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ABSTRACT OF THESIS

Dye analysis of archaeological Peruvian textiles using surface enhanced Raman

spectroscopy (SERS)
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Professor loanna Kakoulli, Chair

Surface-enhanced Raman spectroscopy (SERS) is an emerging technique for the identification
of colorants at low concentrations, making it ideal for degraded and irreplaceable archaeological
materials. Using silver nanoparticles (AgNPs) as the SERS platform, this research on the
identification of textile dyes compares direct on-the-fiber extractionless analyses with micro-
extraction methods employing hydrofluoric acid vapor, formic acid, and hydrochloric acid
solutions. Seven red samples from Wari and Malena textiles from the site Huaca Malena in Peru
and reference yarns dyed with Relbunium and cochineal were analyzed using individual fiber
samples. Complementary analysis of archaeological samples was conducted with fiber optics
reflectance spectroscopy (FORS). Carminic acid, the primary colorant of cochineal, and
pseudopurpurin and purpurin, the main coloring compounds of Relbunium were detected in the
reference samples. Three archeological samples provided potential matches for carminic acid
and two may contain purpurin and pseudopurpurin. FORS, data indicate that all the

archaeological samples contained cochineal.
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Chapter 1 Introduction

1.1 Background
The masterful textile traditions of Peru have a long history, which continue today. The

development of these traditions is documented in the archaeological record, primarily through
preserved mummy bundles recovered from sites on the extremely dry coastal desert of Peru.
Many of the textiles are finely woven and brilliantly colored, often with organic dyes.' Through
site-based study of textile traditions, an understanding of regional textile traditions can be
reconstructed. The dyestuff used can provide information and help map not only the
development of dyeing technology within different societies, but also the selection and
procurement of natural resources, regional and interregional exchange and economics as well
as craft specialization and movement of people. To identify the source of the dyestuff, it is
imperative to conduct a thorough analysis of the dye at the molecular scale; as Max Saltzman,
researcher on Peruvian dyes said: “you can’t tell a dye by its color” [1]. The identification of dyes
present in a textile is inherently challenging given the nature of dyes, which 1) are very effective
colorants despite being present in very small quantities, 2) are chemically bonded to fibers and
usually require separation for chemical identification, and 3) degrade over time. Once a
chemical signature is identified from a textile sample, further research is required to determine
the source of the dye, which requires a reference library of analyzed dyes for comparison and
identification. In the last decade, surface-enhanced Raman spectroscopy (SERS) has been
applied for the characterization of dyes in art and archaeology, and new techniques and
methodologies have been developed to improve detection. While there are a number of
successful techniques available for dye analysis, the primary benefit of SERS is the minute

sample size needed (<500 um), which represents a small fraction of an individual fiber strand

and a much less quantity compared to segments of yarn pieces required for other techniques.

! Archaeological Peruvian textiles also include inorganic colorants, however this study in concerned
exclusively with organic dyes. Inorganic colorants and their analysis are not included.

1



1.2 Aims and scope of study
The aim of this study is two-fold: to investigate different SERS methodologies optimized for the

analysis of archaeological colored textiles, and characterize the red dyes used to color the
textiles found at the pre-Columbian archaeological site of Huaca Malena in Peru. The Saltzman
reference collection [2-4]° and chemical standards provide reference materials of red dyes (and
their coloring compounds) used in ancient Peru; specifically cochineal (a dye extracted from the
Dactylopius scale insect) and Relbunium (a dye produced from the roots of brush plants in the
genus Relbunium). This research tests methods for extractionless and on-the-fiber micro-
extraction of the dye molecules to compare SERS spectra from chemical standards of carminic
acid (the primary coloring compound of cochineal) and purpurin and pseudopurpurin (the
primary coloring compounds in Relbunium) to those from reference yarns in the Saltzman

collection dyed with cochineal and Relbunium.

These known references were compared to red dyes from seven textiles recovered from
different burials at Huaca Malena on the coast of Peru for the purpose of dye identification. The
research compares the following extractionless and extraction techniques for dye analysis and

characterization employing SERS:

1. On-the-fiber extractionless analysis
2. Micro-extraction with hydrofluoric acid (HF) vapor with analysis on-the-fiber
3. Micro-extraction with formic acid in ethanol (EtOH) with analysis on-the-fiber

4. Liquid micro-extraction using hydrochloric acid (HCI) with water and methanol (MeOH)

Chapters 2-4 provide literature review and background information on pertinent subjects and

information on dyes and specifically those from Peru (Chapter 2); a summary of dye analysis

% This reference library of traditional Peruvian dyes was created by chemist and dye expert Max Saltzman
in 1977 from plant and animal sources collected in Peru. This collection has been used as reference
samples for a number of studies on Peruvian dyes, including the studies cited here.



from Peruvian archaeological textiles (Chapter 3); an overview of Huaca Malena (Chapter 3),
and overview of SERS (Chapter 4). Chapters 5-7 contain the experimental sections of this
study, split into materials and methods (Chapter 5), results and discussion (Chapter 6), and

conclusion (Chapter 7).



Chapter 2 Natural Dyes and Dyeing

2.1 Natural dyes
Natural dyes, which originate from plant and animal sources, are composed of organic

molecules that have visible color properties produced by their chromophores (conjugated pi-
bond systems) and auxochrome functional groups (ex. hydroxyl groups, carboxyl groups, amino
groups, and sulphonic acid groups) [5, 6]. These molecules are also highly fluorescent.
Electrons in the pi-bond systems absorb photons of particular energies defining their color in the
visible electromagnetic range and become excited, then transfer to a higher energy level before
reemitting the absorbed energy at a higher wavelength due to loss of energy during molecular
relaxation (internal non-radiative energy transitions). Colorfast dyes appropriate for textile
dyeing also form bonds with the fibers. To transfer the colorant to the fibers being dyed, the dye
molecules are first extracted from the dyestuff into water to create a dyebath. Dyeing can occur
through a number of chemical reactions based on the chemical properties of the dyestuff and
fiber. The most common dye types based on their properties are direct [5-7]%, vat [7, 8]*, anionic

or cationic dyes [6]°, and mordant dyes.

The dyes included in this study, Relbunium and cochineal, are both classified as mordant dyes.
Mordant dyes require a polyvalent metal ion to hold fast the dye molecule to the fiber. Most

dyestuffs require mordanting, though any dye can be affixed using this technique. During this

® Direct dyes are composed of water-soluble compounds which have an affinity for the substrate and
bond readily through a number of chemical bond types. This technique is especially appropriate for
cellulosic fibers, which swell and absorb the dye compounds when introduced to the hot dye bath. There
are few dyestuffs that qualify as direct dyes and they generally have poor color fastness. Some direct
dyes include safflower and orchil containing lichen which can be used to dye proteinacous fibers.

* Vat dyes are insoluble in water and must undergo chemical reduction under widely varied and often
complex processes. Vat dyes achieve affinity for both cellulosic and proteinaceous fibers in the bath, after
which the dye is oxidized in air to achieve its color on the fiber substrate. There are few vat dyestuffs
though these are among the most significant in history. These include species of indigo found throughout
the world and shellfish purple, including Concholepas concholepas in Peru, Plicopurpura pansa in Mexico
and Murex brandaris (known as Tyrian purple) in the Mediterranean.

® These dyes ionize in water, and form ionic bonds to fibers. This type of dyeing is far more common in
synthetic dyes though one natural dye that calls into this category is berberine.
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process, the dye forms complexes (organometallic compounds) with the metal salt used as the
mordant, which then attaches firmly to the fiber. Mordant dyes bond readily to proteinaceous
animal fibers, however cellulosic plant fibers can be more difficult to dye with this technique and
require pretreatment. In addition to fiber type, mordant, and dye, the pH and temperature are

important variables to the success of a mordant bath.

2.2 Mordants
A variety of substances including metal salts are used as mordants all of which contribute

properties to the final color and light fastness. Among the most common mordants are the
potash alum chemical compound (hydrated potassium, aluminum sulfate KAI(SO,), 12H,0),
salts of iron (Fe), tin (Sn), and copper (Cu). Plants with a high mineral content are also used as
mordants and when no natural sources are available, mordants have also been manufactured in
some regions of the world [7]. Potash alum found in abundance in deserts and volcanic regions
has been commonly used as a mordant throughout the world for animal and plant fibers,
typically yielding bright colors. Plants which absorb large quantities of aluminum provide an

altered color compared to a potash alum mordant [7].

Iron is a common mordant more compatible with plant fibers than animal as it is known to
degrade proteinaceous fiber. Iron provides dull colors compared to alum and is often used in
combination with plant tannins to yield brown and black colors [7]. There are many different
sources for iron mordants, the most common of which includes rusted iron objects or iron rich
muds or clay. In the mountains and deserts of Peru, iron and alum are often found together,
where they are referred to in Quechua language as colpa or alcaparosa [2]. In the highlands of
Peru, copper rich clay is also used as a mordant, which provides a green color to wool without a

dye present.’

e Unpublished correspondence with Jenny Figari at Yachay Wasi
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2.3 Natural red dye sources of Peru
Contemporary dyers and weavers in Peru hold knowledge on dyestuffs and dyeing traditions,

and are a primary source of information on the study of Peruvian dyes. Studies on
contemporary and traditional uses of dyes includes works by Ana Roquero [8] on dyestuffs from
the Americas, studies summarized by Antunez de Mayolo [2], and research underway by
Yachay Wasi in Lima, Peru [9] and the British Museum [10]. There are also a number of
prominent authors on the chemistry and history of dyeing such as Helmut Schweppe [11, 12],
Judith Hofenk de Graaf [5],and Dominique Cardon [7] and current chemical research on
Peruvian dyes including work by Nathalie Boucheri [13] and the Rambali et al publication in
2015 [14]. The discussion on natural red dyes available from Peru draw on these studies on
contemporary, historical, and chemical aspects of these dyes. The two primary natural sources
for red dye locally available within Peru are cochineal derived from insects (Dactylopius coccus),
and Relbunium sp. derived from scrub bush. Other less common sources of red dyes include

the plant sources Gallium, Bixa, and Caesalpinia.

2.3.1. Cochineal

Cochineal, magno or macnu in Quechua, derives from female Dactylopius scale insects found
on nopal cacti of the genera Opuntia and Nopelea [7, 8]. The dye is extracted from the insect
body in a hot dye bath, and requires a mordant to fix to the fibers. Cochineal is known for its
deep crimson red though the color can be altered by additives, changes in the pH, the type of
mordant utilized and the water quality resulting to hues ranging from orange to purple [7, 15].
Tin mordant in particular creates scarlet color while an iron mordant can provide a purple hue.
Weathering and natural aging of textiles dyed with cochineal also affects the color. Pure
cochineal has been identified from a number of archaeological samples including browns and

yellows, many of which may be altered from the original color [7, 16].



Cochineal is composed primarily of the anthraguinone carminic acid (94-98%) with traces of
kermesic acid, flavokermesic acid and an unknown component called dcll, the quantity of which
is known to vary by species [5, 16]. The term “cochineal” is used to refer to dyes derived from all
species of Dactylopius, though a distinction is made between wild and cultivated cochineal. The
cultivated species Dactylopius coccus is found in both western Mexico and Peru, though the
prehistoric distribution of this species is not fully understood. The cultivation of D. coccus was
perfected in western Mexico, though the extent of cultivation in Peru is not known and may have
been collected rather than farmed [7]. D. coccus appears to be indigenous to Peru based on
DNA analysis, and may have been introduced to Mexican regions via established sea trade
routes in pre-Columbian times [17]. Wild species indigenous to Peru include D. confuses, D.
ceylonicus and D. tomentosus, though their quality as a dyestuff is poor relative to D. coccus
[18]. It has also been suggested that D. confuses was the source of cochineal red in pre-
Columbian Peru, rather than D. coccus [16]. When the Spanish arrived in Peru however,
cultivated cochineal (D. coccus) was found in abundance both on the south coast and the south
central highlands regions [19]. Cultivated cochineal is best known as valued global trade good.
Between the sixteenth and eighteenth centuries, cochineal was exported from the Americas by
the ton and traded throughout the world, largely replacing other Old World insect reds such as

kermes and Armenian cochineal [19, 20].

2.3.2. Rubiaceae Relbunium

Relbunium, known as chapi-chapi, chchapi, or antaco in Quechua, is a dye plant indigenous to
Central and South America [7, 21]. Relbunium dye is derived from the roots of the plant, which
are soaked prior to dyeing. A alum mordant and weak acid solution provide a red color, while a
more acidic dye bath creates an orange dye [18]. While plant reds including Relbunium are
known to provide a more orangey red, the water source, mordant, and additives can create a

brilliant red or purple hue with this dye.



The genus Relbunium belongs to the subfamily Rubiaceae (Rubioideae) as is the better known
Old World dyestuff known as madder, including the species Rubia tinctorum (cultivated species)
and Rubia peregrina (wild madder) [5, 22]. There are twenty-five known species of Relbunium
found throughout the Americas, seven of which are found within Peru: R. ciliatum (used in this
study), R. microphyllum, R. nitidum, R. gibemium, R. tetragonum, R. hirsutum, and R.
richardianum [3]. R. hypocarpium (used in this study) is indigenous to northern Chile. The
habitat range of Relbunium varies by each species, but it is generally found at higher altitudes in
non-arid regions. R. hypocarpium is found in high altitude tropical regions of the Americas on
hillsides and open areas of humid brush or forest habitats at altitudes between 1,000 and 3,000
meters [8]. R. nitidum however is native to the lomas regions (coastal deserts) in Peru and Chile
[23]. While the coast is low altitude and extremely dry, the lomas regions are in the foothills of

the river valleys that cut through the landscape.

Relbunium and madder dyes are comprised of anthraquinone molecules (Table 1). Similar to
the wild madder species Rubia peregrina, Relbunium dye is composed primarily of
pseudopurpurin, purpurin and smaller quantities of munjistin, and other anthraquinones [5].
Unlike the cultivated madder species Rubia tinctorum, alizarin is absent from both Relbunium
and Rubia peregrina [5]. Under certain conditions including an acidic environment,
pseudopurpurin loses its carboxyl group producing purpurin and carbon dioxide. This
decomposition may occur in the dyestuff to varying degrees during drying, aging, and dyeing
processes, and during sample preparation involving wet chemistry [24, 25]. As a result,
Relbunium dye is characterized by the presence of either purpurin or pseudopurpurin and the
absence of alizarin [5]. Dyes derived from different species of Relbunium are difficult to
distinguish, though subtle differences occur in the content of glycosidic precursors of

anthraquinones [7]. The primary distinction between R. ciliatum and R. hypocarpium (both used



in this study) is the high proportion of lucidin-3-O-B-primeveroside in the former, however once

absorbed to a fiber, the two species of dyestuff appear to be chemically indistinguishable [7].
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Table 1. Anthraquinone dye molecules identified in red dyes. Carminic acid is the predominate compound in
cochineal dye. The other compounds listed are found in plant based red dyes to varying proportions
depending on the source. The primary constituents of Relbunium derived dye are pseudopurpurin and
purpurin, with smaller quantities of munjistin. Alirarin, which is common in cultivated old-world madder is
absent from Relbunium.

2.3.3. Rubiaceae Galium

Galium is a red dyestuff in the same subfamily as Relbunium and madder (Rubiaceae) [5, 22],
and is referred to in Quechua as ccallo-huacta or galio, but is also referred to as antaco or
chapi-chapi, which are the Quechua names for Relbunium [16]. Galium is a mordant dye

derived from the roots of the plant similar to Relbunium [8].



The phylogeny of the Galium and Relbunium genera has been re-categorized many times and
some species of Relbunium were once classified as Galium. Species of Galium are found
throughout the world in damp areas such as swamps and stream banks, and a number of
species are found in Peru. Old World species are chemically indistinguishable from cultivated
madder species, identified by the anthraquinones alizarin, purpurin, pseudopurpurin, rubiadin,
and xanthopurpurin [5, 26]. Despite the similarities between the two, species of Galium can be

distinguished from Relbunium by the presence of alizarin, which is absent from Relbunium [16].

2.3.4. Other red dyestuffs
Bixa orellana is a scrub which is used as a direct dye producing a yellow to red colorant and

known by many names, the most common being achiote and annatto in Spanish, and in Peru as
guandur, huantura, mandur, and urucu. It is found in both wet and dry climates below 1,000
meters in tropical and subtropical regions of the Americas [7, 8]. This source is sometimes
mentioned as a red dye, but appears to be far more commonly utilized for a yellow or orange
color. Bixa is comprised primarily of the apocarotenoid bixin, the secondary compounds of
which produce red [5]. Bixin is soluble in fats, though must be treated with an alkali to be
soluble in water. The seeds are ground into a powder and mixed with animal fat and water to
color plant fibers such as palm [27]. It was historically used in Europe as an after treatment of

cochineal dye to brighten the color [5].

Caesalpina, known commonly as brazilwood, are hardwood trees whose heartwood is a source
of red flavonoid dye. Though known as a fiery red dye, it is known to fade to a yellow-brown hue
[5]. Species of Caesalpina are found throughout Central and South America and were once
common on the coast of Brazil, for which the country was named. C.paipai and C. spinosaare
are found in Peru, and their seed pods are used to create a grey or black dye, however the most

ubiquitous species used as a red dye are not found in Peru [27].
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Chapter 3 Pre-Columbian Archaeological Evidence in Peru

3.1 Archaeological evidence and significance of textile traditions
Though preservation of textiles in most climates is rare, the dry and stable burial conditions of

coastal Peru provide an abundance of archaeological textiles and an opportunity to investigate
an important but understudied ancient industry. There are tens of thousands of recovered
archaeological textiles from Peru, many of which are elaborately dyed. Most examples originate
from mummy bundles, which are comprised of individuals often positioned in a flexed position
and wrapped in layers of textiles. These mummy bundles are found throughout the coast, in

single or mass burials.

Textile manufacture in Peru is a tradition thousands of years old. The earliest textile evidence
are plant-based cordage, twining, and weaving, such as fragments from Guitarrero Cave in
north-central highlands of Peru, firmly dated between 8,000 to 10,000 B.C. using accelerator
mass spectrometry radiocarbon dating [28]. While plant materials such as cotton are
sometimes dyed, dyes became more common with the advent of textiles manufactured from
camelid fibers versus plant. Archaeological and zooarchaeological evidence from Peruvian
Andes signifies domestication of alpaca in the region occurred as early as 4000 B.C. [29].
While wool could be obtained from wild camelid species, the white fiber required for a clear and

bright dye is associated with domesticated species bred for their fiber.

The Paracas culture in the Early Horizon period (900 to 200 B.C.) is known for their fine textile
traditions covered with embroidered dyed camelid fibers depicting intricate anthropomorphic and
zoomorphic iconography. Wari and Tiwanaku, two Middle Horizon states based in the
highlands, are known for their very fine textiles with abstracted geometric motifs. These are

typically tapestry woven textiles using a wide range of dyed yarns to create their motifs.
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Undoubtedly, the production of these textiles was consuming of both time and resources. It is
apparent that these objects were of cultural and economic value to the societies that made and
used them, and both their raw materials and the textiles themselves were potentially important
trade items. A better understanding of the raw materials used in textile production and the
methods how these were processed and used can provide useful and important information on

social and economic organization, traditions, and customs of ancient cultures in Peru.

3.2 Analysis of Pre-Columbian Peruvian Textiles

A number of researchers have analyzed Peruvian dye samples with a variety of techniques both
for the purpose of testing new methodologies and as comprehensive studies on textile
collections. According to archaeologist Ran Boytner [23], 283 samples were analyzed between
1934 and 1992 by a number of researchers. Many of these samples were the work of a prolific
chemist Max Saltzman from the University of California Los Angeles (UCLA), who published
extensively on the subject between 1963 and 1992. His analysis was based primarily on
ultraviolet-visible transmission spectroscopy for the characterization of dyes from museum
collections. Saltzman was also the creator of the reference collection used in this study as well
as others [1, 4, 30, 31]. 157 of the samples are published in Wouters and Rosario-Chirinos 1992
publication. These researchers have used high-performance liquid chromatography with diode
array detection (HPLC-DAD) to analyze samples from 42 textiles also sourced from museum
collections [16]. In 2007, Zhang et al. [32] employed high-performance liquid chromatography,
mass spectrometry (HPLC-DAD-MS) for the identification of yellow dyes. More recent analyses
include museum collection based-studies using SERS by Leona et al. and Rambaldi et al. [14]
as well as a large comprehensive study on textiles from northern Chile by Hans Barnard and

Ran Boytner [33].

Between 1992 and 2001, the Andean Dye Research Project established between the UCLA and

the Getty Conservation Institute (GCI) analyzed thousands of samples using ultraviolet-visible
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transmission spectroscopy of extracted dye samples [23]. Their samples originated from three
sites: two south coast sites in the Osmore River Valley, Chiribaya Alta and El Algodonal in Peru
dating to later Middle Horizon to Late Intermediate Period (A.D. 950 to 1375) [3, 34] and the
Late Intermediate Period Lambayeque site of Pacathnamu on the north coast (A.D. 1100 to
1370) [23]. These studies are significant because their samples are site based and provide a
broader understanding to the implications for the uses of dyes within a society. Recently,
another site-based study was published of dye analysis on textiles from San Pedro de Atacama
in northern Chile including both local and Tiwanaku textiles dating to the Middle Horizon (A.D.
500-950) [35]. Based on the findings from dye analysis studies from the last few decades, there
are trends over time and regions in the use of red dyes cochineal and Relbunium as discussed

below.

3.2.1. Early Horizon

Relbunium was the predominant red dye in Early Horizon coastal periods (700 B.C. to A.D.
200), with much of this evidence deriving from the Paracas culture on the south coast [4, 16]. In
a small number of instances, other red dyes have been identified from the Early Horizon period.
Cochineal was detected from three Paracas textiles all from an individual mummy bundle (out of
141 Paracas samples studied from 40 bundles) [30]. Four samples from three Paracas textiles
(out of 42 textiles sampled) found xanthopurpurin as the predominant dye molecule [16].
Xanthopurpurin is a reduced anthraguinone molecule, and likely derived from a species of
Rubiaceae. While xanthopurpurin is found in Galium, it could be a component or degradation

product derived from Relbunium.

Few textiles have been recovered from the highlands due to lack of preservation though there is
evidence of access to red plant dyestuffs during the Early Horizon. A study on agriculture use
near the lake Titicaca Basin noted the presence of both Galium and Relbunium as “weeds” with

a dramatic increase in the occurrence of Relbunium between 250 B.C. to A.D. 500 [36]. Though
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the study does not mention the use of either plant for dyeing, this evidence confirms local

access to these dyestuffs, which were likely to be exploited.

3.2.2. Early to Late Intermediate Periods (A.D. 200 to 1476)
In a study of Peruvian textiles in the Metropolitan Museum of Art collection (MMA), the earliest

consistent evidence of cochineal is derived from textiles associated with the Recuay culture
from the northern central Andes between the highlands and the coast (A.D. 300-600) [37], and
the Nazca culture (100 B.C. to A.D. 800) of the Early Intermediate period of the southern coast
[19]. After these periods, the use of cochineal red appears to have flourished. High
performance liquid chromatography (HPLC) analyses of 42 textiles attributed to the Paracas,
Nazca, Wari, Tiwanaku, Chancay, Chimu, and Inca cultures from museum collections including
the Royal Museum of Art and History in Brussels, Belgium and the Museo Nacional de
Arqueologia Antropologia Lima, Peru revealed the earliest evidence of cochineal in the dataset
associated with the Wari culture (A.D. 700-1100) [16]. In this study, all occurrences of plant
derived red dyes associated with the Wari and Tiwanaku cultures were found in tandem with
other dyestuffs (including cochineal) providing a wide range of colors. Textiles associated with

the later Chancay, Chimu and Inca cultures provided no evidence of use of Relbunium.

Site-comprehensive data provide insight into the regional transitions from red plant dyestuffs to
cochineal. In northern Chile in the San Pedro de Atacama landscape of the Middle Horizon
(A.D. 500-900), all textiles of both regional and Tiwanaku styles were dyed with Relbunium [35].
Interestingly, according to this study the raw dyes and fibers used were imported, evidencing
trade with the highland Tiwanaku [35]. In contrast, Tiwanaku style textiles found in museum
collections contain both Relbunium and cochineal dyes [16]. The replacement of Relbunium by
cochineal during the Middle Horizon of the Osmore River Valley in southern Peru coincides with
the transition from one group (the Tumilaca) to another (the Chiribaya), a process potentially

associated with the disbanding of the Tiwanaku culture in the highlands [34]. Textiles associated
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with the Tumilaca, which are of much coarser weaving, were dyed with Relbunium, while
Chiribaya textiles in the same region were more finely woven and exclusively dyed with

cochineal [3].

Cochineal was identified in textiles of all social groups, whereas Relbunium was the most
prevalent red found in non-elite sites at the northern coast Late Intermediate (A.D. 1100-1370)
site of Pacatnamu of the Lambayeque culture [23]. This study identified Relbunium dyed cotton
textiles while the elite red textiles dyed with cochineal were made of camelid fibers. Based on
minimal evidence of camelid yarn production at this site and others suggests that pre-dyed
camelid yarns were imported from the highlands to the coast [38]; implying cochineal was not a
local resource. As mentioned above, during the same period, textiles associated with the
Chancay (A.D. 1100-1470) suggest that Relbunium had fully replaced by cochineal by this
period [16]. However, because these data on Chancay textiles are acquired from museum
collections, they likely reflect primarily elite burials, as more valued textiles are likely to be
acquired by major museums. The investigation of Relbunium in later periods of Peruvian

archaeology would benefit from additional site-based analysis.

3.2.3. The rise of cochineal red
After the Early Horizon (900 B.C. to A.D. 200), cochineal was used with more regularity though

the cause of the shift is unknown. There is speculation that cochineal was not widely used in
Peru until it was imported from Mexico during the Early Intermediate Period (A.D. 200 to 600)
[39]. Perhaps infrequent earlier uses of cochineal of the Paracas were derived from local wild
varieties prior to the cultivation of cochineal. According to Phipps [19] cochineal became
available perhaps due to an arid climate shift [40] in this region during the Middle Horizon
Period. The presence of Opuntia cacti in pre-Columbian coastal Peru presumed that it was
used for raising cochineal as a dyestuff, is confirmed by the presence of cacti needles in the

material culture, and iconographic representations of cacti [41]. Coastal camelid textiles
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associated with the highland cultures of Wari and Tiwanaku are mainly dyed with cochineal
(rather than other red plant dyestuffs) strengthening the hypothesis that cochineal was most
likely a highland resource introduced to the coast through interregional trade and cultural
interactions. In the cases where cochineal and Relbunium are both present in textiles within an
individual site, there is potential for interpretation on cultural affiliation, social status, and/or
trade patterns. With more comprehensive site-specific dye analysis research, a greater

understanding of textile traditions and their implications can be drawn.

3.3 Archaeological Site of Huaca Malena
The site of Huaca Malena located on the south Peruvian coast in the Asia Valley was first

excavated in 1925 by Julio C. Tello and Toribio Mejia Xesspe, and later (in 1997) by Denise
Pozzi-Escot and Rommel Angeles Falcon [42]. In between the excavation seasons the site was
heavily looted; however undisturbed burials were also recovered in the 1997 excavation season,
which are housed at the Museo Municipal Huaca Malena near the excavation site. The site
consists of a platform constructed of adobe with six smaller upper platforms containing ceramic
and architectural styles that relate to Early Intermediate Period styles found in adjacent valleys
to the north and south of the Asia Valley. After a period of abandonment at the beginning of the
Middle Horizon (A.D. 600 to 1100), the structure was reused as a cemetery and intrusive tombs
were dug into the platform. These tombs display four distinct types’ and consist of multiple
mummy bundles within each tomb together with burial offerings. In total 350 bundles were
excavated; 300 during the 1925 excavations by Tello, and another 50 in 1997 by Pozzi-Escot

and Angeles Falcon.

The majority of the 4000 textiles found on site are cotton, most of which are undyed, though
some cotton textiles were dyed blue and orange [43]. Textiles with camelid are most often dyed

and constructed with intricate motifs. Weaving tools were found exclusively in female burials at

! corresponding to epochs 2b and 3 of the Middle Horizon
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the site suggesting that textile manufacture in this region was a gender-specific craft. The
textiles contain numerous stylistic attributions in addition to the local Malena styles [44]. A
number of non-regional textiles are attributed to north and central coastal styles including some
with Lambayeque iconography. Non-regional styles include Wari textiles with geometric

iconography and one with discontinuous warp and weft tie-dye.
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4.1 Dye Analysis
There are a number of challenges in analyzing dyes arising from the nature of the material.

Both the low concentration of the dye and the strong affinity to the fiber render identification of
dyes difficult. Their complex organic molecular structure inhibits analysis using some common
analytical methods such as hand-held X-ray fluorescence spectroscopy (XRF), which is not
sensitive to low atomic (Z) number elements such as aluminum (often found in mordant dyes),
or x-ray diffraction spectroscopy (XRD), which requires a crystalline structure. Additionally, dye
molecules can be severely altered by a number of means, such as the reducing environment
induced by the decomposition of associated human remains, or photo oxidation from exposure
to sunlight. Molecules may also undergo alteration during the extraction process usually
required for analysis. Despite these difficulties, it is possible to extract dyes from textiles and
identify the source based on their constituent chemical compounds. The most common
techniques for this are high performance liquid chromatography (HPLC) coupled with mass
spectrometry (MS) or ultraviolet-visible-spectrophotometry (UV-Vis), gas chromatography-mass
spectrometry (GC-MS), thin layer chromatography (TLC) also coupled with mass spectrometry
(LC-MS). These techniques utilize liquid extractions usually requiring a yarn sample of a few
mm in length during which the fiber is digested by the extraction process. The benefit of the
chromatographic techniques is their highly discriminating power, particularly when multiple dyes
are used to color an individual yarn. While there are a number of advantages to these
techniques, the sample size requirement can be a limitation, particularly when working with

archaeological material.

4.2 Surface Enhanced Raman Spectroscopy (SERS)

Raman spectromicroscopy (uRS) is a high accuracy, non-invasive, non-destructive analytical

technique that uses light scattering to identify molecular vibrations in an analyte, revealing vital
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information about its chemical structure and physical state [45]. This technique involves the
irradiation of a sample with a high-intensity monochromatic radiation (laser beam) and the
spectral analysis of photons inelastically scattered by the sample. The incident radiation induces
an oscillating dipole, causing the analyte to scatter the majority of photons at the same
frequency as the incident radiation without energy transfer, a phenomenon known as Rayleigh
elastic scattering. Incident photons (approximately 1 out of every 10*° photons) can also interact
with the molecules in a way that energy is either gained or lost causing a shift in frequency of
the scattered photons (inelastic scattering). This inelastic scattering is also known as the Raman
shift and depends on the polarizability of the molecules. The incident photon energy can excite
vibrational modes of polarizable molecules, yielding scattered photons with lower energies
equal to the amount of the vibrational transition energies. These energies are below the
Rayleigh scattering peak at the incident frequency and are called "Stokes lines". It is also
possible to observe weak scattering at frequencies above the incident frequency known as “anti-

Stokes” lines.

Spontaneous Raman scattering is typically very weak and as a result difficult to detect.
Typically, the excitation beam is focused on a spot of ~1um diameter using an optical confocal
microscope and backscattered photons are collected by the same microscope objective.
Inelastically scattered photons are sorted spectrally by a diffraction grating and detected by a
photon-counting photomultiplier tube or, more commonly now, a CCD camera. The resulting
spectrum, plotted as the photon intensity versus the wavenumber shift, provides information on
the molecular composition and structure of the sample. As Raman spectroscopy is a
“fingerprinting” technique, comparing their characteristic vibrational spectra with known spectra

in a spectral library/database generally identifies materials.

Raman scattering can also be overwhelmed by naturally fluorescent organic materials, or by
fluorophore contaminants. Numerous techniques have been developed to circumvent
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fluorescence; among these, the long or short wavelength lasers used as excitation source [46]
and the use of surface-enhanced Raman scattering (SERS), a surface-sensitive technique that
helps quench fluorescence and increase significantly the signal-to-noise ratio. SERS Raman
scattering occurs from molecules absorbed on the roughened surface of certain metal (normally
silver or gold) substrates [47, 48] or specific nanostructured [48, 49] and microfluidic plasmonic
platforms [50-52] achieving an enhancement factor up to 108, Using a laser source with
wavelength close to the SERS active-surface localized surface plasmon resonance (LSPR)
wavelength, can achieve maximum SERS enhancement. At its strongest SERS enables
vibrational fingerprinting down to the single molecule, though enhance in the range of 10*to 10°
times is more typical [53]. It is generally accepted that major contributors to most SERS
processes are electromagnetic and chemical mechanisms with the former being the most

dominant [54-61].

4.3 SERS dye analysis
Although the technique was developed over 30 years ago, only in the previous decade was

SERS exploited for the analysis of archaeological and cultural objects for the identification of
pigments and dyes [54, 62-69]. The impetus for the adoption of SERS is its advantage of
identifying molecules at low concentrations using reduced sample sizes. In recent years, SERS
dye research has improved and expanded methodologies to include application of variety of dye
molecules, to confront analytical challenges, and develop minimally invasive and noninvasive
methodologies. Studies have included chemical standards and reference dyes extracted from

textiles, as well as historical and archaeological textiles.

4.3.1. SERS techniques and advances

A number of methods for synthesizing and incorporating SERS-active metals have been utilized
in dye analysis, the most common platform being silver nanopatrticle (AgNPs). AgNPs can be

formed and applied as nanoisland films [70, 71] though also commonly synthesized and applied
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as a colloid. There are a number of procedures for synthesizing colloids, including microwaving
silver with sulfuric acid [63] and photoreduction using laser irradiation [72, 73]. The most
common synthesis is the Lee & Meisel method in which nanoparticles are reduced from silver
nitrate using sodium citrate (used in this study) or sodium borohydride [74]. Its performance is
improved when centrifuged for concentration to form what is referred to as a colloidal paste [75].
There are benefits and detriments to each synthesis method, and studies have been dedicated
to comparing their performances [76, 77]. Citrate reduced AgNPs are among the most stable
due to the absorption of citrate on their surface, which also acts as a buffer maintaining about
6.5 pH. While their stability and ease of preparation are benefits, the analyte molecules must
compete with their strong affinity to the surface of the AgNPs, and interference bands from the

citrate are common [76].

A variety of extractions may be employed for dye analysis using SERS, including liquid, gel, and
in situ methods. Some are variations on extractions used for HPLC, including liquid hydrolysis
with hydrochloric acid in methanol [62, 70] and chelation using EDTA to extract mordanted dye
using either liquid or gel [47, 78]. With in situ extraction, the analyte is detached from the fiber
substrate though remains on the surface. The best example of this is the hydrofluoric (HF)
vapor micro-chamber extraction [47, 65, 71, 79]. To perform this extraction, a dyed fiber
segment is exposed to HF vapors from a drop of HF in a small capsule chamber, after which is
it coated with AgQNPs and analyzed. While effective, this method has limitations due to the
toxicity of HF. Researchers have also had success using in situ extractionless methodologies

using both reference and historical fiber samples [72, 75, 80, 81].

In addition to developments in SERS substrates and extraction methods, SERS dye analysis
has included other technological advances. This includes preparing samples with UV-laser
ablation prior to analysis [82]. SERS has also been improved by coupling with additional

analytical equipment, including coupling with thin layer chromatography for further identification
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of the analyte [80] or with scanning electron microscopy (SEM), which has shown improved
visualization of sample and AgNPs aggregation and greater spatial resolution [83, 84]. SERS
combined with density functional theory (DFT) analysis has also been applied to gain better

understanding of the interaction between the analyte and AgNPs on a fundamental level [85].

4.3.2. Applications of SERS for the identification of cochineal and Relbunium

The effectiveness of SERS is dependent on the geometry, functional groups, formal charge or
dipole, and the effect of pH on the analyte, which will determine its affinity for the nano-rough
metallic substrate and the mechanisms for adsorption. Because of this, some compounds are
more readily analyzed using SERS than others. Molecules such as alizarin have multiple
potential mechanisms and orientations for adsorbed on the surface of the AgNPs, which eases
analysis because of the increases in potential for interaction between the analyte and AgNPs
[76]. A number of dye molecules have been analyzed with this technique, including the
anthraquinone dyes carminic acid, purpurin, and alizarin. Recently, pseudopurpurin was also
identified using SERS, which is the primary coloring compound of Relbunium [14]. The
spectrum of anthraquinones is pH dependent, and a number of studies are dedicated to

identifying different anthraquinone standards at different pH levels.

Chapter 5 Materials and Methods

5.1 Sample materials

5.1.1. Chemical standards and reference materials
Chemical standards of carminic acid (Fluka, Sigma-Aldrich 11298 analytical standard), purpurin

(Fluka, Sigma-Aldrich 82631 Standard Fluka) and alizarin (Sigma-Aldrich 122777 97%) were
diluted in ethanol (Product info) to a 0.001M solution. Chemical standard of pseudopurpurin is
not commercially available, so a chemical standard was obtained from a wool yarn dyed with

pure pseudopurpurin from the Helmut Schweppe collection held by the Getty Conservation
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Institute, provided by LACMA. To analyze this chemical standard, the dye was extracted using
the HF method described below in 5.4.1. Both unmordanted and alum mordanted wool
reference fibers dyed with cochineal, Relbunium ciliatum, and Relbunium hypocarpium were

acquired from the Max Saltzman collection held by the UCLA/Getty Conservation Program.

5.1.2. Archaeological materials
Seven archaeological red yarn samples were analyzed, all of which were sampled by

archaeologist Rommel Angeles Falcon from seven textiles housed in the Museo Municipal
Huaca Malena in Capilla de Asia, Peru. All archaeological samples are camelid fibers from red
dyed weft, as discussed below in the characterization section. Two of the samples are from

Wari style textiles, while the others are Malena style, as designated by Angeles Falcon.

b;‘ VST EV IV
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Figure 1. TOP ROW (Images and information courtesy of Rommel Angeles Falcon) A (sample VMO1): camelid
warp and weft bag, eccentric tapestry technique, mountain style; B(sample T-130A): cotton warp and camelid
weft band, eccentric tapestry technique, Wari style; C (sample VMO04): undyed cotton and dyed camelid
polychrome band, double weave technique; D (sample 061.02.01): camelid, tapestry technique, Wari/Malena
style. BOTTOM ROW (information courtesy of Rommel Angeles Falcon): E (sample T-69): cotton warp
camelid weft cloth, slotted tapestry technique, Malena style; F (sample 77.10.02):, cotton and camelid corner
of cloth, brocade technique, Malena style; G (sample 119.000.029): camelid warp and weft uncu fragment,
eccentric tapestry technique, Wari style.

5.2 Microscopy and image analysis

5.2.1. Optical microscopy of fiber samples
Archaeological fiber samples were imaged using a Keyence VHX-1000 digital optical

microscope and an Olympus BX51 polarized light microscope. A Nikon D90 SLR camera was
used to record the digital images from the Olympus BX51 microscope. Before imaging, both the
yarn and individual fibers were rinsed in ethanol, and for transmitted light, samples were placed

in a drop of water on a glass slide with a glass cover slip.

5.2.2. Scanning electron microscopy of fiber samples and AgNPs
AgNPs and archaeological fiber samples were imaged using the FEI Nova NanoSEM230™

variable pressure (VP) scanning electron microscope (SEM) at high vacuum using a secondary
electron detector. AgNPs were pipetted onto a SEM stub and allowed to dry. Fiber samples
were imaged without pre-treatment and after rinsing with ethanol to remove and debris from the
surface. The fiber samples were then gold coated using an Anatech Hummer 6.2 sputtering

system under vacuum to enhance conductivity for higher resolution imaging.
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5.2.3. Image analysis of fiber samples and AgNPs
Microscopy images were measured to scale using ImageJ to acquire accurate diameter

measurements. Fifty FWHM (full width at half maximum) diameter measurements were taken
on AgNPs from SEM images. The diameters of archaeological fibers were measured from
digital microscope images by averaging measurements from fifteen different fibers taken from

areas where they were in focus in the image to increase accuracy.

5.3 Fiber optic reflectance spectroscopy (FORS) of AgNPs and archaeological samples

Absorbance of the AgNP stock batch was characterized using an ASD Inc. Fieldspec® 3
spectrometer® with range of 350 nm to 2500 nm range and a high intensity contact probe (spot
size: @ ~ 10 mm), operating in reflectance mode. 3 ml of stock batch AgNPs was pipetted into a
petri dish, which was placed on a white background and with the spectrometer held just above
the surface of the colloidal solution. The light passed through the solution, was reflected by the
white background and passed again through the colloidal solution. The archaeological samples
were characterized using an Ocean Optics 2000+ Miniature Fiber Optic Spectrometer with
QR400-7-UV-VIS reflection probe with 0.4mm diameter and HL 2000 halogen light source with
2° observer angle for data collection between 400-700 nm®. The yarn samples were placed on a
white background and care was taken to cover as much of the spot size with the width of the

yarn sample.

5.4 Surface Enhanced Raman Spectroscopy (SERS)
5.4.1. Sample preparation
Individual fiber samples were carefully removed for analysis from yarn samples of the

Schweppe (pseudopurpurin) and Saltzman (cochineal and Relbunium) collections and from

® This instrument has a spectral resolution of 3 nm at 700 nm and 10 nm at 1400/2100 and
measurements were calibrated with a white Spectralon (PTFE) standard

® This instrument has a detector range of 200-100 nm and calibrated with WS-1 reflectance standard
using standard illuminant D65 (daylight) setting.
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archaeological yarn samples ranging approximately from 1 mm to 5 mm in length. The
archaeological samples were rinsed using a drop of ethanol prior to further preparation steps.
The dyed fibers were subsequently analyzed using one of the following pre-treatment methods:
1) extractionless on-the-fiber analysis); 2) in situ on-the-fiber HF vapor micro-extraction, 3) on-
the-fiber micro-extraction with formic acid in ethanol and 4) on-the-fiber liquid micro-extraction
using HCI in methanol and water. For extractionless preparations, an individual fiber was taped
to an SEM stub with copper tape. The sample was then coated in AGNPs and analyzed directly

on the fiber as described below.

The micro-extraction using HF vapors was conducted in a micro-chamber capsule containing
HF in which the fiber is exposed as described by Leona [71]. Pre-treatment using HF micro-
extraction was carried out at the LACMA Conservation Science lab. A 20 pl drop from HF
(Sigma-Aldrich, 48% w/v in water, 299.99% purity) was pipetted into a conical micro chamber
(Ted Pella 130 size 00). An individual sample fiber was cut into three small segments each
approximately 1-2 mm, placed in a smaller capsule cap (Ted Pella 130-B size 3) and inserted
horizontally into the chamber. Samples were exposed to HF vapors for 5 minutes and
subsequently removed. Following the micro-extraction, the fibers were coated with AgNPs and

analyzed directly.

Formic acid (CH,O,) was used for dye extraction, similarly to recent studies [80, 86]. A 25% (pH
1.5-2.0), solution of formic acid (EMD Chemicals FX0440-5 98%) in ethanol (J.T. Baker for
Histological use A.C.S. Reagent 94.9% denatured ethanol, 5% isopropanol) was prepared
ahead of time. An individual fiber segment was placed on an SEM stub and 2 pl of the solution
was applied to the sample in 1pl drops, which were allowed to dry between applications taking
approximately 2 minutes. Once dry, ANPs were deposited over the fiber and analyzed both on

and off the fiber.
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A liquid extraction solution using HCI was prepared as described for HPLC and SERS
applications [5, 70]. 37% HCI (Sigma-Aldrich 258148 A.C.S. reagent) was combined with
methanol (Sigma-Aldrich 322415 99.8%) and ultra-distilled water in a 2:1:1 ratio. Samples
segments of individual fibers approximately 2mm long were placed at the bottom of a conical
micro-capsule (Ted Pella 130-B) and covered with 50yl of the solution. The samples were left to
soak for an hour and a half, then placed in test tubes and put into a hot water bath at 100°C for
10 minutes with glass beads to prevent the test tubes from touching the bottom. The solution
was pipetted 10 ul at a time onto cleaned glass slides on a warm hot plate. Once the liquid was
dry, another drop was placed in the same location. Chemical standards were prepared for
comparison by combining 10 pl of 0.001M dye solution in ethanol with 20 ul solution of
HCI:MeOH:H,0 in a 2:1:1 ratio. The mixture was dispensed onto a cleaned glass slide and
allowed to dry on a warm hot plate. Both fiber and chemical standard samples were prepared in

advance and within the following days, samples were then coated with AgQNPs and analyzed.

5.4.2. Synthesis of Silver nanoparticles (AgNPs)

AgNPs were synthesized using the Lee and Meisel method [74]. 18 mg of anhydrate silver
nitrate powder (Sigma Aldrich product 20139 ACS reagent 99+%) and 100 ml of ultra-distilled
water (Millipore Milli-Q plus system(R 218.2 MQ.cm) were combined with 22.4 mg of sodium
citrate dehydrate (Fisher Science Education S25545 Lab Grade) in a 1% solution upon boiling.
The sodium citrate was introduced using a programmable syringe pump over the course of one
minute to induce rapid nucleation and ensure smaller particle size and distribution [87]. After an
hour of boiling, either covered or using a condenser, the flask was submersed in an ice water
bath to prevent particle growth during cooling [88, 89]. The stock batch of AgNPs was
centrifuged 6 ml at a time using a Fisher brand miniature centrifuge for 10 minutes at 6400 rpm.

The condensed particles were then combined into one vial to less than 0.05 ml. Centrifuged
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batches generally lasted about four to six weeks before expiring, though some batches expired

within one to two weeks. The cause of this discrepancy is unknown.

5.4.3. SERS and Raman spectromicroscopy
0.5pl of AgNPs was deposited onto the fiber followed by 0.5 pl of 0.2M KNO; (Alfa Aesar

Al14527 99%). After five minutes, the excess colloid and KNO3; was removed with a KimWipe
(Kimberly-Clark Corp)*°. For samples prepared using the liquid HCI extraction, this extra step
was not necessary, and instead, the remainder of the liquid quickly evaporated under the light of
the objective. After the 5-minute drying period, the samples were analyzed at UCLA using a
Renishaw inVia Raman spectrometer with 785 nm and/or 633nm lasers and Leica confocal
microscope interface with 50x objective. Samples extracted using HF vapor followed the same
procedure for application of AQNPs, and were analyzed using a Chromex Senturion (now
Bruker, Billerica, MA) Raman spectrometer with 785 nm laser and Olympus LMPlan 20x

objective.

10 Using a KimWipe also helped prevent crystallization of KNO3 on the sample, which can
generate signals in SERS spectra.
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6.1 Characterization of AQNPs
The AgNPs used in this study had a maximum wavelength of energy absorption at

approximately 400 nm as determined by visible-range fiber optics reflectance
spectrophotometry (Vis-FORS). Their average FWHM (full width at half maximum) diameter
ranged from 50-65 nm [69], as measured in ImageJ using SEM images (Table 2). The particles
had a range of sizes and shapes, with most being slightly faceted and oblong though rods and
wires were also present (Figure 2); all of which are consistent with expectation for AQNPs
synthesized using the Lee and Meisel method. uRS of the aggregated colloid showed broad
bands at 1300 cm-*, 1600 cm-*, a sharp peak around 1050 cm™ (due to KNO; used to
aggregate the AgNPs), and a wide band near 500 cm-*. These results were consistent for
multiple AgNPs batches. When analyzing dye samples, the Raman signal associated with the
AgNPs was overwhelmed by the analyte. Though in many spectra, the prominent peak at 1050
cm™ still occurred. As the concentrated batch of AGNPs began to age (photo degrade), sharper
peaks in the region between 800-1400 cm™ were observed (Figure 3) [77]. When these
interference bands occurred, the colloid was considered expired and a new batch was
centrifuged or synthesized. To prevent degradation, ANPs were stored in a cool place and

wrapped in metal foil.

Full Width at Half Height Measurements
Batch Average Minimum | Maximum StDev
1 64.977 41.261 108.301 16.199
2 49.423 31.602 31.602 10.990

Table 2. Full Width at Half Height measurements of two batches of silver nanoparticles used in this study
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Figure 2. Secondary electron micrographs of AgNPs. Two different batches of AgNPs (right micrograph:
Yuan Lin 2015) displaying round faceted particles along with rods (left image) and some wires (right image).
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Figure 3. Raman spectra of centrifuged batch 1 AgNPs analyzed within the first few days after synthesis (A)
compared to the same expired batch analyzed three months later (B). Both spectra were acquired using a
785nm laser at 0.25% laser strength for 10 seconds and 1 acquisition after using KNOsto aggregate AgNPs.
Raman spectra of centrifuged batch 2 AgNPs analyzed within the first few days after synthesis (C) compared
to the same batch analyzed one month later (D). Both spectra were acquired using 633nm laser at 0.25%
laser strength for 10 seconds and 1 after using KNOsto aggregate AgNPs. The large peaks at 1050 cm™are
due to the KNOzadded to the AgNPs.
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6.2 Characterization of archaeological textiles and fiber type

6.2.1. Fiber and yarn type

All samples are spun in Z direction and plied with two threads in the S direction. Yarns
constructed in this manner are typical of both highlands and the central and southern coastal
regions, whereas, Z(2S) thread is typical of the north coast [90, 91]*'. Based on the fiber
diameter, the morphology of the medulla and cortex features, all archaeological samples are
characterized as camelid fibers (Table 3). Camelid fibers are distinguished by the presence of a
straight smooth profile, an irregular shaped medulla both continuous and interrupted, and an
indistinct cuticular scale pattern known as irregular waved mosaic [92]. The fineness of the
fibers both in diameter and scale pattern and the presence or absence of guard hairs are further
distinguishing features between different species of camelid both domesticated (alpaca and
llama)'® and wild (vicufia and guanaco)®® [93]. However, the fleece of ancient domesticated
species were likely more homogenous than those of today due to interbreeding of domesticated
species after post Spanish conquest [92]. Additionally, the diameter of fibers can vary greatly
depending on factors such as where in the coat the fibers originated and the age of the animal.
All these factors make distinguishing between species of camelid challenging. While camelid
fibers are morphologically similar to human hair, human hair averages about 90um of thickness

[93].

' ply/spin notation follows method used in the referenced study on textiles from Huaca Malena, where
the first letter designates the ply direction, and the number and letter in parenthesis designates the
number of threads and their spin direction, based on the notation of Jeffrey Splitstoser (2012)

2 lama fibers have a higher percentage of guard hairs compared to alpaca, though both have diameters
ranging from 10-60um an average 26-28 um

¥ Guanaco average diameter between 18 to 25 pym, 10-11 scales per 100 ym
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Construction attributes Fiber Diameter (um)

Sample Motif style Orientation Ply(Spin) Fiber Type | Average StDev  Minimum Maximum
VMO01 Malena weft S(22) camelid 28.07 7.62 16.87 42.46
T-130A Wari weft S(22) camelid 18.66 3.99 9.88 23.12
VMO04 Malena weft S(22) camelid 25.69 4.40 21.20 35.29
61.02.01 Malena weft S(22) camelid 28.64 5.37 21.96 43.70
T-69 Malena weft S(22) camelid 30.71 9.50 19.98 51.31
77.10.02 Malena weft S(22) camelid 28.10 8.64 18.60 45.40
119.000.029 Wari weft S(22) camelid 28.74 5.85 17.57 38.69

Table 3. Ply/spin notation follows method used in other studies on textiles from Huaca Malena, where the
first letter designates the ply direction, and the number and letter in parenthesis designates the number of
threads and their spin direction. Fiber diameter measurements, taken from 15 data points were acquired from
photomicrograph of a yarn and measured in ImageJ.

Most of the samples are comparable in average fiber diameter and consistent to those reported
for camelid species. The largest fiber average diameter (in sample T-69) includes a guard hair.
T-130A fibers are considerably finer than the other sample and may represent an adolescent of
an ancient domesticated species as it is within the range of contemporary industrial standards

for baby alpaca.'® The diameter average and range is also comparable to wild vicuna however

these fibers are very rare and tan in color. For more in depth characterization of these fibers,

further investigation into the morphology and diameter is required.

Figure 4. VM 01 photomicrographs: yarn samples images with digital microscope (A-B), cuticular scale
pattern imaged with SEM (C), and interrupted medulla imaged with transmitted light (D).

4 http://islandalpaca.com/about_alpacas.php
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Figure 5. T-130A photomicrographs: yarn samples images with digital microscope (A-B), cuticular scale
pattern imaged with SEM (C), and interrupted medulla imaged with transmitted light (D).

Figure 6. VM 04 photomicrographs: yarn samples images with digital microscope (A-B), cuticular scale
pattern imaged with SEM (C), and interrupted medulla imaged with transmitted light (D).

Figure 7. 061.02.01 photomicrographs: yarn samples images with digital microscope (A-B), cuticular scale
pattern imaged with SEM (C), and interrupted medulla imaged with transmitted light (D).
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Figure 8. T-69 photomicrographs: yarn samples images with digital microscope (A-B) and uninterrupted
medulla imaged with transmitted light (C).

A B

Figure 9. 77.10.02 photomicrographs: yarn samples images with digital microscope (A-B) and interrupted
medulla imaged with transmitted light (C).
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Figure 10. 119.000.02 images: digital microscope (top) and transmitted light image of interrupted medulla
(bottom).

6.2.2. Condition of archaeological fibers

The condition of the fiber samples was evaluated using digital microscopy, polarized light
microscopy in transmitted light and SEM. All samples are heavily covered with burial
contaminants. Rinsing the yarn samples in ethanol appears to remove part of the debris, though
even with rinsing there are still residual particulates (Figure 11). The presence of contaminants
was also evident with SERS analysis, where distinct spectra of unknown origin were

consistently found in the archaeological samples, even after rinsing in ethanol.
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Figure 11. Secondary electron micrographs of archaeological samples covered in burial contaminants both
before rinsing in ethanol (A-B) and after ringing (C-D) of VMO03 (A), T-130A (B), VMO01 (C) and VMO04 (D).

The fibers themselves also show patterns of degradation. The individual fibers are very brittle,
with physical damage (breaks, cracks) visible in all samples (Figure 12). Fibers from sample T-
130A include evidence of deterioration (creasing and folding) normally caused in alkaline
environments (Figure 13) [93]. Alkaline environments, known to degrade proteinaceous fibers

[94], are common in burials due to the decomposition of human remains. Deterioration caused
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by elevated pH is likely to impact the dye as well as the substrate. Other physical deterioration

as for example twists and splitting are also observed in the archaeological fibers (Figure 14).

Figure 12. SEM images of VMO1 (A) T-130A (B) and VMO04 (C) showing cracking and breaking in the brittle
fibers.

Figure 13. Secondary electron micrographs of fibers from sample T-130A, displaying crease and folds in the
fiber, perhaps do to exposure to an alkaline environment during burial.

Figure 14. Transmitted light images of T-69 and 77.10.02 displaying distortion and splitting.

6.3 Characterization of reference dyes using SERS
Results of the analysis of chemical standards for carminic acid [95], pseudopurpurin [14],

purpurin[62, 70], and alizarin [68, 70, 96] were comparable to those in the published literature.
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These standards were used for identification of specific molecules in reference materials from
the Saltzman collection dyed with cochineal and Relbunium (see 5.1.1.), which were analyzed
using different extraction methods for SERS analysis. The following subsections include the
results SERS data acquired from these extractions methods tested on reference fibers from the

Saltzman collection.

6.3.1. Extractionless on-the-fiber SERS
Using on-the-fiber analysis without extraction unmordanted cochineal dyed fiber provided

results comparable to those of carminic acid under non-acidic conditions (Figure 15). Using the
same technique, unmordanted Relbunium dyed reference fibers match those of purpurin under
non-acid conditions (Figure 16). As discussed above, pseudopurpurin is the predominant
anthraquinone in Relbunium, though it is known to readily decompose to purpurin. While both
molecules may be present in the sample, the proportion of purpurin may be higher or
experiment conditions may be more favorable for detection of purpurin. For both cochineal and

Relbunium, data was difficult to obtain and inconsistent between spots on the same sample.

Using this method, mordanted reference fibers of neither cochineal nor Relbunium yielded any
results, suggesting that analysis of mordanted samples at a neutral pH without extraction is less
effective when the dye is strongly bonded to fiber. Other studies have effectively analyzed
mordanted fibers without extraction, and further testing may provide additional results [72, 75,

80, 81].
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Figure 15. Raman spectra of on-the-fiber analysis without extraction on unmordanted (A) and mordanted (C)
cochineal reference fiber, and 0.001M carminic acid in ethanol (B). Spectra were acquired using 785nm laser
at 0.25% for 10 seconds at UCLA. Unmordanted cochineal spectrum (A) courtesy of Diana Rambaldi,
acquired at LACMA using 785nm laser at 1% for 5 sec with 3 accumulations.
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Figure 16. Raman spectra of on-the-fiber analysis without extraction of unmordanted Relbunium
hypocarpium reference fibers (A and B) compared to purpurin (C) and pseudopurpurin (D). Relbunium
samples (A and B spectra) acquired using 785nm laser at 0.05% for 10 sec at UCLA. Purpurin (C) acquired
using 785nm laser at 0.25% for 10 sec at UCLA. Pseudopurpurin (D) was acquired at LACMA using 785nm
laser at 1% for 5 sec.

6.3.2. On-the-fiber SERS with HF micro-extraction
On-the-fiber analysis using HF micro-extraction provided clear match between unmordanted

cochineal and carminic acid under acidic conditions (Figure 17). The same technique provided a
clear match between pseudopurpurin and Relbunium for both mordanted and unmordanted
reference samples (Figure 18). Interestingly, purpurin does not contribute to these spectra as
seen without extraction (Figure 16). Pseudopurpurin is a more acidic molecule than purpurin

and the acidic conditions of this extraction method may therefore be more favorable for its
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detection over purpurin. Pseudopurpurin is known to degrade to purpurin in highly acidic
conditions as seen in strongly acidic liquid extraction methods [5], though this has not occurred

using HF extraction method.

Results were more readily achieved from unmordanted samples versus mordanted, though
sharp and consistent spectra were acquired from both samples. However, due to health and
safety regulations using HF, this method was discontinued before mordanted cochineal could be

included in this study. Instead, research focused on exploring less toxic extraction methods.
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Figure 17. Raman spectra of HF micro-chamber extraction of unmordanted cochineal reference fibers (A and
B) compared to 0.001M carminic acid combined with 5%HCI (C). Cochineal samples (A and B) acquired at
LACMA using 785nm laser at 1% for 5 sec with 5 co-adds. Carminic acid (C) acquired using 785 nm laser at
0.25% for 10 sec at UCLA.
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Figure 18. Raman spectra of HF micro-chamber extraction of Relbunium reference fibers mordanted R.
ciliatum (A) and unmordanted R. hypocarpium (B) compared to pseudopurpurin (C) reference fiber extracted
using the same technique. All spectra obtained using 785nm laser at LAMCA, A and C: 1% for 5 sec, B: 1%
for 5 sec with 5 co-adds.

6.3.3. On-the-fiber SERS with formic acid micro-extraction

On-the-fiber SERS using 25% formic acid in ethanol micro-extraction of the mordanted
cochineal sample provided a spectrum that matched that for the carminic acid chemical
standard that was analyzed under non-acidic conditions (Figure 19). Similar results were also
obtained from areas that contained formic acid in ethanol around the fiber on the glass
substrate. This indicates this preparation method was successful at extracting carminic acid
from the mordanted fiber. However as with cochineal samples analyzed without extraction, the

molecule is consistent with carminic acid at a neutral pH.

The primary molecule detected when 25% formic acid was used to extract Relbunium from

reference fibers was pseudopurpurin, however, the peak around 1349 cm™ is very prominent
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compared to the peak at 1356 cm™ observed in the pseudopurpurin standard (which was
extracted from fiber using HF)(Figure 20). Overall, data were not readily reproducible using this
technique, and it was more conducive to analysis of cochineal than Relbunium.
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Figure 19. Raman spectra of 25% formic acid extraction from mordanted cochineal reference fibers acquired
both off the fiber (A) and on the fiber (B) compared to 0.001 M carminic acid (C). All spectra obtained at UCLA
using 785nm laser at 0.25% for 10 sec.
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Figure 20. Raman spectra of 25% formic acid on-the-fiber extraction from mordanted R. ciliatum (A)
compared to pseudopurpurin chemical standard (B). A at UCLA using 785 nm laser at 0.25% for 10 sec with 2
accumulations. B acquired at LACMA using 785nm laser at 1% for 5 sec.

6.3.4. Liquid micro-extraction with HCl in MeOH and H,O

Overall, dyes prepared with liquid extraction using HCI in MeOH and H,O provided more
consistent and reproducible results than those extracted using formic acid. When HCI in MeOH
and H,O in a 2:1:1 ratio by volume was added to the carminic acid standard, the results were
consistent with carminic acid at a low pH (Figure 21). When the HCI solution and carminic acid
was heated for 10 minutes as required for extraction of the dye from the fiber, the strongest
peak normally occurring around 1300 cm™ was shifted to 1316 cm™, which is consistent with
cochineal at a very low pH [95]. However when the HCI extraction solution was applied to
reference fibers of mordanted cochineal and heated for 10 minutes, the results were more
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similar to carminic acid combined with HCI solution without heating. Results for cochineal
acquired with 633 nm laser were more pronounced and consistent than data acquired using 785
nm laser (Figure 21). The 633 nm laser has a wavelength closer to the maximum absorbance of

the AgNPs, which provides an enhancement to the SERS signal.
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Figure 21. Raman spectra of liquid extraction using HCl in MeOH and H,O on mordanted cochineal reference
fibers (A and B) compared to 0.001M carminic acid combined with HCI in MeOH and H;O both unheated (C)
and heated for 10 minutes (D). The large peak at 1050 cm™in the spectrum B is due to the KNOzadded to the
AgNPs. Spectra acquired at UCLA with the following parameters: A: 785nm laser at 0.25% for 10 seconds; B:
633nm laser at 0.25% for 10 seconds, C: 633nm laser at 0.01% for 10 seconds; D: 633nm at 0.25% for 10
seconds with 2 accumulations.

When the solution of HCIl in MeOH and H,O in a 2:1:1 ratio by volume was added to the
purpurin chemical standard without heating the extraction solution, the results matched the

purpurin standard with the exception of a peak at 1293 cm™ (Figure 22). However when the
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solution was heated for 10 minutes as required during an extraction process from fiber samples,
the results matched the spectrum of alizarin including a prominent peak around 1444 cm™

(Figure 22), which is consistent with analysis of alizarin at a very low pH [68]"™.

When the micro HCI liquid extraction was applied to Relbunium dyed reference fibers, the
results were inconsistent and provided poor match for any chemical standard (Figure 23Figure
23). HClis a very strong acid and capable of decomposing the fiber substrate, generating a
series of other species in solution that may interfere with SERS analysis of the dye. More
research is required to identify the chemical composition resulting from this extraction method,
as there may be a combination of different anthraquinones and/or degradation products
contributing to the spectra. A higher pH may be more appropriate for the extraction of this dye

using a micro liquid extraction.

* It is not clear why the SERS spectrum for purpurin is indistinguishable from alizarin at very low pH. The
adsorption of the molecule to on the surface of the AgNPs at a very low pH may favor an orientation that
does not provide significant enhancement of the hydroxyl group that distinguishes purpurin from alizarin.
However, purpurin may lose a hydroxyl group at this pH degrading to alizarin. Analysis using another
method such as HPLC or MS is required to determine if this is the case.
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Figure 22. Raman spectra of 0.001M purpurin combined with HCI in MeOH and H,O both unheated (A) and
heated for ten minutes (B) compared to 0.001M solutions of purpurin (C) and alizarin (D). Spectra acquired at
UCLA with the following parameters: A: 633nm laser at 0.01% for 10 seconds with 2 accumulations; B:
633nm laser at 0.25% for 10 seconds; C: 633nm laser at 0.25% for 10 seconds with 2 accumulations; D:
785nm laser at 0.25% for 10 seconds with 2 accumulations.
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Figure 23. Raman spectra of liquid extraction using HCl in MeOH and H,O on mordanted Relbunium ciliatum
reference fibers (A and B) compared to 0.001M solutions of purpurin combined with HCI in MeOH and H»,O
both unheated (C) and heated (D). Relbunium provided very inconsistent spectra and unclear match to any
chemical standard. Spectra acquired at UCLA with the following parameters (listed by spectrum color):
Black: 785nm laser at 0.25% for 10 seconds; Blue: 633nm laser at 0.25% for 10 seconds; Green: 633nm laser
at 0.1% for 10 seconds with 2 accumulations; Red: 633nm laser at 0.25% for 10 seconds.

6.3.5. Summary of findings from SERS methods
Carminic acid was detected from cochineal using each analytical method tested. By

comparison, Relbunium was more difficult to analyze with every technique used. The HCI liquid
proved to be too strong for the analysis of Relbunium. Results using this technique were
inconsistent and difficult to acquire, and it could not distinguish between purpurin and alizarin

due to the low pH of the extraction. Though this technique can determine the difference
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between plant based red dyes and cochineal, it cannot distinguish between different

anthraquinone molecules found in plant dyes.

When pre-treated with either HF or formic acid, Relbunium provided a good match for
pseudopurpurin, which is the primary compound of the dye. However using on-the-fiber analysis
without extraction, the results were consistent with purpurin rather than pseudopurpurin. This
could be for a multitude of reasons: 1) both molecules are present in the dye and this method
may provide conditions more conducive to analysis of purpurin; 2) at this pH the chemical
mechanism for adsorption on pseudopurpurin on the surface of the AQNPs may not provide
strong enhancement of the carboxylic functional group that distinguishes pseudopurpurin and
purpurin; or 3) the pH of the extraction may cause pseudopurpurin to lose its carboxylic group,

forming purpurin.

Samples prepared with HCI solution were more consistent within a given sample than for other
techniques where data was acquired on-the-fiber. Because the dye is extracted and deposited
as a liquid on a glass slide, the sample distribution and AgNPs distribution was far more
homogenous. However, the low pH of the extraction solution is known to alter the dye
molecules, making their identification difficult and less reliable. All on-the-fiber application
methods (extractionless, HF vapor, and formic acid) required multiple attempts and often a
prepared sample would not provide results. This was due in large part to the heterogeneous
distribution and thickness of AgNPs applied to the surface of the fiber sample. HF micro-
chamber provided the cleanest match between yarns prepared using a dyestuff and their
corresponding chemical standards. It also provided the most reproducible reliable method for

on-the-fiber analysis.

In addition to the success of the extraction, the quality of the data is dependent on properties of

the AgNPs. Further research may help to improve the AgNP synthesis and aggregation. Also,
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during the final six weeks of this study, the 633nm laser was made available on the Raman
spectrometer at UCLA. Compared to the 785nm laser, the data was cleaner and the analyte

peaks more pronounced because this laser is closer to the resonance of the AgNPs.

6.4 Dye characterization of archaeological samples using SERS and FORS

6.4.1. Extractionless on-the-fiber SERS

Archaeological samples were first analyzed using extractionless on-the-fiber SERS though the only sample
to provide a spectrum was T-130A (

Figure 24). The most prominent peaks for T-130A are shifted in comparison to both purpurin
and carminic acid in neutral conditions. The T-130A peaks around 1363 1334 cm™ are similar to
purpurin (1357 and 1325 cm™) suggesting that the sample may include a plant based red dye

such as Relbunium.
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Figure 24. Raman spectra of sample T-130A based on extractionless on-the-fiber SERS without extraction (A
and B) compared to carminic acid (C) and purpurin (D) both at neutral pH. The peaks at 1050 cm™in spectra
A & B are due to the KNOsin the AgNPs. All data acquired using 785 nm laser.

6.4.2. On-the-fiber SERS with formic acid micro-extraction

Archaeological samples were further analyzed using 25% formic acid in ethanol and spectra
were obtained from two additional samples: T-69 (Figure 25) and 119.000.029 (Figure 26). The
signal for T-69 was weak and the presence of KNO;from the AgNPs at 1050 cm™ was
prominent suggesting that the dye molecules were not adequately extracted. Furthermore the
resulting spectrum was not reproducible. It however contained some of the characteristic peaks
for pseudopurpurin (at 1254 cm™ and 1506 cm™) and for Relbunium reference sample extracted
with formic acid (Figure 25). Other characteristic peaks at 462 cm™ and peaks above 1550 cm™

were not present in the spectrum of sample T-69.
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Figure 25. Raman spectra of sample T-69 analyzed using 25% formic acid (A) compared to Relbunium
ciliatum analyzed with the same method (B) and pseudopurpurin standard (C). Neither spectrum was
reproducible, though both (A and B) share common peaks with pseudopurpurin. The large peak at 1050 cm™
in spectrum A is due to the KNOzadded to the AgNPs. Spectra A and B were acquired at UCLA using 785 nm
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laser at 0.25% for 10 sec, B with 2 accumulations. Spectrum C was acquired at LACMA using 785nm laser at
1% for 5 sec.

The Raman signal obtained from sample 119.000.029 was stronger than that from sample T-69,
though the results were not reproducible (Figure 26). While the spectrum of sample
119.000.029 contains some corresponding peaks to pseudopurpurin and Relbunium extracted
with formic acid, the most prominent peaks of the spectrum do not correspond to any chemical
standards and/or reference material in this study. This spectrum, however, finds close parallels
to previously published Raman spectra of carminic acid at low pH acquired using 1064 nm laser
and AgNPs prepared with hydroxylamine [95]. Additionally, a different spectrum from this
sample was acquired using the same formic acid extraction method that provides a better match
for carminic acid neutral pH (Figure 27). These results suggest that sample 119.000.029 was

dyed with cochineal.
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Figure 26. Raman spectra of sample 119.000.029 prepared with 25% formic acid (A) compared to Relbunium
with the same preparation (B) and pseudopurpurin chemical standard (C). Spectra A and B were acquired at
UCLA using 785 nm laser at 0.25% for 10 sec with 2 accumulations. Spectrum C acquired at LACMA using
785nm laser at 1% for 5 sec.
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Figure 27. Raman spectra of sample 119.000.029 prepared with 25% formic acid (A) compared to carminic
acid at neutral pH (B). Spectra acquired at UCLA using 785nm laser at 0.25% for 10 seconds, A with two
accumulations. The large peak at 1050 cm™in spectrum A is due to the KNOsz added to the AgNPs.

6.4.3. Liquid micro-extraction with HCI in MeOH and H,O
Using liquid extraction based on HCI in MeOH and H,O results were obtained from five

samples: VM04, 61.02.01, T-69, 77.10.02, and 119.000.029, with greater reproducibility for
samples 77.10.02 and 119.000.029 (Figure 28) compared to VM04 and 61.02.01 (Figure 29).
Using this extraction method, spectra were also obtained from samples VM01 and T-130A
however these were not comparable to known dye spectra in the database. Looking at these
five samples the peak intensities did not correlate well with those of carminic acid though the
peak locations matched with the exception of peak 1466 cm™, which seems shifted in the
archaeological samples. Also, the peak around 1211 cm™is reduced or absent in the
archaeological samples. Given the inconsistencies when compared to spectra of carminic acid,

these Raman spectra of the archaeological spectra are inconclusive as to whether cochineal
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was the dyestuff used, though weathering due to burial conditions or alteration of the spectra

due to the extraction method cannot be excluded.
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Figure 28. Raman spectra of archaeological sample 77.10.02 (A and B) and sample 119.000.029 (C and D)
extracted with heated HCl compared to carminic acid prepared with HCI without heating (E) and with heating
(F). All spectra acquired at UCLA using 633nm laser at 0.25% for 10 seconds and 2 accumulations with the
following exceptions: D acquired at 0.01% strength; A and B acquired with 1 accumulation. The large peaks
at 1050 cm™ are due to KNOsin the AgNPs.
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Figure 29. Archaeological samples VM04 (A) and 61.02.01 (B) extracted with heated HCI compared to
carminic acid prepared with HCIl without heating (C) and with heating (D). All samples acquired at UCLA
using 633nm laser at 0.25% for 10 seconds with 2 accumulations. The large peaks at 1050 cm™tare due to
KNOszin the AgNPs.

6.4.4. FORS analysis of archaeological samples
FORS provided another analytical tool for the identification of the dyestuff in the samples (figure

30) . Reflectance spectra of the archaeological samples showed two absorption maxima (Amax
Abs) in the visible between 525-535 nm and A, 555-570 nm which are characteristic of
cochineal red [97, 98]. The reflectance maximum (Anax R) between 415-435 nm also typical of
cochineal was not evident in these samples. However when cochineal is complexed with metal
ions from the mordanting process, this band is known to shift considerably depending on the
metal type [97]. Cochineal is clearly distinguished from madder species which have absorption
maximum (Amax Abs) between 505-515 nm and 540-550 nm [97]. This data suggests that these

archaeological samples contained cochineal dye.
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Figure 30. FORS reflectance data of archaeological samples indicating absorption maxima characteristic of
cochineal red.

6.4.5. Summary of findings

Archaeological samples were analyzed with SERS using three different extraction approaches:
on-the-fiber extractionless, on-the-fiber micro-extraction with formic acid, and HCL/MeOH
heated liquid extraction; HF micro extraction was eliminated from this study before
archaeological samples were investigated. Liquid extraction using HCI provided the best data of
all the sample preparation methods tested. Data from different preparation techniques using
SERS were acquired from sample 119.000.029. Samples 77.10.02, 119.000.029, and VM04
provided potential matches for carminic acid, suggesting they may contain cochineal. Data from
sample T-130A contained similar peaks to purpurin and sample T-69 to pseudopurpurin,
suggesting they may contain Relbunium, however for the match for both is poor and results

remain inconclusive. Samples 77.10.02 and T-69 are finely woven Malena style textiles, while
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119.000.029 is a finely woven Wari textile. Further analysis is required to draw conclusions.
Spectra comparable to known dye spectra were not acquired from samples VMO1 or 061.02.01.
FORS spectra pointed to the consistent use of cochineal, though mixtures with Relbunium (as

indicated in sample T-130A and suggested in sample T-69) cannot be excluded.

The difficulty in analyzing archaeological dyes using SERS has a number of plausible reasons.
First, the dye molecules could be degraded. While the resilient bright colors of the samples
suggest that dye molecules are present, the dye may contain degradation products contributing
to low signal to noise ratio. Second, because there may be more than one organic dye present
in the archaeological samples, the spectra may contain peaks from multiple dyes. Third, there
are undoubtedly archaeological contaminants present on the fibers. Because SERS is highly

sensitive analytical technique, contamination can cause analytical uncertainties.
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Chapter 7 Conclusion

7.1 SERS performance
Identification of dye molecules used in coloring archaeological textiles is a challenge regardless

of the technique employed. Based on the results of this study, SERS provides a humber of
advantages as well as a number of challenges. SERS offered clear distinction between
cochineal and Relbunium reference samples, demonstrating that regardless of the extraction
method used, SERS can clearly distinguish these two dyes. Furthermore data are available
within seconds and the experiment requires a fraction of a fiber, making this technique far more

approachable where sampling limitations are of a concern.

SERS was challenging in the interpretation of results, which can be complicated by the
variability in the spectra affected by the chemical environment (pH). The proper identification of
a spectrum requires an understanding of how the SERS spectrum of each dye changes
according to the pH. Some anthraquinones such as carminic acid are more readily identified at
a low pH, while anthraquinones present in Relbunium are more difficult to analyze when

extracted with a strong acid.

With all extraction techniques, there was large variability between the different points of
acquisition both within an individual fiber and among fibers from the same sample. This
provided a challenge in distinguishing between spectra of the dye molecule from that of AgQNPs
and contaminants. Removing possible surface contaminants perhaps using a sonication method
and having greater control of the distribution of the AQNPs on the surface of the sample could
potentially result in more reproducible spectra. However the pH appeared to be problematic for

analysis of pH sensitive samples using this technique.

There are a number of avenues to further this study of SERS methodologies for archaeological
dye analysis regarding these challenges. The benefit of the liquid extraction using HCI was the
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homogeneity of the sample and the distribution of AQNPs on the glass surface, though the pH
appears to be too low for analysis of Relbunium. Liquid extraction by other means such as a
chelating agent such as EDTA may be beneficial. Also, rinsing citrate from the AgNPs and re-
concentrating the colloid may improve interaction between AgNPs and the sample molecule,

thereby improving reproducibility.

Based on SERS spectra in combination with FORS data, it appears that the archaeological
samples all contain cochineal, regardless of their motif type. One sample, T-130A provided a
match for a plant-based dye and T-69 partial identification. Further analysis would be required to
make clear conclusions on the dyes present in the archaeological samples and to assess

whether mixtures were used.

7.2 Future research
Based on the results from this study there are a number of areas for improvement and further

investigation that could be recommended. For further investigation into the archaeological

samples the following suggestions are made:

1. Further investigation into the removal of burial contaminants of the archaeological
material.

2. Results of archaeological material using SERS would benefit from validation using
another analytical technique due to the ambiguity of results achieved.

3. Based on the high reproducibility of spectra on reference material using HF, this
extraction technique is most likely to provide results for archaeological material.

4. Include brown, purple, and yellow archaeological samples because they are like to
include red dyes either in combination with other dyes, or they could represent faded red

dyes.
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