Table 7.3, there are no statistical differences among the four ratios of TAGs for
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sei, fin and minke whales from Balaenoptera genus, whereas statistically different results

were found for humpback whale (Phocoena genus) and harbour porpoise (Megaptera

genus) whales. The ratios calculated with the TAGs detected in the unknown whale oil

match-up those obtained for Balaenoptera species, thus confirming our hypothesis.
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Figure 7.5: Obtained profiles of TAGs in different whale blubber samples used as reference

materials. Profiles in blue correspond to whale species from genus Balaenoptera; maroon profile to

Megaptera and profile in green to Phocoena.
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Figure 7.6

fin whale, c) minke whale, d) harbour porpoise, e) humpback whale and d) whale oil from unknown origin.
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Table 7.3: TAG ratios calculated for the reference materials and the archaeological samples.

Fresh reference materials

Archaeological

Balaenoptera Megaptera  Phocoena
P gap Unknown ceramic
. Sei Fin Minke  Humpback Harbour whale oil samples
Ratio . |
whale whale whale whale porpoise sample
LaPO
1.65 1.87 1.80 0.67 0.36 1.62 1.64
LaPL
PPoO 10 123 120 3.02 2.15 1.17 0.82
POP
MOP
1.51 1.49 1.24 0.98 0.54 0.97 1.64
SPoM
MOLa 3.35 3.64 3.41 3.57 0.20 2.29 2.69
MLaL

7.2.1.2.GC-MS fatty acid analysis

With the aim to obtain complementary information on the composition of the
reference materials, fresh blubber samples were also analyzed by means of GC-MS. As
expected, the identified FAs in the blubber and whale oil were in agreement with the lipid
profile identified by HPLC-MS analysis. In this way, all the PUFAs, MUFAs and saturated FAs
that form the acyl chains of the listed TAGs in Table 7.2 were found in all the blubber and
whale oil samples being oleic (Cis:1), palmitoleic (Cis:1), palmitic (cie:.0), myristic (Cis0),
gondoic (Cz0:1) and cetoleic (C22:1) acids the most abundant ones, which is in agreement with

the literature [41-46].

Similarly to the results obtained by HPLC-QToF analyses, the distributions of the FAs in
the different reference materials were compared and very similar trends were found for all
the studied whale samples. Some ratios of FAs were also calculated and palmitic to
palmitoleic ratio showed different values according to the genus of the analyzed whale oil.

In fact, higher concentrations of palmitic acid were found in all the species of Balaenoptera

230



GC-MS and HPLC-ESI-QToF characterization of organic lipid residues from ceramic vessels
used by Basque whalers from 16 to 17th centuries.

genus whereas palmitoleic acid was found as the main FA in the rest of studied whales from
different genus (i.e., Phocoena and Megaptera). These results are in concordance with the
obtained results by means of HPLC-ESI-QToF presented in Table 7.3. The ratio PPoO/POP,
which roughly corresponds to the ratio between palamitoleic and palmitic acids, is
significantly higher in the case of the whales of genus Megaptera and Phocoena (3.02 and
2.15, respectively) whereas for Balaenoptera is lower (<1.23), as it was previously concluded
from GC-MS analysis. This phenomenon is also observed for the MOP/SPoM ratio roughly
corresponding to the palmitic to palmitoleic acid ratio. In the latter, values lower than 1 are
obtained for Megaptera and Phocoena (0.98 and 0.54, respectively) and they are higher
than 1 for Balaenoptera (>1.24). The whale oil from unknown origin also matches
Balaenoptera genus according to the GC-MS analysis. Consequently, the combination of GC-

MS and HPLC-ESI-QToF is adequate to distinguish the genus of the blubber under study.

According to the literature, in addition to the already mentioned FAs, other biomarkers
must be detected to meet the criteria established by Evershed et al. to enable the
unambiguous identification of marine lipid [14]. These compounds are isoprenoid acids,
particularly 4,8,12-trimethyltridecanoic acid (4,8,12-TMTD), 2,6,10,14-
tetramethylpentadecanoic acid (pristanic acid) and 3,7,11,25-tetramethylhexadecanoic
acid (phytanic acid), which are found at high abundance in aquatic oils and marine tissues
(specially whale oils) but are absent in plants, since they originate from ingested
phytoplankton [47]. The three isoprenoid FAs were detected in all the fresh whale blubber

and oil samples.

7.2.2. Characterization of organic residues from archaeological ceramic samples

7.2.2.2.TAGs

The archaeological ceramics were subjected to the same treatment as the fresh

samples used as reference material in order to determine the content in TAGs. As it has
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been previously mentioned, no PUFAs were found in the chains of the identified TAGs due
to their higher susceptibility to degrade with time with respect to the less unsaturated
species. Nevertheless, all the modestly unsaturated TAGs found in fresh materials shown in
Figure 7.6 were found in the ancient materials (Figure 9.2 in the annexes shows the HPLC-
ESI-Q-ToF extract ion chromatograms referring to the mentioned TAGs in the archaeological
samples). Figure 7.7 shows the distributions of the TAGs found in archaeological samples.
In general terms, they match with the TAG profiles in boxes observed for the blubber
samples from the whales of Balaenoptera genus (i.e., sei, fin and minke whales). However,
some TAGs in the archaeological samples are lower with respect to the fresh material, as it
is the case of the isobaric TAGs P-O-Ln + Po-O-L + L-L-P and O-Ln-O + L-L-O (marked with an
asterisk in boxes 4 and 5 in Figure 7.7). This decay could be attributed to the larger number
of unsaturations present in P-O-Ln + Po-O-L + L-L-P (5 or 4 unsaturations) and O-Ln-O + L-L-

O (5 unsaturations) in comparison to the rest of TAGs (< 4 unsaturations).

As a matter of fact, the compounds with the highest degree of unsaturations (Ln-Ln-
Ln and L-L-L + Ln-L-O with 9 and 6 unsaturations, respectively) (see Figure 7.7) were not
identified in all the archaeological ceramics. It is known that not only the total number of
unsaturations influences the degradation of the TAGs but also the unsaturation degree of
each acyl chain that forms the TAG, since the oxidation rate depends significantly on the
number of unsaturations per chain, increasing over ten times for each double bond present
[48,49]. According to DeMan et al. [50], the oxidation rate of stearic acid compared to oleic
(0), linoleic acid (L) and linolenic acid at 100°C is 1:100:1200:2500, but the precise relative
rate at which this type of fats is decomposed depends on the temperature, and on oxygen
and water availability. In any case, both linoleic and linolenic acids are often found at lower
concentrations in comparison to the rest of FAs due to their faster degradation rate [50], as

observed in the present work.
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Finally, as it can be seen in Table 7.3, there are no statistical differences between the
ratios of LaPO/LaPL, PPoO/POP, MOP/SPoM and MOLa/MLaL for the blubber of
Balaenoptera (sei, fin and minke whales) and those calculated for the archaeological
materials. Thus, these ratios can be applied in the future both to fresh and archaeological
materials in order to establish the source or the possible genus of whale from which oil and

blubber have been extracted.

External surface of the ceramics was only analyzed by means of HPLC-ESI-QToF. The
results showed that the TAG content in the external surface was scarce in comparison to
that found in the internal part, especially for those TAGs containing a higher degree of
unsaturation per chain (such as Ln-P-P) and a higher number of unsaturations (0-0-O and
0-0-S). Some of these compounds were not identified in the external part of the vessels
whereas they were present in the internal one (i.e., O-Ln-O + L-L-O and O-P-0). Thus, it could
be concluded that the TAGs in the external surface have been partially or totally oxidized,
whereas those in the internal surfaces were better preserved, as it is often reported in the
literature [51]. Nevertheless, the absence of these compounds in the external surface may
also be related to the lack of diffusion of the TAGs through the ceramics. Similar results
were obtained in the previous chapter, where organic biomarkers related to whale oils were

only detected in the inner part of the studied ceramic samples [52].

7.2.2.3.FAs and degradation products

The organic residues preserved in all the archaeological ceramic samples were mainly
characterized by the presence, after saponification, of saturated FAs such as, lauric (C12.0),
myristic (Cia0), palmitic (Cis:0), stearic (Ciso), arachidic (Cz00) and behenic (Ca2:0) acids
together with several MUFAs (oleic (Cis:1), palmitoleic (Ci6:1), gondoic (Czo:1), cetoleic (C22:1)
and nervonic (C24:1) acids). Diunsaturated FAs (linoleic (Cis:2) and eicosadienoic acid (C20:2))

were only identified in sample LO16 (see Figure 7.8).
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Additionally, degradation of FAs during the burial period led to the appearance of
several organic products used in other works as lipid biomarkers. For example, the oxidative
cleavage of PUFAs can form dicarboxylic acids (diacids) [18,53]. Different mechanisms lead
to the formation of these diacids being the oxidation of any FA with a double bond in
position 9 (e.g. oleic acid) the most common transformation, generating azelaic acid (C9
diacid) that has been detected in samples L0O03, LO06, L016 and L020. Azelaic acid or pimelic
acid (C7 diacid found in LO03, LO16 and L020) can be formed from PUFAs, such as linoleic
and linolenic acids or oleic and palmitoleic acids, respectively [4,6]. On the other hand,
succinic acid (C4 diacid) and glutaric acid (C5 diacid), found in sample L016, can be formed
from Epa and Dha, respectively [54]. Long-chain MUFAs such as gondoic (Cz0:1) and cetoleic
acids (C22:1) (found in all the archaeological ceramic samples) with double bonds at position
11 are the primary source for diacids with more than 9 carbons, such as undecanedioic acid

[6], which was also found in all the archaeological samples (see Figure 7.8).

Dihydroxy fatty acids (DHAs) were also detected in high abundance levels, especially
in sample LO16. The hydroxyl groups in these compounds are located in the position of the
double bond in the precursor Z-monounsaturated fatty acids (Cis0) [17,55,56]. Thus,
selected DHAs are recognized biomarkers for detecting processed marine animal products
[17,57]. Furthermore, strong alkaline treatments (such as the microwave assisted
saponification used in this work) allow the complete release of these target compounds
from potsherds by favoring the cleavage of ester linkages of the compounds with the matrix
[17]. In all the ceramic samples (except in sample LO06), several DHAs such as 9,10-
dihydroxyhexadecanoic acid, 9,10- dihydroxyoctadecanoic acid, 9,10-dihydroxyeicosanoic
acid, 11,12-dihydroxyeicosanoic acid and 11,12-dihydroxydocosanoic acid were detected
(see Figure 7.8). They derived from the precursors palmitoleic, oleic, gadoleic, gondoic and
cetoleic acids, respectively. Amongst the detected DHAs, the high abundance of 11,12-
dihydroxydocosanoic acid (deriving from cetoleic acid) supports the marine origin of the

lipid residues preserved in the studied archaeological samples [4].
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The profile of the FAs found in both the fresh reference blubber samples and the
archaeological ceramics was compared to study possible similarities. The FA profiles found
for archaeological samples were comparable to those found for sei whale, fin whale and
minke whale, all belonging to Balaenoptera genus (see Figure 7.9.a). All the detected
compounds followed the same trend in all the analyzed samples except for the unsaturated
FAs (i.e., palmitoleic, oleic, gondoic and cetoleic acids), which showed decay due to the
ageing of the samples. This is evidenced by the appearance of degradation products such
as pimelic, azelaic, sebacic and undecanedioic acid. Moreover, the comparison of the
profiles obtained for the archaeological ceramics to the ones obtained for Phocoena and
Megaptera fresh blubber samples (see Figure 7.9.b) showed a pronounced difference for

palmitoleic acid as well as for palmitic and stearic acids.
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Figure 7.9: Comparison of the FA profile between the fresh reference materials and the
archaeological ceramics: a) sample LO16 vs. whale species of Balaenoptera genus and b) sample
L020 vs. Phocoena and Megaptera. Cx:y are fatty acids of chain length x and degree of unsaturation

y; diCx are a,w-dicarboxylic fatty acids of chain length x.
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7.2.2.4. Isoprenoid compounds and sterols

The isoprenoid biomarkers 4,8,12-TMTD, pristanic acid and phytanic acid were all
detected in all the archaeological ceramic samples except for sample LO02. In this way, the
marine lipid identification (see Figure 7.8) was accomplished using the already mentioned

criteria (see section 7.2.1.2.).

Cholesterol and squalene were found in all the blubber samples. Due to the higher
stability with time of the former, it can survive in the walls of the archaeological ceramics
for long periods. In fact, cholesterol, which is the main biomarker of animal fats, was
detected in the neutral fraction of four of the five samples (L002, LO03, LO06, and L016),
together with its oxidation product, cholesta-3,5-dien7-one (only found in sample L016).
Squalene was not found in ancient samples, since it rapidly degrades and its detection could

be the result of handling contamination [4].

Pristane is another isoprenoid that was detected in the neutral fraction of both fresh
and archaeological samples and has been used in the present work as a marine biomarker
in archaeological ceramics for the first time. Blumer et al. isolated pristane in high
concentrations from the copepod Calanus finmarchicus, small crustaceans found in the sea,
and after subsequent analysis on a large variety of marine organisms it appeared likely that
Calanus was the main source of pristane for marine predators such as sharks or whales [58].
Blumer pinpointed that phytol can be converted into pristane by these copepods and this
way it becomes part of the marine lipid pool [58,59]. Additionally, pristane is a specific
product of organisms of limited geographical occurrence. Large populations of Calanus
finmarchicus are present in the coasts of Labrador and Newfoundland due to the large
amount of phytoplankton accumulated in these regions [60]. Thus, it can be hypothesized
that pristane coming from these crustaceans was accumulated in the fat of the whales and

survived in the walls of the ceramic containers due to its high stability.
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7.3. Conclusions

To our knowledge this is the first time that HPLC-ESI-QToF is applied to the analysis of
whale blubber and oil to characterize the structure of the TAGs. Despite not being able to
assign the exact position of each acyl chain in each TAG due to the impossibility to perform
MS3 experiments, the obtained results allowed us to distinguish among whales of different
genus by using their TAG profiles as fingerprints. In fact, it has been possible to identify the
most likely genus (Balaenoptera) of the unknown whale from which a reference oil sample
was extracted. These results could be complemented in future works by MS" or even 3C-
NMR analyses to study the regioisomeric distribution of the FAs forming the complex TAG

profile in whale oil.

On the other hand, this work presents also the determination of the TAG profile of
organic residues preserved in archaeological ceramic samples. The use of TAG distributions
as well as specific TAG ratios (i.e., PPoO/POP and MOP/SPoM) can provide clues to identify
the genus of the analyzed organic residue. In this work, the profile and ratios of these TAGs
agree with those found for the fresh blubber samples of the whale species of Balaenoptera
genus (fin whale, sei whale and minke whale) used as reference materials. Thus, it can be
suggested the possible genus of some of the whales that Basque whalers used to capture.
In any case, this analysis should be expanded to a higher number of samples of blubber from
different species (of different genus) as well as to other archaeological ceramic samples,
since the range of whales that Basque people used to hunt is wider. McLeod et al. analyzed
whale bones from several Basque whaling stations in the Strait of Belle Isle and Gulf of St.
Lawrence by extracting their DNA [61]. In that work, a single right whale (genus Eubalaena)
bone and 203 bowhead whale (genus Balaena) bones from at least 72 individuals were
identified. Thus, blubber samples from these species should be analyzed in subsequent
experiments in order to study differences and similarities with species from Balaenoptera

genus. Although archaeological and historical data strongly suggest that during this period
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Basque whalers sailed to Canada to bring the whale oil back to Biscay [9], it could be also
hypothesized that the oil in the analyzed archaeological ceramics corresponds to whales

captured in the Biscayan coasts.

The application of GC-MS analysis to both fresh and archaeological materials
confirmed the obtained information by HPLC-ESI-QToF using the profiles of the detected
FAs. Additionally, the identified isoprenoid biomarkers (pristanic, phytanic and 4,8,12-
TMTD acids) together with the degradation products (dicarboxylic fatty acids and dihydroxy
fatty acids) meet the criteria established in the literature for the confirmation of the
presence of marine lipids in ceramic vessels. Finally, pristane has been suggested as a
possible new marine biomarker due to its presence in fresh material and its high stability in

archaeological ceramics.

The analytical approach that combines the use of many analytical techniques was
essential in order to get information about known and unknown organic biomarkers.
According to the results obtained in this work using complementary analytical approaches,

we found that the large ceramic jars found in Lekeitio were used as whale oil containers.
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Conclusions

“Don’t adventures ever have an end? | suppose not. Someone else always has to
carry on the story.”

J.R.R. Tolkien - The Lord of the Rings






Conclusions

In order to have another view of the work described in this PhD Thesis, it is time to
look back to see the main achievements and to discuss them critically. Although the first
checklist will be to verify the accomplishment of the main objectives of this work, we would
like to share as well those items that we learned along this work as well as some others that

would be adequate to be taken into account in further works.

The two main objectives included in this PhD Thesis, namely the development of
analytical procedures for the analysis of organic markers in several landscape and heritage
samples and their application to some real cases to find out chemical evidences, were in
general terms completed. Therefore, we will summarize the most relevant conclusions

obtained in each topic.

The first tasks were based on the development and validation of a set of methods for
quantifying organic biomarkers in several matrices. Concretely, four analytical methods
were developed for the determination of a wide range of organic biomarkers in samples
belonging to different fields of application (i.e., geological, environmental and
archaeological samples). All the methods were based mainly on the use of GC-MS to identify
known and unknown biomarkers. Adequate sensitivity was achieved to determine
dicarboxylic acids in mortars or in wine residues as well as fatty acids and derivatives in
archaeological ceramics, after their sylilation using BSTFA. The possibility of using large
volume injection coupled to GC-MS allowed also to get good detection limits to quantify
PAHSs in beachrock samples but also to find other organic biomarkers related to beachrock

formation.

Sonication is widely accepted in the literature to extract a wide range of organic
biomarkers from solid matrices, but according to the observations of this work, focused
ultrasound solid liquid extraction (FUSLE) has shown up as an efficient alternative to that

aim. In fact, this approach allows the isolation of the target compounds using short
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extraction periods and low amounts of solvent (7 mL for FUSLE and 3 mL for UMB). In any
case, quantitative results are only guaranteed if appropriate solvents are used. Although, in
a first approach, chloroform: methanol mixtures can be used as adequate extraction
solvent, we observed that the optimization of extraction solvent nature is a must in order
to get quantitative results. We concluded that pure chlorinated solvents (i.e.,
dichloromethane) were required to isolate PAHs from carbonate matrices (i.e., beachrock
samples), more polar mixtures (i.e., AcN:H20 2:1, v/v) were needed to extract short-chain
dicarboxylic acids from mortars and wine residues, whereas hydro-alcoholic mixtures (5 %
KOH in MeOH:H20, 2:3 v/v) were required to hydrolyze fatty acids and promote their
extraction from archaeological ceramic samples. It is noteworthy that the quantitative
cleavage of organic biomarkers, especially those that can have ionic interactions with the
clay of archaeological ceramics, is often difficult; but we were able to obtain accurate

concentrations using appropriate surrogates in each case.

Later on, we found the first hurdle in our way: the preconcentration of the target
analytes in presence of chemically-similar interfering compounds. LLE is by far the most
employed extraction technique to this aim, and we used it successfully to preconcentrate
fatty acids and related compounds using n-hexane as extraction solvent in order to isolate
both neutral and acid fractions. The use of n-hexane avoided the problems of salt
appearance after the evaporation of the extracts when using diethyl ether as extraction
solvent. However, LLE largely failed when we aimed to preconcentrate short-chain
dicarboxylic acids from aqueous matrices such as marine aerosol or FUSLE extracts
containing these compounds. We tried several options to enhance the efficiency of LLE (i.e.,
ion-pair formation, changing the ionic strength of the extraction media, etc.), but the results
were not satisfactory enough to detect the organic markers at trace levels. Hopefully, we
could deal with it using solid phase extraction, concretely, using mixed-mode cartridges.
Strong anion exchange-mixed-mode sorbents allow selective extractions of acid compounds

with a wide range of polarities through a dual mechanism (ion-exchange and reversed-
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phase mode). Although we tested different reversed phase sorbents, only those assays
performed with mixed-mode sorbents rendered quantitative results to isolate short-chain
dicarboxylic acids in marine aerosol and mortar samples (from C2 oxalic acid to C10 sebacic
acid) and in wine residues (including tartaric, malic and citric acid) even in presence of

interfering salts.

This was not the first time that scientist tackled the development of analytical methods
to determine organic markers, but, eventually in this PhD thesis we wanted to find out the
optimum working conditions and to highlight the importance of method validation in terms
of accuracy, precision and limits of detection. Therefore, we were able to propose new
accurate, precise and sensitive methods, as other alternative to the established in the
literature, to determine organic biomarkers in geological, environmental and archaeological

samples.

Once we gained knowledge about the properties of the target organic compounds and
the samples we were analyzing, and once we got reliable methods for the analysis of organic
markers at trace levels, we faced our second challenge: to identify known and unknown
organic markers in real samples and to relate them with the “history” hidden in the analyzed

samples.

In this sense, we were able to detect 16 EPA priority PAHs in beachrock samples
collected in the coast of Biscay. The occurrence of this phenomena in the sampled location
is quite weird since they are mainly formed in warm climates. Hence, the identification of
organic biomarkers was crucial in order to have more knowledge about the past
environments and the biophysical-chemical conditions in which the beachrock occurred.
The occurrence of gammacerane, 17a(H),21B(H),28,30-bisnorhopane, 17a(H),21B(H)-
norhopane, 22S-17a(H),21B(H)-homohopane, 22R-17a(H),21B(H)-homohopane, 22S-
17a(H),21B(H)-bishomohopane and 22R-17a(H),21B(H)-bishomohopane indicated that the
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microbial activity and suboxic depositional environments, together with the high input of
organic contaminants, may have promoted the accelerated formation of beachrock at this
unusual temperate latitude setting. These preliminary results allowed starting new research
lines of investigation based on the characterization of the organic fraction of beachrock
samples from different origins, aiming to get more insights into the beachrock formation

phenomena.

The development of mixed-mode SPE coupled to GC-MS aimed us to determine if
short-chain organic compounds present in marine aerosol samples can also affect the
mortars of a 20" century historical building (Punta Begofia Galleries, Getxo) located in a
coastal environment. According to our observations, it was concluded that harbor activities
in the surrounding area may be the responsible of the concentrations of dicarboxylic acids
found in both matrices. In fact, higher concentrations of short-chain dicarboxylic acids
(especially oxalic acid) were found in the mortars and marine aerosols sampled in the zone
of the galleries more exposed to the industrial harbor, whereas lower concentrations
(values < LOD for oxalic acid) were found in samples oriented to the less exposed sampling
point. It is also known that these compounds can react with carbonaceous building
materials once deposited. In the specific case of oxalic acid, a reaction takes place with the
calcium carbonate to form the highly insoluble calcium oxalate, causing damage to the
building material. Hence, taking into account that the mentioned reaction takes place in not
more than two days, the detection of oxalic acid in its free form reveals a daily input of
WSOCs. After these results, we think that a long-term monitoring of the zone to study the

long-term impact of those activities on the galleries of Punta Begofia seems necessary.

We cannot hide that the analysis of small organic molecules was a great analytical
challenge for us. However, the efforts made to develop an efficient analytical strategy to
determine these compounds even in presence of interfering salts, rendered very interesting

information in some archaeological remains. We were lucky to analyze archaeological
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potsherds dating back to Il-I BCE that were supposed to be used as wine containers. To that
aim, we used the developed FUSLE-mixed mode SPE-GC-MS procedure. Despite the
antiquity of the archaeological samples, tartaric, malic, succinic, fumaric, citric and syringic
acids were detected in the analyzed samples. Moreover, the presence of dehydroabietic
and 7-oxo-dehydroabietic acids was also confirmed in the organic residues. These two
biomarkers highlight the presence of pine resin, used in order to coat the interior surface of
the ceramic artifacts or to act as antioxidant and preserve wine. But besides the wine-
related organic markers, we detected some other markers more related with the presence
of vegetable oil: oleic and linoleic acid. These chemical evidences suggested us to know that
the analyzed amphora were used for multiple purposes. The archaeological conclusions
extracted from these chemical evidences should be interpreted by specialist scientist, but
we were happy to be able to detect them even in archaeological ceramic remains where

the residue was not visible.

To analyze ceramic samples without visible residues is the most common scenario that
we need to handle. Moreover, most of the archaeological ceramics are cleaned before
arriving to the lab. In fact, we dealt with these two problems when we analyzed
archaeological ceramic remains from 16" to 17t centuries suspected to have been used by
Basque whalers to store whale oil. We wanted to find chemical evidences that supported
the archaeological hypothesis: did the ceramic vessels contain whale oil?. By means of a
target approach based on FUSLE-LLE-GC-MS, we were able to detect some biomarkers of
marine commodities, such as Ciao, Ci6:0, C20:1, C22:1, C1s:1 and even trace levels of Co:s and
Ca2:6 were detected. Only sebacic and 11,12-dithydroxyeicosanoic acids were detected as
degradation compounds of Ca0:1. Thus, despite it must be stated with caution, there was
evidence to suggest that the studied potsherds belonged to ceramics destined to store

whale oil.
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The developed procedure resulted in a fast analytical method applicable to any kind
of archaeological ceramic sample as a first target screening tool of lipidic markers. However,
we needed to extend the analytical approach to a non-target screening method in order to

find unknown organic biomarkers that would be specific of whale oil species.

With the collaboration of the colleagues from the University of Pisa, we were able
to go further in the characterization of ceramic remains by using two complementary
analytical approaches based on HPLC-ESI-QToF and GC-MS. Although with some difficulties,
we finally managed to get fresh whale oil samples belonging to different species from the
Swedish Museum of National History in Stockholm and we analyzed them in order to find
out each characteristic lipidic profile as well as unknown biomarkers. The distribution of
triacylglycerols (TAGs) was determined by means of HPLC-ESI-QToF, and we discovered
some interesting profiles depending on the whale specie analyzed. Similar TAG distributions
were observed in fresh reference materials for whale species belonging to the same genus
(Balaenoptera), whereas clear differences were noticeable between species of different
genus. Additionally, some TAG ratios were established for each genus under study. Using
this approach we were able to find chemical evidences of the presence of whale oil traces
in the analyzed ceramics, but also to identify the genus of the whale: Balaenoptera. GC-MS
analysis provided the fatty acid (FA) profile and allowed the detection of degradation
compounds (i.e. diacids and DHAs) and biomarkers related to marine commodities (i.e. Pri,
phy and 4,8,12-TMTD) not detected with the previous method. The results were promising
and, in future works, this analysis should be expanded to other archaeological ceramic
samples as well as to a higher number of samples of blubber from species of different genus.
According to archaeological and historical data, right whale (Eubalaena genus) and
bowhead whale (Balaena genus) were the main whales captured by Basque whalers in
Labrador and Newfoundland during that period, thus, species belonging to these two genus

should be studied.
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Despite all the performed research and the obtained satisfactory results, taking a look
into the future, there is still a lot of work to do regarding biomarker analysis. As experience
has shown us, the use of chromatographic techniques coupled to high resolution mass
spectrometry leads to the unequivocal characterization of specific compounds. Thus, their
use to detect previously unknown biomarkers results essential for future experiments in the
field of landscape and heritage. Additionally, experiments based on artificial accelerated
ageing of fresh reference samples could also be very useful and interesting in order to
understand the formation of these new biomarkers. On the other hand, more emphasis on
the application of non-destructive analytical techniques should be promoted, since in many
cases, valuable materials from cultural heritage cannot be destroyed, even if the required
amount of sample is minimum. During the development of the present PhD thesis, expertise
on Surface Enhanced Raman Spectroscopy (SERS) was acquired with the collaboration of
the research group from the Institute of the Structure of Matter in the Superior Council of
Scientific Research (CSIC). Hence, with an eye to the future, the application of this technique
for the characterization of organic remains without damaging the original sample could

result in a very attractive project.

Bearing in mind all the results obtained in the present PhD thesis, it can be concluded
that the main aims and objectives have been accomplished. All the analytical methods were
successfully developed and applied to real samples from different fields, obtaining
interesting and valuable results. It is at this moment, writing the concluding remarks, when
one becomes aware of the overcome obstacles and difficulties and really values all the work
carried out. And of course, it is at this point when one feels proud of the mistakes, the effort

and both the unsuccessful and successful results. In the end, it is all about learning.
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