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 SUMMARY
The scientific study of archaeological artefacts and cultural heritage objects, archaeometry, 
offers insight into socioeconomic structures and the evolution of ancient production and 
technology, which has always been of great interest to scholars and laymen. Archaeometry 
requires a multidisciplinary approach combining archaeological knowledge and scientific 
methods to unravel the biography of an artefact and solve questions in cultural heritage. 
This discipline adopts analytical techniques from the physical and chemical sciences, 
ranging from age determination to material characterisation. While dating techniques, 
such as acceleration mass spectrometry radiocarbon dating, represent a widespread 
application, the importance of trace elemental and isotopic analyses has increased 
dramatically in the last decade. The determination of trace element abundances and 
multi-isotopic compositions of artefacts and art objects is a powerful tool that provides 
valuable information about their origin, manufacturing technology and authenticity. 
Such studies allow conclusion to be drawn about the circulation of goods, past human 
interaction and ancient mobility networks. This dissertation aims to untangle the 
circulation of objects made of jadeite – and omphacite jade in the pre-colonial Caribbean 
through a multi-disciplinary approach employing development of a novel macroscopically 
non-invasive sampling technique to generate geochemical (trace elements and multiple 
isotopic systems) and archaeological data sets and their interpretation with statistical 
modelling.

To geochemically fingerprint objects stored in private and public institutions, very 
sensitive, ideally portable and non-invasive analytical techniques are demanded. Laser 
ablation inductively coupled plasma mass spectrometry (LA-ICPMS) allows determination 
of major, minor and trace element abundances in a quasi-non-destructive manner with 
limits of qualification/quantification (LOD and LOQ) in the lower ppb to sub-ppb range. 
Since LA-ICPMS is a laboratory-based bench set-up, it is neither accessible for cultural 
heritage objects which are immobile, nor to objects which exceed the dimensions of the 
closed ablation cell. To circumvent these limitations and to enable the analyses of isotope 
ratios, an analytical procedure involving an offline laser ablation sampling strategy 
was developed. This dissertation reports on the further optimization, validation and 
application of the 532 nm portable laser ablation sampling technique with subsequent 
low-blank geochemical analyses. The method allows minimally-invasive in situ sampling 
of cultural heritage objects made of various materials, regardless of their mobility, 
geometry or size, leaving cone to cylinder shaped ablation pits with the diameter of 
hair, invisible to the naked eye, and hence maintaining the integrity of the archaeological/
art object. Low-blank geochemical clean lab procedures, trace elemental and strontium 
(Sr) and neodymium (Nd) analyses using quadrupole ICPMS and thermal ionisation mass 
spectrometry (TIMS) produced accurate, precise and reproducible data. The method was 
validated by taking ten ablations (25 to 40 µg) per sample of a USGS reference basalt 
glass (BHVO-2G) and twenty ablations (50 to 80 µg) per sample of a natural jadeite jade 
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slab. The outcome demonstrated that Sr and Nd isotope variability can be resolved in 
natural samples within the fourth decimal, which is sufficient to determine the provenance 
or authenticity.

The laser system was applied to collect material from 88 pre-colonial jadeite and 
omphacite jade celts and paraphernalia unearthed from Early to Late Ceramic Age (400 
BC to AD 1500) sites on Cuba, the Dominican Republic, St. John, St. Thomas, St. Croix, 
St. Vincent and Grenada. Samples (< 40 µg) were prepared for low-blank ICPMS and 
TIMS analyses. Furthermore, destructive (cut-offs of < 5g) geochemical analyses of 19 
artefacts retrieved from the Late Ceramic Age (AD 750 to AD 1600) Playa Grande site 
in the northern Dominican Republic, was conducted. An extensive geochemical jade 
source rock database (n=101) was created from the only know sources in the Caribbean, 
Guatemala, Cuba and the Dominican Republic. Trace elemental abundances and Sr, 
lead (Pb), and Nd isotope compositions were determined by conventional geochemical 
clean lab procedures on sample aliquots (approximately 80 mg of whole rock powder) 
with subsequent analyses by quadrupole ICPMS, TIMS, and multi-collector ICPMS (MC-
ICPMS). The geochemical fingerprints of the laser ablated artefacts were interpreted in 
reference to the jade source rock database using logistic multi-class regression models. 
The predicted artefact provenances in Guatemala, Cuba and the Dominican Republic, 
led to the conclusion that Caribbean pre-colonial Indigenous societies were linked 
with each other in a more complex manner than previously assumed. Vast trade and 
mobility networks spanning over > 4000 km, connecting Caribbean islands with the 
Mesoamerican and South American mainland, including linchpin settlements with highly 
specialised workshops serving as important distribution centres, stimulated and boosted 
the exchange and mobility of goods, humans and ideas.

SAMENVATTING
De wetenschappelijke studie van archeologische artefacten en ander cultureel erfgoed, 
ook bekend als archeometrie, kan inzicht bieden in sociaaleconomische structuren 
binnen archeologische populaties en de evolutie van oude productieprocessen en 
technologieën. Archeometrie vereist een multidisciplinaire aanpak waarbij archeologische 
kennis en natuurwetenschappelijke methoden worden gecombineerd om de biografie 
van een artefact te ontrafelen en vragen over het cultureel erfgoed op te lossen. Deze 
discipline maakt gebruik van analytische technieken uit de fysische en chemische 
wetenschappen, gaande van ouderdomsbepaling tot materiaalkarakterisering. Hoewel 
dateringstechnieken, zoals koolstofdatering (14C), een wijdverspreide toepassing 
vertegenwoordigen, is pas in het afgelopen decennium het belang van spoorelementen 
en isotopenanalyses binnen het archeologische onderzoek dramatisch toegenomen. Het 
bepalen en het kwantificeren van spoorelementen en multi-isotopensamenstellingen 
van artefacten en kunstvoorwerpen is een krachtig hulpmiddel dat waardevolle 
informatie verschaft over hun oorsprong, fabricagetechnologie en authenticiteit. Door 
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het uitvoeren van dergelijk onderzoek kan inzicht verkregen worden in de circulatie 
van goederen, menselijke interactie in het verleden en oude mobiliteitsnetwerken. Het 
doel van dit proefschrift was om voor het eerst inzicht te krijgen in de circulatie van 
objecten gemaakt van jadeïet - en omfaciet jade in het pre-koloniale Caribisch gebied: 
waar kwamen de objecten van vandaan? Om dit doel te bereiken is gebruikt gemaakt 
van een multidisciplinaire benadering: de ontwikkeling van een nieuwe macroscopisch 
niet-invasieve bemonsteringstechniek gebruikt om geochemische (spoorelementen 
en meerdere isotopensystemen), aanwezige archeologische datasets en tot slot een 
geïntegreerde interpretatie aan de hand van statistische modellen.

Om geochemische ‘vingerafdrukken’ te maken van objecten die zijn opgeslagen 
in particuliere en openbare instellingen zijn zeer gevoelige, idealiter draagbare en 
niet-invasieve, analytische technieken vereist. Laserablatie inductief gekoppelde 
plasmamassaspectrometrie (LA-ICPMS) maakt het mogelijk om de hoeveelheid van 
grote, kleine en spoorelementen op een quasi niet-destructieve manier te bepalen 
met detectielimieten voor kwalificatie en kwantificering (LOD en LOQ) in het lagere 
ppb (parts per billion) tot sub-ppb bereik. Aangezien LA-ICPMS een laboratorium-
gebaseerde opstelling is, is het noch toegankelijk voor immobiele erfgoedobjecten, 
noch voor objecten die te groot zijn om in een dergelijke machine gemeten te worden. 
Om deze beperkingen te omzeilen en de isotopenanalyse van de objecten mogelijk te 
maken, werd een analytische procedure ontwikkeld met een unieke on-site laserablatie-
bemonsteringsstrategie. Dit proefschrift rapporteert over de verdere optimalisatie, 
validatie en toepassing van deze 532 nm draagbare laserablatie bemonsteringstechniek 
met daaropvolgende geochemische analyses. De methode maakt minimaal invasieve 
in situ bemonstering mogelijk van cultureel erfgoedobjecten, ongeacht hun locatie van 
opslag, geometrie of grootte. Op de locatie van bemonstering zijn slechts zeer kleine 
gaatjes met de diameter van haar voelbaar en blijft derhalve onzichtbaar voor het blote 
oog. Deze minimaal invasieve bemonsterstechniek zorgt voor behoud van de integriteit 
van het archeologische- of kunstvoorwerp.

Low-blank geochemische clean laboratorium procedures, spoorelementen en strontium- 
(Sr) en neodymium (Nd) isotopenanalyses met behulp van ICPMS en thermische ionisatie 
massaspectrometrie (TIMS) produceerden nauwkeurige en reproduceerbare data. Uit 
de resultaten blijkt dat de gegenereerde Sr- en Nd-isotopenratios binnen de vierde 
decimaal varieren, waardoor op bais van de Sr-Nd isotopensamenstelling met enige 
zekerheid onderscheid gemaakt kan worden tussen verschillende steensoorten en 
derhalve herkomst of authenticiteit bepaald kan worden.

Het lasersysteem werd toegepast op 88 prekoloniale jadeïet en omfaciet jade bijl en 
accessoires opgegraven uit de Vroege tot de Late Keramische eeuw (400 voor Christus 
tot 1500 na Christus) op Cuba, de Dominicaanse Republiek, St. John, St. Thomas, St. Croix, 
St. Vincent en Grenada. Monsters werden geprepareerd voor ICPMS- en TIMS-analyses. 
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Verder werden destructieve geochemische analyses uitgevoerd van 19 artefacten die 
uit de Playa Grande-vindplaats daterende uit de Late Keramiektijd (750 tot 1600 na 
Christus) in de noordelijke Dominicaanse Republiek afkomstig zijn. Daarnaast werd 
een geochemische jade referentie-collectie aangelegd bestaande uit 101 exemplaren 
en op basis van de enige bekende bronnen in het Caribisch gebied, Guatemala, Cuba 
en de Dominicaanse Republiek. Concentraties van spoorelementen en Sr-, lood- (Pb) 
en Nd-isotopensamenstellingen werden bepaald door conventionele geochemische 
laboratoriumprocedures met daaropvolgende analyses door middel van ICPMS, TIMS en 
multi-collector ICPMS (MC-ICPMS). De geochemische vingerafdrukken van de artefacten 
werden geïnterpreteerd aan de hand van de referentiedata en met behulp van logistieke 
multi-class regressiemodellen. De voorspelde herplaatsingen van artefacten in Guatemala, 
Cuba en de Dominicaanse Republiek leidden tot de conclusie dat Caribische pre-koloniale 
inheemse samenlevingen op een complexere manier met elkaar verbonden waren dan 
eerder werd aangenomen. Uitgestrekte handels- en mobiliteitsnetwerken die meer dan 
4000 km overspannen en de Caribische eilanden verbinden met het Meso-Amerikaanse 
en Zuid-Amerikaanse vasteland, inclusief spilnederzettingen met zeer gespecialiseerde 
werkplaatsen die dienst doen als belangrijke distributiecentra, stimuleerden en versterkten 
de uitwisseling en mobiliteit van goederen, mensen en ideeën.

ZUSAMMENFASSUNG
Archäometrie ist die wissenschaftliche Untersuchung archäologischer Artefakte und 
Objekte des kulturellen Erbes. Sie bietet Einblicke in sozioökonomische Strukturen, 
sowie in die Entwicklung altertümlicher Produktionsverfahren und Technologie, die für 
Wissenschaftler und Laien seit jeher von großem Interesse sind. Die Archäometrie erfordert 
einen multidisziplinären Ansatz, der archäologisches Wissen und wissenschaftliche 
Methoden kombiniert, um die Biographie eines Artefakts zu entschlüsseln und Fragen 
des kulturellen Erbes zu lösen. Diese Disziplin übernimmt analytische Techniken aus 
den physikalischen und chemischen Wissenschaften, die von der Altersbestimmung 
bis zur Materialcharakterisierung reichen. Während Datierungstechniken, wie 
z.B. die Beschleunigungsmassenspektrometrie Radiokarbondatierung, eine weit 
verbreitete Anwendung darstellen, hat die Bedeutung von Spurenelement- und 
Isotopenanalysen im letzten Jahrzehnt dramatisch zugenommen. Die Bestimmung der 
Spurenelementhäufigkeit und der Multi-Isotopenzusammensetzungen von Artefakten 
und Kunstobjekten ist ein leistungsstarkes Werkzeug, das wertvolle Informationen über 
deren Herkunft, Herstellungstechnologie und Authentizität liefert. Solche Studien lassen 
Rückschlüsse auf den Warenverkehr, vergangene menschliche Interaktionen und alte 
Mobilitätsnetzwerke zu. Diese Dissertation zielt darauf ab, die Zirkulation von Objekten 
aus Jadeit - und Omphazit-Jade in der vorkolonialen Karibik durch einen multidisziplinären 
Ansatz zu entwirren. Zu diesem Zweck wurde eine neuartige makroskopisch nicht-
invasive Probenentnahmetechnik entwickelt, die geochemische (Spurenelemente und 
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multiple Isotopensysteme) und archäologische Datensätze erzeugt. Die Interpretation 
der gewonnenen Daten erfolgte mit Hilfe von statistischen Modellen.

Um einen geochemisch Fingerabdruck von Objekten zu erhalten, die in privaten 
und öffentlichen Einrichtungen gelagert werden, benötigt man sehr empfindliche, 
idealerweise tragbare und nicht-invasive Analysetechniken. Die induktiv gekoppelte 
Plasma-Massenspektrometrie (LA-ICPMS) mit Laserablation ermöglicht die quasi 
zerstörungsfreie Bestimmung der Haupt-, Neben- und Spurenelementhäufigkeit, 
mit Grenzen der Qualifikation / Quantifizierung (LOD und LOQ) im unteren ppb- bis 
sub-ppb-Bereich. Da es sich bei LA-ICPMS um ein benchtop-Geräte (benchtop = auf 
einem Labortisch stehendes Geräte) handelt, ist es weder für Objekte des Kulturerbes 
zugänglich, die meistens die Kollektionen nicht verlassen dürfen und daher nicht 
transportiert werden können, noch für Objekte, die die Dimensionen der geschlossenen 
Ablationszelle überschreiten. Um diese Einschränkungen zu umgehen, und die Analyse 
von Isotopenverhältnissen zu ermöglichen, wurde ein Analyseverfahren entwickelt, 
das eine Offline-Laserablations-Probenentnahmestrategie umfasst. Diese Dissertation 
berichtet über die weitere Optimierung, Validierung und Anwendung der tragbaren 532 
nm Laserablations-Probentechnik mit anschließenden geochemischen Analysen mit 
minimierten Eintrag von Fremdmaterial. Das Verfahren ermöglicht eine minimal invasive 
in-situ-Probenentnahme von Kulturgütern verschiedenster Materialien, unabhängig von 
ihrer Mobilität, Form oder Dimension. Die Probenentnahmen hinterlässt kegelförmige 
Ablationskrater mit dem Durchmesser eines menschlichen Haares, die mit dem bloßem 
Auge nicht zu erkennen sind. Auf Grund dessen wird die Integrität des Artefaktes 
oder Kunstobjektes erhalten. Geochemisch Laborverfahren mit geringem Eintrag von 
Fremdmaterial, wie z.B. Spurenelementanalysen und die Isotopen Zusammensetzung 
von Strontium (Sr) und Neodymium (Nd) unter Verwendung von Quadrupol-ICPMS 
und thermischer Ionisationsmassenspektrometrie (TIMS) ergaben akkurate, präzise 
und reproduzierbare Daten. Die Methode wurde validiert, indem zehn Ablationen (25 
bis 40 µg) pro Probe eines Referenzbasaltglases (BHVO-2G) des Geologischen Dienstes 
der USA (USGS United States Geological Survey) und zwanzig Ablationen (50 bis 80 
µg) pro Probe einer natürlichen Jadeit-Platte entnommen wurden. Das Ergebnis zeigte, 
dass die Variabilität der Sr- und Nd-Isotopie in natürlichen Proben innerhalb der vierten 
Dezimalstelle aufgelöst werden kann, was ausreicht, um die Herkunft oder Authentizität 
von Artefakten oder Kunstobjekten zu bestimmen.

Das Lasersystem wurde angewendet, um Material von 88 vorkolonialen Jadeit- und 
Omphazit-Jade Äxten und Zierrat zu entnehmen, die von Siedlungen der frühen bis späten 
Keramikzeit (400 v. Chr. bis 1500 n. Chr.) auf Kuba, der Dominikanischen Republik, St. John, 
St. Thomas, St. Croix, St. Vincent und Grenada stammen. Proben (< 40 µg) wurden für 
ICPMS- und TIMS-Analysen, mit geringem Eintrag von Fremdmaterial, hergestellt. Darüber 
hinaus wurden makroskopisch destruktive (Artefaktabschnitte von <5 g) geochemische 
Analysen von 19 Artefakten durchgeführt, die von Ausgrabungen der spätkeramischen 
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(750 bis 1600 n. Chr.) Siedlung Playa Grande in der nördlichen Dominikanischen Republik 
stammen. Eine umfangreiche geochemische Datenbank (n = 101) der bekannten 
Jadevorkommen in der Karibik und ihrer angrenzenden Gebiete, in Guatemala, Kuba 
und der Dominikanischen Republik, wurde erstellt. Spurenelementhäufigkeiten und 
Sr-, Blei (Pb) - und Nd-Isotopenzusammensetzungen wurden an ungefähr 80 mg 
Gesteinspulvers durch herkömmliche geochemische Laborverfahren an Probenaliquote 
mit anschließenden Analysen durch Quadrupol-ICPMS, TIMS und Mehrkollektor-ICPMS ( 
MC-ICPMS) bestimmt. Die geochemischen Fingerabdrücke der laserablatierten Artefakte 
wurden unter Verwendung logistischer Regressionsmodelle mit mehreren Klassen unter 
Bezugnahme auf die Jadequellen-Gesteinsdatenbank interpretiert. Die vorhergesagten 
Artefakt-Provenienzen in Guatemala, Kuba und der Dominikanischen Republik führten 
zu der Schlussfolgerung, dass die vorkolonialen indigenen Gesellschaften der Karibik 
komplexer miteinander verbunden waren als bisher angenommen. Ausgedehnte Handels- 
und Mobilitätsnetzwerke mit einer Länge von mehr als 4000 km, die die Karibikinseln 
mit dem mesoamerikanischen und südamerikanischen Festland verbinden, einschließlich 
Dreh- und Angelpunktsiedlungen mit hochspezialisierten Werkstätten, die als wichtige 
Vertriebszentren dienten, stimulierten und förderten den Austausch und die Mobilität 
von Waren, Menschen und Ideen.
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1. The NEXUS 1492 Synergy Project
This PhD thesis is one segment of an international and trans-disciplinary research project 
investigating the impacts of colonial encounters in the ancient circum-Caribbean. The 
European Research Council funded synergy research programme, `NEXUS 1492: New 
World Encounters in a Globalising World` focuses on i) the transformation of Indigenous 
culture and societies, ii) human mobility and the circulation of raw material and objects, 
iii) the reconstruction of archaeological networks and their shift after AD 1492, and 
iv) sharpening the cultural awareness among the present Caribbean society, as well 
as v) creating and preserving sustainable heritage sites. The unique project brought 
together over 60 researchers and affiliated specialists with multi-disciplinary backgrounds 
combining knowledge from the fields of Caribbean Archaeology, Cultural Heritage, 
Geology and Geochemistry, plus Network and Computer Sciences. The Nexus 1492 
project aimed to rewrite a major chapter of world history, which was until recently 
narrated from the viewpoint of the encounters. This goal was achieved by incorporating 
the Indigenous component that created a holistic view of the formerly proceedings; 
as well as documenting and shedding new light on the connection (nexus) of the first 
interactions between the New and the Old world.

The emphasis of this PhD research lies on the circulation of geological raw materials 
and objects and is divided into two main themes: i) the development, validation, and 
application of minimally destructive archaeometric methods, and ii) the application of 
the method to determine the provenance of pre-colonial  Caribbean lithic artefacts. 
Subproject ii) greatly benefits from and contributes to synergies focusing on changing 
material culture repertoires and network transformations across the Ceramic Age (BC 400 
– AD 1550). The integrated work contributed to a better understanding of the engineering 
facet of the manufacture and function of a lithic artefact by applying wear trace analyses, 
as well as exploring the mechanisms leading to the distribution and function of lithic 
artefacts in exchange networks through network analyses.

2. Archaeometry
The importance and great benefits of synergies between archaeology and analytical 
sciences is finally receiving the deserved attention. Archaeometric studies, including 
provenance of archaeological materials, are underutilized in Caribbean Archaeology 
[1]. Archaeometric research offers a huge potential to improve our understanding of 
Indigenous cultures and their transformations during the onset of the colonial period. 
Chemical fingerprinting and elemental mapping of materials encountered in archaeology 
and art can determine how, when and where objects were made. Archaeologists, 
conservators, and restaurateurs are progressively acknowledging the gain of additional 
valuable information provided through archaeometric research. Chronological studies, 
e.g. dating of charcoal by applying the 14C-method are classical approaches and are 
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widely accepted [2]. Over the last two decades, major- and trace elemental (ME and 
TE), as well as isotopic composition (IC) analyses have become increasingly prominent 
tools for solving and answering archaeological questions [3]. Archaeometry has been 
applied to a broad variety of archaeological research questions including provenance 
studies of organic remains (human/animal/plant; [4-6] and inorganic raw materials and 
objects (metals, rocks, glass, ceramics, pigments) [7-10], to unravel past interactions, 
trade, migration and mobility networks. Attention has also been drawn to the make-up of 
objects by determining the concept of technology (chaîne opératoire), i.e., the timeline of 
anthropogenic actions and mental processes applied to the manufacture of daily goods 
and spiritual items [11-14]. In addition, some research has successfully reconstructed 
diverse facet and phases of human and animal lifestyles and -ways comprising nutrition, 
livelihood, land use and surrounding conditions [15-17].

A disagreement exists among archaeologists, conservators, and restaurateurs when 
it comes to the questions of “sacrificing” small pieces/amounts (µg-mg) of an object 
for (minimal-) invasive analyses. Furthermore, most public, and private institutions do 
not permit transportation of their artefacts so that portable, ideally non-destructively 
analytical techniques are required. In some cases, classical non-destructive methods, 
like portable X-ray fluorescence analyses (pXRF) and portable Raman spectroscopy, or 
minimally invasive portable laser induced breakdown spectroscopy (pLIBS) might be 
sufficient to address certain types of research questions but have their limitations. They 
often need calibration with matrix matched standards, have poor analytical accuracy and 
precision, typically > 20% for most trace elements and in some cases cannot detect light 
elements. These methods are not capable of determining isotopic compositions and 
there are problems with obtaining representative analyses from artefacts with surface 
coatings, notably metal objects. The application of Raman spectroscopy to archaeological 
materials is well-established although analyses with portable instruments is particularly 
susceptible to fluorescence and the non-transparency of minerals and hence requires 
a time-consuming detailed mapping approach to identify the constituent mineralogy 
[18,19]. Laser-Induced Breakdown Spectroscopy (LIBS) is a potentially portable analytical 
technique that uses a nanosecond (ns), or femtosecond (fs) pulsed high-power laser 
to ablate a small (< μg) amount of material [20-22]. The generated luminous micro-
plasma emits radiation that is characteristic of atomic, ionic, or molecular species. The 
spectral analyses of the emission give qualitative and potentially quantitative information. 
The technique has been widely applied to archaeological materials but requires matrix 
matched standards to generate uni- or multivariant calibration curves for achieving 
reliable quantification [22-25]. However, isotope ratio determination by applying LIBS, 
for example, has been demonstrated in various studies [26,27]. Several archaeometric 
studies have been successful using non-destructive techniques [8,19,23,28]. With respect 
to provenance studies, however, generally they are insufficiently discriminatory to 
source most geological and biogenic materials that comprise archaeological artefacts. 
Destructive analyses offer advantages compared to non-invasive analytical methods. 
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Thin and thick sections reveal spatial information of physical and chemical properties 
of various types of materials (e.g., rocks, ceramics, metals, alloys). Polarizing microscopy 
and electron micro probe analyses (EMPA) can determine compositions (e.g., mineral- or 
metal phases), surface alterations and internal textures. However, this approach leads to 
major damage of the artefact. In addition, conventional sampling methods and strategies 
such as micro-drilling, scraping or cutting off material [29-32], novel laser ablation 
sampling methods are causing negligible damage, invisible to the naked eye [33-36]. 
For example, a new integrated trace element and multi-isotopic provenance methodology 
uses a portable minimal-invasive pulsed laser ablation sampling technique that can be 
used on location to collect samples onto Teflon™ filters for return to a clean laboratory 
for low blank (pg) geochemical procedures (chapter II) [36]. The first prototype was built 
less than 10 years ago and is based at the Laboratory of Inorganic Chemistry at ETH 
Zürich, Switzerland. There, the concept and the device were developed in the context 
of a doctoral thesis [37] and first validated on a reference USGS basalt glass BHVO-
2G and gold standard materials NA1 and NA2 (Norddeutsche Affinerie AG, Hamburg, 
Germany), and subsequently applied to an ancient Chinese ceramic rod coloured with 
Han Blue [33,34]. A precondition for micro-sampling are technical improvements of 
analytical devices allowing accurate and precise analysis of small amounts of material 
(µg-mg). Recent improved design of inductively coupled plasma mass spectrometry 
(ICPMS) increased the instrument sensitivity by several orders of magnitude (x1000) 
over the last decades [38-40], while decreasing the limits of quantification (LOQ) to a 
few ppt (< 3-45 ppt) for most trace elements [36]. Breakthroughs in thermal ionization 
mass spectrometry (TIMS) and multi-collector ICPMS (MC-ICPMS), enable the analysis 
of (sub-)nanogram amounts of strontium and neodymium, through the modification 
in the amplifier housing of the Faraday detection system by including 1013 Ω resistors 
[41-44] which allows the precise analysis (< 0.02%) of as little as 2 ng of Sr and 10 pg 
of Nd. In addition, coupling the analysis with and double spike techniques for lead 
(Pb) permits analyses of samples containing < 100 pg [45]. The limiting factor to the 
successful application of (ultra) low blank geochemical techniques is the incorporation of 
extraneous material. Low blanks need to be achieved during sampling and subsequent 
chemical purification. Moreover, a sample representative to the whole rock matrix should 
be obtained to assure reproducible results, something that might be challenging for 
coarse grained and heterogeneous materials with element specific accessory phases.

Overall, isotope composition analyses coupled with the trace element data, provides 
highly effective multi-variant discrimination for material provenance and authenticity 
verification [10,46,47]. Combined with other disciplines, e.g., use wear analyses, residue 
analyse, typology, a holistic description of the object can be achieved contributing to 
better understand the function of past societies.
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3. Caribbean archaeology in a nutshell
The Caribbean region consists of numerous islands. For decades, a consensus exists 
among archaeologists that the inhabitants of the individual islands were never completely 
isolated but interacted on a (regional) micro-scale [48-52]. Recently acquired evidence 
and information hints at inter-island exchange and mobility networks on a much larger 
scale than previously assumed. Relationships extended over vast distances, (> several 
1000’s of km) tying in the wider Caribbean region and the mainland as one coherent area 
[53-56]. The inhabitants were mobile between islands by seafaring [57-63] that enabled 
them to conduct inter-island trade and migration, as well as to exchange knowledge 
and expertise between societies [64]. Consequently, the region already had a highly 
developed social and trade network before 1492 (Fig.1), which was adopted by the 
Spaniards for their own purposes [61,65]. Those networks imply shared customs and 
identity that connected the cultures of the wider Caribbean region to at least some extent.

Fig. 1: Exchange networks in the wider Caribbean realm present before the Spanish Conquest of 
the Americas, including selected examples of traded/gifted artefacts. [66].

The Caribbean islands were inhabited by people migrating from the American mainland 
about 7000-6000 years ago [67]. Rouse [68] established a chronology of the Caribbean 
history, Lithic, Archaic, Ceramic, Formative and Historic Period, based on technological 
developments and differences between cultural groups, as well as on migration waves 
into the Caribbean (Fig. 5). The first settlers colonised Trinidad as is evident from the 
oldest Caribbean archaeological sites, Banwari Trace and St. John dating back to 5000 BC 
[69,70]. The on-site material culture lacked any type of ceramics but included abundant 
bone/teeth material modified to pointed tools, and lithic objects such as chert/flint flakes, 



7

Introduction

mortars, anvils, grinding rocks and edge-ground celts [71-73]. On the Greater Antilles 
Islands Cuba and Hispaniola, the earliest Lithic Age assemblages date to around 4000 BC 
[68,74]. The first inhabitants of Caribbean islands were hunters and gatherers. They did 
not cultivate food crops, nor make use of pottery. The Lithic Age is marked by the use of 
flaked lithic tools. Compared to Lithic Age societies, Archaic people expanded their tool 
kit by incorporating more sophisticated lithic grinding implements and ground-stone 
axes [75]. Migrants from Central America crossing to Cuba, Hispaniola to Puerto Rico 
are labelled Casimiroid people, whereas Amerindians travelling from the northeast coast 
of South America, spreading through the Lesser Antilles up to Puerto Rico, have been 
named the Ortioroid people (Fig. 5) [68,76]. These cultures did not develop into complex 
societies with agricultural economies.

Between BC 500 – 250 a new influx of migrants took place, originating from the Orinoco 
drainage systems of the northeast coast of South America. The Saladoid people, after 
the Venezuelan site Saladero, and Arawak-speaking people replaced the Ortoiroid (Fig. 
5) [77,78]. They spread through the Lesser Antilles and Puerto Rico, incorporating the 
hunters and fishers who had already lived there for thousands of years [68,71,79] and 
introduced pottery making and agriculture in the early Ceramic Age (500 BC- AD 600) 
[74,80,81]. They lived together in villages consisting of several large houses around a 
central square, practiced agriculture and are typified by their bi-chrome pottery. A 
characteristic Saladoid ceramic form is the bell-shaped vessel decorated with modelled 
incised designs (adornos) and zone incised cross-hatching (Fig. 2 A and B) [78]. Cedrosan 
Saladoid ceramics show very distinctive white and red painting compared to Huecan 
Saladoid pottery (Fig. 2 C and D) [68]. However, Reed and Peterson [82] argued, with 
respect to their observations made on the Trants site (500 BC – AD 500, Monserrat) that 
apart from the vessel form and details in the decoration, it is impossible to discriminate 
between the two cultural affiliations. The interpretation and morphology of Huecan 
Saladoid pottery remains controversial. 
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Fig. 2: Pictures of Saladoid ceramics. (A) vessel from St. Vincent (B) white-on-red bowl from Gua-
deloupe (ca. AD 300-600), (C) Huecan Saladoid ceramics, and (D) Cedrosan Saladoid ceramics.
(Fig. 2 A/C/D http://www.latinamericanstudies.org/ancient-caribbean-pottery.htm)
(Fig. 2 B https://www.floridamuseum.ufl.edu/caribarch/education/tc-peoples/)

Around 350 AD the Saladoid pottery becomes more elaborately decorated. Many 
artefacts are derived from this so-called “baroque” phase in Saladoid pottery. It is 
possibly related to a new influx of migrants from South America (the Barrancoid people), 
though to what extent they spread is not known. This period is usually referred to as 
Saladoid with Barrancoid influences. Between AD 500 – 1000 the Saladoid people start 
to colonize practically all the Caribbean and by AD 1000 very complex social and political 
structures had developed. Large villages emerged everywhere along with a new, distinct 
pottery style called Ostionoid (Fig. 3c) [83]. Regional ceramic variations appeared from AD 
600 - 800 onwards developing distinct styles between the northern and southern Lesser 
Antilles [84]. Moreover, temporal and spatial varying (regional) micro-style boundaries 
evolved in the Virgin Islands, Puerto Rico and the Greater Antilles with fluid transitions 
between styles and preferences [85,86]. In Hispaniola, the transition from hunting and 
gathering to agriculture took place around AD 800, when the Meillacoid culture rose. 
Communities relocated their settlements from coastal areas upcountry along rivers. Three 
different ceramic styles can be distinguished on Hispaniola: Ostionoid (100 BC - AD 1300, 
Fig. 3c), Meillacoid (AD 800 – AD 1500, Fig. 3b) and Chicoid (AD 900 – AD 1700, Fig. 3a). 
Ostinoid ceramics are characterized by straight-sided bowls that vary from grey to red 
and have D-shaped handles and could have some painting on the sides. Meillacoid 
ceramics shows that a variety of bowls were used, including incurving bowls. Parallel line 
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incisions are often applied, giving the bowls a textural look of a woven basket [74]. The 
Meillacoid culture reached the Lucayan Archipelago and Cuba around AD 1000 [87]. In 
Chicoid ceramics, the red colour is absent and bowls often depict an animal or human. 
Decorations are more complex compared to Meillacoid ceramics and have a relatively 
smoothed exterior [74,88]. The Chicoid ceramic style is regarded as cultural heritage of 
the classic Taíno society (Fig. 5) [89].

Fig. 3: Ceramic styles present in Hispaniola (northern Haiti and DR): a) the incised lines, dots, spirals, 
and anthropo-zoomorphic depictions are characteristic for the Chicoid series (1200-1500 AD). Red 
painting and D-shaped handles are completely absent in the Chicoid pottery, b) the predominantly 
black or greyish coloured Meillacoid series (900-1500 AD) has crosswise and rectilinear incisions, 
a rough exterior and zoomorphic shapes, c) thin red slipped pottery, open bowls with some flat 
bottoms, zoomorphic designs and D-shaped handles are characteristic for the Ostionoid series 
(800-900 AD). Also, Ostionoid ceramics do not have handles. Mixtures of style and technological 
aspects are appearing in periods of transition [66].

Finds of different ceramic styles at individual archaeological sites in Hispaniola, emphasize 
the fact that intercommunication and astir trade existed between the tribes before the 
contact with the Spaniards. Artefacts found at Ceramic Age sites, not only consist of 
different styles of pottery, but also include highly specialised lithic artefacts (chisels, celts, 
hammerstones, etc.). Knippenberg et al. [64] showed that lithic artefacts were extensively 
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traded between different regions in the Caribbean, and are often well preserved, due 
to their durability and their relative high value in Indigenous societies. These artefacts 
are often made of high-pressure rocks, such as blueschists and jadeite - omphacite 
rich lithologies. It is important to identify and locate the possible sources for the high-
pressure rocks to be able to determine mobility, migration patterns and interaction 
dynamics in the Caribbean region [14,90-93].

Around AD 600 a marked decrease in pottery quality and a simplification of pottery 
decoration commences in the Lesser Antilles islands. The pottery styles of the Leeward 
and Windward islands start to develop in different directions, respectively called Ostionoid 
and Troumassoid (Fig. 5). Troumassoid is slightly more decorated than Ostionoid. Further 
simplification of the pottery occurs during the following Suazoid period, starting around 
AD 1000 and reaching its greatest geographic distribution in AD 1300. Suazoid pottery 
appears to be highly original, but Taíno and Venezuelan influences can be detected. 
Typical of this period are flat human-head adornments with pierced ears. 

Descendants of the people employing the Saladoid/Ostionoid ceramic decoration style 
(e.g., Taíno, Ineri) differed per region and diverse Indigenous groups evolved. All these 
groups spoke similar languages and traded actively. The Greater Antilles were mainly 
occupied by the Taíno, a group that can be subdivided into Classic, Western and Eastern 
Taino (Fig. 4). The Lesser Antilles were inhabited by the Ineri people. On the west side of 
Cuba, the Guanahatabey people did not develop much beyond the hunter gathers from 
who they probably descended (Fig. 5).

In approximately AD 1400 there was a new migrant influx from the mainland of South 
America into the Lesser Antilles. These were fierce, war minded people, called Island 
Caribs and were feared because, as the legend calls, they ate the Ineri men and took 
their women as wives. The Suazoid people were driven out by the Island Carib, or, as 
they called themselves, Calinago (men) and Callipuna (women). Not much is known about 
their pottery style although a recent finding of so called Cayo pottery on St. Vincent 
can probably be attributed to them. It shows strong resemblances to South American 
mainland pottery [94-97].

When the first encounter with the Europeans took place in 1492, the Indigenous societies 
and cultures were already highly developed and organized in chiefdoms [98]. Several 
cultural groups populated the Caribbean: the Guanahatabey (Ciboney), the Taíno and the 
Island-Caribs (Fig. 5) [89,99]. The latter were referred to by the Spaniards as cannibals, 
although there is little archaeological evidence to support this historical myth. The 
expansion of the Island Caribs was stopped by the colonization of the Caribbean islands 
by the Spaniards. After an initial exploration of the Lucayan Archipelago and Cuba, 
Columbus reached Hispaniola on Christmas Eve in 1492 when his flagship the Santa 
Maria stranded on a sandbar close to the coast of present-day northern Haiti. With the 



11

Introduction

remains of the Santa Maria, he founded a fort “Puerto de la Navidad” and left 36 men 
behind before leaving for Spain. Upon his arrival in 1493, on his second voyage, he found 
La Navidad abandoned, and all his men killed. He continued sailing along the northern 
coast of Hispaniola and established the second settlement in the “Nuevo Mundo” on the 
north coast of the Dominican Republic (Puerto Plata Province) and named it after their 
Queen Isabella I of Castile “La Isabela” [100]. The settlement consisted of a stone fort, 
church and more than 200 huts where settlers lived [100]. La Isabela was abandoned in 
1498, because of various Indian raids, crop failures and ill health among the settlers [101].

Fig. 4: Distribution map of people and cultures in the Caribbean region at the arrival of Columbus 
in 1492 [99].

The Spanish colonisation had devastating influence on the Indigenous Caribbean and 
dramatically effected the native population, causing near annihilation. Despite this fact, 
Schroeder et al. [102] have demonstrated by genome analyses of ancient and modern 
DNA samples that a few direct descendants still exist proofing that Taíno ancestry has 
survived to the present day. Hispaniola was not the first Caribbean island discovered by 
Columbus but drew his attention due to suspected gold resources and wealth, as his crew 
noticed in 1493, when filling their water barrels in the Rio Yaque del Norte that flecks 
of gold became trapped under the barrel’s hoops [103]. They were in close contact with 
the inhabitants, the Taíno [101], and started exploring the region and the interior of the 
island along the “Ruta de Colon” [66]. The Taíno inhabited most of the Greater Antilles 
and were the main focus of Spanish occupation and domination [88,101]. 
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Fig. 5: Chronology of the series and subseries of cultures/pottery in the Caribbean after Rouse 
[68]. Each period is marked by relevant technological inventions and significant migrations. The 
Bahama channel area includes the Bahama Islands, The Turks and Caicos Islands and central Cuba. 
The Jamaica Channel area includes Jamaica and southwestern Haiti. The Windward passage area 
includes eastern Cuba and the adjacent parts of Haiti. The Mona Passage area includes, the Do-
minican Republic and western Puerto Rico: and the Virgin Passage area, eastern Puerto Rico and 
the Virgin islands. Lithic age is marked by stone chipping and food gathering, the Archaic age by 
the addition of stone grinding, the Ceramic age by the arrival of pottery and agriculture and the 
Formative age by the first public monuments.

As mentioned before, Taíno societies had mobility and exchange networks that 
traversed the Caribbean Sea and were, used for traveling and trading of exotic objects 
and materials. It is very likely that these networks also influenced the way in which the 
Spanish infiltration throughout the region took place [66,67]. Within twenty years, the 
Spaniards slowly spread over the entire Caribbean and moved to the mainland of Central 
and South America, using the existing trade and migration networks. However, the Lesser 



13

Introduction

Antilles were never fully occupied by the Spaniards, since they contain few valuable 
resources, such as precious metals present [101]. In addition the Carib were very ferocious 
against their conquistadors and as consequence, were enslaved by the Europeans [104]. 
Enslavement happened mostly to natives that came from ‘useless islands’ or tribes on the 
Lesser Antilles or Bahamas that resisted European rule. Slave hunting was legalised from 
1503 onwards [105,106]. Those who were enslaved were sent off to mine precious metals 
[101]. The market for slaves was not limited to the Caribbean region and soon started 
to emerge on a global scale. The major influence of the European colonization and the 
influx of many African and Indian slaves transformed the original societies and cultures, 
creating one of the most ethnically diverse regions of the modern world [65,67,107].

4. Brief outline of Caribbean geology
The Caribbean is located between North and South America, southeast of the Gulf of 
Mexico and is bounded to the west by Central America and to the east by the Atlantic 
Ocean (Fig. 7). The Caribbean Islands consist of the Lucayan Archipelago (Bahamas and 
Turks & Caicos Islands), the Greater Antilles Island Arc (Cayman Islands, Cuba, Hispaniola, 
Jamaica, Puerto Rico) stretching east-west and the Lesser Antilles Island Arc, oriented 
roughly north-south which includes 20 sovereign states and several non-sovereign 
territories.

4.1 Geodynamic evolution of the Caribbean plate
In order to determine whether a lithic artefact has a local or exotic origin, and hence to 
unravel the provenance by assigning it to a possible source, it is indispensable to have 
a good knowledge about the regional geology and its evolution. 

The geodynamic evolution of the Caribbean plate is controversial. Currently, there are 
two leading models describing either an in-situ (intra-America) or allochthonous (Pacific) 
origin of the Caribbean plate (Fig. 6). The latter is the most favoured and widely accepted 
theory and states that the Caribbean plate originated to the west within the Farallon plate 
and migrated, in the Late Mesozoic, from the Pacific Ocean eastwards with respect to the 
Americas, to its present position between North and South America [108-117]. However, 
Meschede and Frisch [118], as well as James [119] are in favor of the `in-situ model` which 
claims that the Caribbean plate has formed within the American plate (Fig. 6b).

1
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Fig. 6: Geodynamic models of the Caribbean plate; a) allochthonous (Pacific) vs. b) in-situ (in-
tra-American) origin [118].

The opposing model is considered unlikely as it is not in agreement with or fails to 
account for the following observations ([120] and references therein):

i) Plate geometries for the opening of the Atlantic Ocean (200-150 Ma until recent) are 
thoroughly documented and imply lack of space for the Caribbean plate between 
North- and South America in the pre-Aptian age (145-125 Ma).

ii) The opening of the Cayman Trough in the Eocene (56-34 Ma) provoked a relative 
sinistral offset of ≥ 1100 km of the North American and Caribbean plates.

iii) Seismic tomographic data obtained from various transects across the Lesser Antilles 
subduction zone defines a west-dipping slab beneath the Caribbean lithosphere that 
represents ≥ 1500 km of Atlantic lithosphere has been subducted.

The Proto-Caribbean oceanic crust subducted beneath the Caribbean plate and a slab 
gap developed that interacted with a pacific mantle plume leading to the development 
of a complex of intra-oceanic subduction zones and volcanic arcs in the Early Cretaceous 
[114]. Based on similarities in age and in composition of the arc material found on the 
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Aves Ridge - Lesser Antilles Arc system, the Dutch Antilles and the Greater Antilles, 
the concept of the “Great Arc of the Caribbean” was proposed [109]. This volcanic arc 
developed at the subduction plate boundary between the Proto-Caribbean Ocean and 
the future Caribbean plate. The Great Arc entered the Atlantic territory by its eastwards 
transform migration relative to the Americas. 

For the Middle and Late Cretaceous, subduction and seafloor spreading were coeval 
resulting in the subduction of the Proto-Caribbean spreading ridge and in the formation 
of a slab gap beneath the Great Arc [114,120]. Garcia-Casco et al. [121] developed a 
concept called the Caribeana domain, which is a Mesozoic sedimentary section that 
accreted during the subduction of the Proto-Caribbean along the north-eastern fringe 
of the Caribbean. Metasedimentary complexes that contain fragments of the Caribeana 
domain can be found in Yucatan and in the Greater Antilles [121].

In the Late Cretaceous the Great Arc started colliding gradually from west to east with 
Yucatan and the Bahama’s platform and broke apart in three sections [109,114,117,122].  
Arc material was left behind in Guatemala, Cuba, Hispaniola, Jamaica and Puerto Rico 
[123]. While the southern segment collided with the north-western margin of South 
America and left arc material in Ecuador and Colombia, the nowadays Aves ridge 
remained an active subduction zone.  The geodynamic development of the Great Arc 
of the Caribbean was controlled by the opening of the Cayman trough which caused an 
offset of 1100 km between North America and the Caribbean plate. In the Oligocene the 
Cayman Trough started spreading and during the Eocene it fully opened [124]. Bizon et 
al. [125] suggest that alkali volcanism found on the southwestern peninsula of Haiti mark 
the onset of rifting. This resulted in the detachment of northern Hispaniola from Cuba 
and assembled all the terrains that make up Hispaniola along a left-lateral transform 
fault system [114,123].

4.2 Present tectonic setting
Throughout most of its entire geodynamic evolution, the Caribbean plate was surrounded 
by transform and subduction boundaries. Today the Caribbean plate is roughly 3.2 million 
square kilometers in area and is separated from the North and South American plates 
by major, active lateral-moving faults and convergent margins (Fig. 7). The Caribbean 
plate mostly comprises of an oceanic tectonic plate that is bounded to the east and 
northeast by the west dipping Lesser Antilles subduction zone that consumes oceanic 
lithosphere of the North and South American plates. The northeast-dipping Central 
American active convergent margin to the southwest subducts oceanic lithosphere of 
the Cocos and Nazca plates. The northern side of the Caribbean plate is separated from 
the North American plate by a left lateral transform fault. This major, active lateral-
moving fault extends from the Lesser Antilles subduction zone in the east, through 
the Cayman Trough, the Orient Fault Zone south of Cuba and can be further traced 
through Central Guatemala [114,122]. The Motagua Fault Zone (MFZ) in Central Guatemala 
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consists of multiple east-west oriented sinistral strike-slip faults between the Chortís 
and Maya continental blocks [126]. The Puerto Rico Trench, which is the deepest part 
of the Atlantic Ocean, is the transition from the transform boundary in the west to the 
convergent margin setting in the east. The strike-slip dominated boundaries in the north 
and southeast of the Caribbean plate are accommodated by a westward movement of 
the Americas relative to it (Fig. 7; 22 mm/year) [127-130].

The Caribbean plate is composed of Jurassic-Cretaceous oceanic lithosphere that is 
surrounded by Cretaceous-Paleogene continental blocks and agglomerated volcanic arc 
segments [122,131]. Subduction related volcanism has formed the Lesser Antilles volcanic 
arc which stretches out from the Virgin Islands in the north to Trinidad and Tobago and 
Margarita Island in the south off the coast of Venezuela. The interior of the Caribbean 
plate consists of two large basins: the Colombian Basin and the Venezuelan Basin, which 
are separated by the Beata Ridge.

The majority of the oceanic crust of the Caribbean plate consists of basalts, tuffs and fine-
grained plutonic rocks in alternation with pelagic sediments. Deep Sea Drilling Project 
(DSDP) in 1969 in the Venezuelan Basin and the Ocean Drilling Project (ODP, Leg 15, 1970-
71) into the exceptional thick oceanic crust discovered a 90 Ma old Cretaceous diabase. 
In the Middle to Late Cretaceous, a large part of the Caribbean plate was inundated, 
thickening the Caribbean plate up to 20 km [116,120,132]. Donnelly et al. [133] suggest 
a basaltic flooding event during the Late Cretaceous which generated the Caribbean 
Large Igneous Province (CLIP) [109,128,129,132,134] or Caribbean-Colombian Cretaceous 
Igneous Province (CCCIP), e.g. Kerr et al. [135], a major oceanic plateau (~6*105 km2) 
[109]. Radiometric dating of DSDP and ODP drill samples from various spots in the 
Caribbean (Haiti, Curacao, western Colombia) point towards a relatively short flooding 
period between 91 and 88 Ma [135-139].

Various authors have stated that the basaltic event interacted with the Galápagos hotspot 
and the Pacific Mantle Plume and is possibly responsible for the extensive volcanism that 
created Caribbean oceanic plateau [140-142]. Besides the basaltic flooding event that 
occurred at 90 Ma, a second, less voluminous, but equally widespread flooding event took 
place at 76 Ma [132]. Since then the Caribbean Plate only has decreased by subduction 
below South America [123]. The interior of the Caribbean plate can be further divided 
into multiple basins, ridges, and escarpments [114,122]. The oldest rocks in the Caribbean 
region are located in the Caribbean Sea floor which comprises several basins (Colombian 
Basin and Venezuelan Basin) and highs (North and South Nicaraguan and Beata Ridge) 
of various basement types (The Yucatán, Tobago and Grenada Basins, the Aves Ridge, 
Cayman Trough and Lesser Antilles Arc). The oceanic plateau crust underlying the Beata 
ridge and both the Colombian and Venezuelan Basins is part of the CLIP. 
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Subduction zone rollback is attributed to the presence of the Grenada basin in the eastern 
part of the Caribbean [109]. The Greater Antilles convergent zone at the northern border 
of the Caribbean plate was active from the Jurassic to the Early Palaeogene. The North 
American plate was subducted underneath Cuba, Hispaniola and Puerto Rico and fossil 
remnant is nowadays represented by the Cuban Suture Zone which passes into the 
intricate fault system of Hispaniola [120]. 

Fig. 7: Tectonic map of the present-day Caribbean region including large-scale tectonic structures 
(major fault systems, transform faults, plate boundaries and subduction zones) that are indicated 
in green. Directions of present plate movements are visible through black arrows [143]; redrawn 
from Mann [113] and Pindell and Kennan [114].
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4.3 Formation and occurrence of jade in the Greater Caribbean
The term jade is widely used in the context of jewellery and archaeological artefacts but 
with different meanings. Three different minerals can make up the monomineralic rock 
described as jade. Jadeite is a sodium-rich pyroxene with the composition NaAlSi2O6 
and, for example, forms much of the jade found in Burma (Myanmar) that is and was 
widely used in Chinese jewellery ( jadeite-jade). Recently a second pyroxene, omphacite 
[(Ca,Na)(Mg,Fe2+,Al)Si2O6], has also been officially recognised as a jade (omphacite-
jade). The third mineral is nephrite, a calcium, magnesium, and iron-rich amphibole 
[Ca2(Mg,Fe)5Si8O22(OH)2]. Nephrite-jade occurs in many locations worldwide, for 
example in Japan and New Zealand. Despite the different compositions, all three minerals 
can be pale green in colour but changes in composition, most notably the amount of 
Fe, leads to variable colour from almost white to lilac to dark green. All three minerals 
are hard and dense and distinguishing between them simply by eye can be difficult but 
jadeite and omphacite are harder and denser and hence generally more suitable for use 
as durable implements and consequently liable to be more highly prized. High pressure/
low temperature metamorphism (> 30 km depth) are required to form the three types 
of jade. These conditions are generally limited to areas of the planet where one tectonic 
plate is subducted beneath another [144]. All three types of jade have been reported 
as artefacts in the Caribbean, but geological sources are limited to jadeite-jade and 
omphacite-jade in Guatemala, Cuba, and the Dominique Republic. In these localities 
jadeite-jade and omphacite-jade often occur together and most artefacts subject to this 
study contain various proportions of both minerals. In the following jade refers to rocks 
composed of jadeite-jade, omphacite-jade, jadeitite (> 90 vol.% jadeite), and omphacitite 
(> 90 vol.% omphacite).

Jade forms in subduction zones, when fluids, marine pore waters and/or from the 
breakdown of hydrous minerals, are released from subducting oceanic crust at relatively 
high temperature, > 350oC. Jadeite forms under general moderate T and HP by 
metasomatism of a precursor rock or precipitation in veins from an Al-Si-Na hydrous 
fluid. It is suggested that jadeite-jade precipitation occurs predominantly in the mantle 
wedge above the serpentinite rich subduction channel, where hydraulic weakening can 
lead to brittle fracturing (Fig. 8) [145]. 
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Fig. 8: Sketch of a Phanerozoic Pacific type subduction zone showing possible locations in the 
cross section for jade generation (green circles). R-type jades form along the subducting slab in 
close association with blueschist and eclogite metamorphism, whereas P-type jades precipitate in 
the serpentinised mantle wedge [145]; modified after Stern et al. [146].

Jadeite-rich rocks that crystallize directly from hydrous Na-Al-Si-rich fluids derived from 
the subducted lithosphere [147-150] are classified as “vein precipitation type” [150] or 
P-type (fluid precipitation) [151] (Fig. 8). P-type jadeite-jade crystallization occurs in 
fractures in serpentinised peridotites or HP/LT metamorphic rocks sometimes producing 
rhythmic zoning pattern of jadeite crystals containing fluid inclusions [151]. Less abundant 
are jadeite-jades generated through pervasive metasomatic replacement of mafic 
rocks by subduction zone fluid-serpentinite interactions. These rocks are classified as 
“metasomatic replacement type” [150] or R-type (metasomatic replacement) [151]. R-type 
jadeite-jades may partially retain the texture, mineralogy and geochemical fingerprint 
of a precursor rock as relict minerals maybe preserved [151]. These two “end-member” 
(R- & P-type) occur in most known jadeite-jade sources [150].

Jadeitites crop out in spatial association with other HP-LT metamorphic rocks, like 
blueschist and eclogite. Evidence for close association with blueschists is abundant, but 
less so for eclogites. Major occurrences consist of primary fluid precipitates (P-type, Fig. 
9), whereas fewer deposits document metasomatic replacement (R-type) of plagiogranite, 
metagabbro or eclogite, and both types occur in the same source or system. Most 
jadeitites lack quartz and have highly variable mineral assemblages so that equilibrium 
pressure-temperature (PT) determination can be difficult. Nonetheless, the presence of 
lawsonite and glaucophane is direct evidence of jadeitite formation at blueschist facies 
conditions. Jadeitites formed under blueschist facies conditions can be further subdivided 
according to the presence of clinozoisite or epidote + paragonite [152]. 
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Fig. 9: Simplified models for P-type jadeite jade formation from Harlow et al. [145]. Sketch (a) 
displays a boudinaged, less serpentinised peridotite containing hydro-fractures where jadeite 
jade precipitation occurs. Note σ1 is the maximum principal stress direction. Sketch (b) shows the 
stepwise fluid infiltration along a fracture or fault which can form multigenerational P-type jadeite 
jade. The width of these veins and blocks can vary from about 1.5 to 50 m.

Worldwide jade sources hosted in metamorphic complexes have restricted occurrences. 
In total less than 20 areas are known [151]. Within the Caribbean 4 sources exist: in 
Guatemala (GM) north and south of the Motagua Fault Zone (NMFZ and SMFZ), eastern 
Cuba (CU) and the northern Dominican Republic (DR).

The jade source on Hispaniola is located in the northern DR in the Rio San Juan Complex 
(RSJC; Fig. 10) in a serpentinite mélange. The Dominican Republic represents a complex 
island-arc system active from Early Cretaceous to Mid-Eocene [114,123,153]. The northern 
part consists of ophiolitic complexes with intrusive and volcanic arc rocks overlying 
the metasedimentary lithologies that are interpreted as accreted continental material 
derived from the Bahamas platform [122,154]. The Rio San Juan Complex contains tectonic 
blocks of jadeitite and jadeite-omphacite rich rocks [155-161] that can be found in the 
Jagua Clara and Arroyo Sabana serpentinite mélanges. These mélanges are thought to 
represent a fossil subduction zone channel. Two types of jadeite-jade occur in the RSJC: 
i) loose tectonic blocks which are quartz free and consist of up to 90 % of the pyroxene 
jadeite ( jadeitite s.str.) and ii) as vein like concordant and discordant jadeite rich rocks 
containing quartz that range from jadeitite s.str. to quartz-bearing jadeitite, jadeitite-
lawsonite quartzite and lawsonite quarzite (JQ/JLQ/LQ).
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Fig. 10:  Caribbean map with large scale tectonics displaying the tectonic setting of the Rio San 
Juan Complex in the northern Dominican Republic. Blow up showing the primary geology of the 
Rio San Juan Complex and locations of jadeitite outcrops/in-situ blocks [153].

The quartz-free jadeitite occurrences indicate precipitation from an aqueous fluid 
at 114.9 ± 2.9 Ma under PT conditions of < 400°C, > 0.7 GPa [145,153,162]. Quartz-
bearing jadeitite grading into jadeitite and jadeitite-lawsonite quartzite, occur as 
concordant and discordant veins in lawsonite and garnet-omphacite blueschists and 
represent metasomatized magmatic protoliths. They record PT conditions (< 450°C, ≥ 
1.2 GPa) [153,156,160,161]. Jadeite rich rocks containing lawsonite must have formed 
under blueschist conditions, are generally rare and would be indicative of “cold” 
subduction zones (i.e., geotherm <5°C/km) [151,163,164]. Their formation is assumed to 
be contemporaneous with the blueschist facies metamorphism 80-60 Ma (close to end 
of subduction) [156,162].

1
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Fig. 11: Geological sketch map of Cuba including major faults. Blow up showing the primary ge-
ology of the Sierra del Convento mélange and locations of jadeitite outcrops/in-situ blocks [165].

Jadeitite in eastern Cuba occurs in the Early to Late Cretaceous Sierra del Convento 
serpentinite mélange that contains a variety of tectonic blocks metamorphosed at HP/LT 
(Fig. 11)[165-169]. Jadeitite crops out in the Macambo region of the mélange, in an area 
of 5-7 km2, as loose blocks of pure jadeitite (> 90 vol% jadeite = jadeitite s.str., sensu 
stricto) [170-172] and jadeite-omphacite rocks generated through vein precipitation. 
U-Pb geochronology indicates generation at the beginning of subduction (107 Ma) and 
formation at 550 - 560°C and 1.5 GPa [168]. García-Casco et al. [165] proposed that the 
interaction of an Al-Na rich fluid with ultra-mafic rocks produced Al-Na-Mg-Ca rich 
fluids of varying composition, precipitating more jadeite - or more omphacite rich jades 
at HT (>550°C). This fact is also in agreement that these jades form at an early stage of 
subduction.
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Fig. 12: Simplified geological map of the Motagua Fault Zone in Guatemala highlighting the most 
important outcropping units. Jadeitite and Omphacitite locations north and south of the MFZ are 
all linked to serpentinite mélanges, indicated by squares and diamonds, respectively [173].

Guatemala hosts the most extensive jade source, with outcrops north and south of 
the Motagua Fault Zone (MFZ) occurring over an area of ~ 210 x 100 km2 (Fig. 12) 
[126,148,163,164,174-177]. The MFZ consists of multiple E-W to ENE-WSW orientated 
sinistral strike-slip faults between the Chortís and Maya continental blocks (Fig. 12) [178] 
featuring a mixture of metamorphic complexes, volcanic and obducted ocean floor 
of Cretaceous age [133,179]. Jadeitites mainly exist as loose tectonic blocks in sheared 
serpentinite; but primary contacts with serpentinite are preserved [164]. In the following 
the formation conditions are discussed and how they vary: The northern jadeitites are 77 
- 65 Ma old, whereas southern jadeitites formed earlier, ranging from 125 - 116 Ma [173]. 
Mineral assemblages in northern jadeitites indicate variable formation conditions within 
the greenschist – blueschist stability field at 0.6 – 1.2 GPa and 200-400°C (clinozoisite 
and paragonite), as well as in the eclogite facies (P ~ 1.7 GPa) at moderate T of ~ 620°C 
[173]. These jadeitites are quartz free and variably retrogressed to amphibolite and 
greenschist facies conditions [151]. Serpentinite mélanges south of the MFZ comprise 
tectonic blocks of lawsonite- and pumpellyite-bearing jadeitite. Distinct jadeitite locations 
are named after the nearest towns and are spatially limited [173]. Jade from the Carrizal 
Grande location (Fig. 12) comprises quartz inclusions in jadeite minerals and can be 
found together with lawsonite-eclogite [180].  Formation conditions of these quartz 
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inclusions indicate formation in the jadeite + quartz stability field within the lawsonite 
eclogite facies (T 350-480°C and P = 2-2.6 GPa) [164]. Quartz and lawsonite in jadeite-rich 
lithologies are rare [153]. Both minerals indicatea cold subduction zone with a geotherm 
of < 5°C/km and are only present in jadeitites from the SMFZ and DR. Jades outcropping 
at the La Ceiba locality (Fig. 12) [173] contain quartz inclusion in jadeite, however, they 
are associated with glaucophane blueschists and indicate a lower max T of ~450 °C. 
The absence of eclogite and the presence of the lawsonite blueschist suggest a P range 
of 1.2-1.6 GPa [164]. The La Ensenade (Fig. 12) [164,173] omphacite-jadeite lack quartz, 
suggesting maximal T of <300-350 °C and P of 0.6 GPa. Harlow et al. [164] proposed that 
jades south of the MFZ were generated during a single tectonic collision exhumation 
event between 144 – 132 Ma or 125 – 116 Ma. Petrographically, northern jades are 
heterogeneous and record grain boundary alteration and albitization, whereas southern 
jades are more translucent and darker in colour, commonly contain multiple generations 
of omphacite and include a pumpellyite-jadeite assemblage [152,164]. Finally, jade from 
SMFZ differs from those of the NMFZ suggesting that the MFZ records 2 collisional events 
or alternatively, represent different subduction complex [173,178].

5. Status of Caribbean provenance research and jade in the 
Caribbean archaeological context
Before the 1980s, Caribbean research was mainly focused on style and typology 
of ceramics and lithics generating a structured consecutive time frame for certain 
geographical areas. The analytical study of artefacts and skeletal remains including, 
wear trace analyses, residue and/or starch analyses, stable isotope analyses, geochemical 
analyses, and with the development of the Polymerase Chain Reaction (PCR) ancient 
DNA analyses, emerged in the 1990s [181]. Nowadays, research aims to attain holistic 
information about humans and objects. This includes knowledge about the life way of 
people from birth to death and beyond, their social position and its implications; as 
well as raw material acquisition, technology and function, reuse and burial of objects 
[13,14,182-190]. 

The Greater Caribbean has a diverse geological make-up that differs from island to 
island and the adjacent mainland. Therefore, the distribution and availability of various 
(geological) raw materials (e.g., chert, sandstone, limestone, clay, basalt, obsidian, diorite, 
granite, jadeite – and omphacite jade, greenschist, eclogite, blueschist, etc.) that were of 
high importance to the Indigenous population over several epochs, are spatially restricted. 
The control over a rare geological resource presumably offered nearby settlements a 
superiority [191] and promoted communities in the manufacture of specific commodities. 
Consequently, the accessibility and procurement of locally limited resources might have 
played an important role in the permanent socio-political challenge between different 
chiefdoms and tribes. By implementing geochemical analysis as a tool in Caribbean 
archeology we can contribute to better understand how trade operated in pre- and 
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postcolonial times. These findings will be beneficial in reconstructing intra- and inter-
community behaviour and contact. In the past few decades, archaeometric studies 
applying, for example X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), Laser Induced 
Breakdown Spectroscopy (LIBS), Inductively coupled plasma Mass Spectrometry (ICP-
MS) and Instrumental Neutron Activation Analysis (INAA), have successfully identified 
the make-up and/or source of (pre-colonial) artefacts crafted from diverse materials 
[28,91,93,192,193]. These findings point towards the circulation of (semi-) finished products 
and raw materials within an extensive network. Having said that, provenance studies of 
archaeological materials are still underutilized in the Caribbean [181]. 

The examination of lithic/inorganic artefacts from Ceramic Age sites within the Caribbean 
has aroused new interest. Bivalves, bone, teeth, and rocks, for example, chert [194] and 
quartz varieties (e.g. amethyst, carnelian, rock crystal) [13,14] served for creating goods. 
One area of particular interest is the source of jadeite- and omphacite jade artefacts. 
Ubiquitous finds of non-local jade artefacts on most Antilles Islands indicate that it was 
a highly prized and valued material. Jade was used by the Indigenous people to produce 
and distribute adornments and tools (utilitarian and ceremonial). In 2006, Harlow et al. 
[195] reported the find of jade axes in the Caribbean Islands on Antigua at an excavated 
Saladoid site (ca. AD 250-500, Fig. 13). They studied ten mottled, dark-green ornamental 
jade axes with respect to mineralogy and petrological texture in order to link them to a 
source.  At that time (2006), only twelve jade sources were known worldwide, including 
source regions in the Motagua Valley in Guatemala [147]. The authors assigned the celts 
(pre-colonial rock equipment with a pear-shaped blade that could be used as e.g. [wood-
cutting] tool, weapon, or ceremonial object) to outcrops south of the MFZ in Guatemala, 
due to the texture and the fact that quartz, glaucophane and lawsonite are present in the 
samples. Nevertheless, there were doubts as the mineral paragenesis and the pyroxene 
structure deviate from the SMFZ source. Consequently, they did not rule out unknown 
sources on Greater Antilles Islands, such as Cuba, Hispaniola, and Jamaica, which feature 
the required serpentinite mélange. Regardless of the ambiguity, the outcome of this 
provenance study was geologically and archaeologically crucial as it states the importance 
of Guatemala as the potential Caribbean source of jade. In addition, the conclusion 
disproves the predication that all exotic gems, minerals and lithologies recovered from 
Caribbean Islands have their origin in South America. Anthropological speaking, the 
results implicated longer-distance exchange, trade and migration networks then assumed 
by scholars up to that point of time and demonstrated the first contact with the mainland 
at the beginning of the first millennium.  In the following years, new jade localities were 
found on eastern Cuba (Sierra del Convento) [165,167-169] and in the northern Dominican 
Republic (Rio San Juan Complex) [153,157,158,160,162,196] that decreased the likelihood of 
a Central American connection and rather pointed to a Greater Antillean origin. After the 
new discoveries, Tsujimori and Harlow [151] summarized and briefly described nineteen 
global jade sources. The new jade deposits raised the question of if the identified origin 
of many artefacts, collected and excavated from various Antilles Islands and the Lucayan 

1



26

Chapter 1

Archipelago, were assigned correctly. Jadeitic celts have been retrieved throughout the 
Greater Caribbean from Ceramic Age sites suggesting that a vast network existed in 
which these objects circulated (Fig. 1). Since the new jade outcrop discoveries, several 
destructive provenance studies have been conducted using petrography and mineralogy 
to compare jade artefacts to the 4 known sources (SMFZ, NMFZ, CU, DR) [91-93,197]. In 
2013, Garcia-Casco et al. [92] published a provenance study that applied detailed electron 
microprobe analyses (EMPA) on jadeitite celts recovered from the Early Ceramic Golden 
Rock site (AD 230-890) on St. Eustatius (Fig. 13). They emphasised the importance of 
determining the whole mineral assemblage including the accessory phases and rock 
texture, in order to source jade samples, as a consequence of their complex genesis. 
According to their results they defined three jade classes for the artefacts, as the samples 
were structural and textural highly variable. The authors considered and discussed that 
either a single source with an immense intra outcrop variability or multiple deposits could 
cause such a high degree of variation among the studied artefacts. Interestingly, after 
thorough comparison with the four known sources they concluded that group 2 and 3 fit 
well with jades cropping out north and south of the Motagua Valley; and did not rule out 
that group1 could be also assigned to Guatemala. Irrespectively of the more likely and 
closer jade occurrences on CU and the DR, this provenance study supports the formerly 
established hypotheses of supra-regional exchange networks that connect the Lesser 
Antilles with Central America during the Ceramic Era of the Caribbean.

Given the proximity, the jade deposits on Cuba and the DR might have been exploited 
by the pre-colonial Indigenous population, as opposed to the far away deposits in the 
Motagua Valley. Based on the timing, a discrepancy exists with source exploitation and 
temporal occupation/settlement. Rodríguez Ramos [198-200] argue on the basis of 
contextual, iconographic and technological evidence as well as characterisation studies 
(particularly [195]) that jade finds in Antillean contexts pre-dating AD 500/700 are sourced 
to the MFZ, Guatemala. However, the decline of the long-distance circulation of MFZ jades 
post-AD 700, increased the consumption of jade sources in Cuba and Hispaniola [164,171]. 
They suggest that it is Cuban and Dominican sourced material that, after AD 850, e.g., 
entered the Bahamas. Given the proximity, this is a reasonable assumption, and one well 
represented in Bahamian/TCI research [201-203]. However, recent work by Harlow et al. 
[91] on three jade artefacts from sites on San Salvador, Bahamas dating to post-AD 1000, 
suggests that jade sources of artefacts from the Lucayan archipelago may well extend 
beyond the current expectations, to as yet unknown sources. One suggests a source from 
Sierra del Convento, Cuba, while the two others, while consistent with materials from the 
Rio San Juan Complex, Dominican Republic, have sufficiently distinctive characteristics to 
suggest a yet unknown source.  While this degree of detail is possible with jades, work on 
these is in their early phases. We have yet to explore the other lithic materials, which have 
a much wider distribution within the region, and as such are currently indistinguishable 
to specific source. Further, Rodríguez Ramos [198] notes that jadeitite celts form a rather 
small portion of celt assemblages in the Lesser Antilles– though these identifications 
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were based only on visual inspections. In contrast, Ostapkowicz et al. [204] have found 
that the majority of the Smithsonian’s Bahamas/TCI corpus is composed of jade celts.  

Finally, and as highlighted by Harlow et al. [91,195], we cannot rule out an unknown source 
that could have served for jade raw material procurement. The possibilities of discovering 
new jade outcrops are limited to ophiolitic complexes containing exhumed serpentinite 
mélanges (Fig. 13). These metamorphic complexes are well mapped in the Caribbean. 
Nonetheless, jade deposits may crop out in very restricted areas and are easily missed. 

Fig. 13: Topographic Map of the Caribbean from Garcia-Casco et al. [92] showing known and 
potential jade source regions. Stars are indicating finds of studied exotic jade artefacts on Antigua 
[195] and St. Eustatius [92].

6. Objectives
As part of NEXUS 1492 this thesis aims to assess the impact of Caribbean colonisation 
on the Indigenous (material) culture. Indigenous inter-Islands exchange networks, also 
connecting to the mainland form an important focus of research within NEXUS 1492. 
Studies of lithic artefacts such as tools and implements play a key role in this respect as 
they provide essential information of the entire process of collection of geological raw 
materials, production of the artefacts, use of the artefacts, and distribution and trade 

1
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by the pre-colonial Amerindian communities. Jade artefacts are specifically useful as 
they have been recovered from archaeological sites all over the Caribbean Archipelago, 
whereas the locations of (known) sources are limited to only few of the islands, the 
Dominican Republic and Cuba, and mainland Guatemala. Finds of exotic jade materials 
on islands in the Lesser Antilles suggest long distance inter-Island trade networks possibly 
even connecting to the Meso-American mainland. Geochemical analyses of the artefacts 
and a comparison to the possible source rocks is the way to fully characterize the structure 
of these trade routes. A new technique has been developed and validated that allows 
trace elemental and isotopic analyses on micro gram amounts of material from the 
artefacts to determine the source region of artefacts. Jade artefacts from pre-colonial 
Caribbean archaeological sites were identified in private and public collections across 
the world and sampled on location using a portable, macroscopically non-invasive laser 
ablation device for geochemical analyses.

To meet the above-mentioned goals the thesis addresses the following research 
questions:

i) Is it possible to fully discriminate circum-Caribbean jade sources by applying trace 
element ratios and radiogenic isotope compositions (Sr-Nd-Pb)?

ii) How variable is the intra- and inter-source geochemical signature? 

iii) Are we able to sample lithic artefacts (especially made from jade) efficiently and 
representatively with the pLA device and subsequently determine accurate and 
precise trace element ratios and radiogenic isotope compositions (Sr-Nd)?

iv) What is the best statistical approach adopting geochemical data to separate circum-
Caribbean jade sources from each other and to predict the provenance of ceramic 
age and colonial jade artefacts recovered from various archaeological sites on 
Caribbean Islands? 

v) What are the exact sources of geological raw materials used to produce the 
investigated artefacts?

vi) Which settlements served as production sites and played key roles in the distribution 
of geological materials to more distant Caribbean regions?

vii) Can we detect any temporal and spatial transformation in mobility, exchange, and 
trade networks across the Ceramic Age (400 BC – AD 1492/1500) by determining the 
movement of materials and objects?
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7. Synopsis
This thesis is written as a collection of scientific papers which are published, in revision 
or ready for submission in relevant peer-reviewed journals. Chapter II is published in the 
Journal of Analytical Atomic Spectroscopy [36], chapter III is forthcoming in the Journal of 
Archaeological Science [205], chapter IV is forthcoming in the Journal of Archaeological 
Science: Reports [206], and chapter V [207] is under consideration for publication in a 
journal. The compendium of academic papers is framed by the introductory chapter I 
and a synthesis chapter VI including an outlook. All analytical techniques applied are 
accurately described in the corresponding chapters. In the following, all chapters are 
summarized.

The research project and focus are introduced by chapter I, which highlights all significant 
scientific fields and aspects of this inter-disciplinary research, combining Archaeometry, 
Caribbean Archaeology and Caribbean Geology. Chapter II is dedicated to method 
development and optimization of a prototype portable laser ablation (pLA) sampling 
device followed by ultra-low blank (ULB) trace elemental and multi-isotopic analyses. 
The pLA device enables sampling of objects in art and archaeology in a minimal-invasive 
way leaving ablations pits with a diameter of the size of a human hair. The method 
can be used to either source the origin of the geological raw materials or prove the 
authenticity of an object. Chapter III is focused on the geochemical characterization 
of circum-Caribbean jadeite- and omphacite jade source rocks that potentially served 
as geological raw materials for pre-colonial tools and paraphernalia. Following trace 
elemental and Sr-Nd-Pb isotope composition analyses, a multi-class regression statistical 
approach, based on trace element ratios, is employed to fully discriminate the four jade 
source regions of the Caribbean territory from each other. The resulting source rock 
database is a precondition for provenance studies of Caribbean jade items to which the 
geochemical fingerprint of artefacts can be compared to. The application of the validated 
pLA sampling method with subsequent low blank geochemistry (chapter II) and the 
implementation of the established discrimination model (chapter III) to artefacts stored 
in museum collections, are the topics of chapters IV and V. The first case study unravels 
exchange and mobility networks of jade artefacts hosted at the National Museum of 
Denmark excavated from various Ceramic Age sites on US Virgin Islands. Additionally, the 
provenance determination was complemented with a typo-technological and microwear 
study of jade bodily ornaments, to provide a comprehensive picture of patterns in jade 
ornament production and use. The source of jade celts and bodily ornaments recovered 
from the Ceramic Age Pearls site on the southeastern Caribbean Island Grenada is subject 
to chapter V. Grenada is eminent for the research of Indigenous mobility networks as it 
is an economic key node, interconnecting the Lesser Antilles with the South American 
mainland. The thesis concludes with chapter VI. The current state of the art and limitations 
in portable laser ablation (pLA) micro-sampling are discussed, and a final outlook 
addresses new analytical developments and future directions. A critical assessment of 

1
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the conducted provenance research and further recommendations and needs for future 
studies are debated. The dissertation ends with the synthesis of the major obtained 
results with respect to ancient mobility and exchange networks between Caribbean 
Islands and the mainland, including some closing remarks.
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Abstract
A new integrated trace element and multi-isotope provenancing methodology is 
presented that uses a portable “non-invasive” pulsed laser ablation sampling technique. 
Samples are collected on location onto Teflon filters for return to a clean laboratory for 
low blank (pg) geochemical procedures. Ablation pits approximately 60 or 120 µm in 
width and depth remove µg amounts of material. Following dissolution, trace element 
ratios are determined by inductively coupled plasma mass spectrometry and combined 
Sr–Nd isotopes by thermal ionization mass spectrometry. Use of 1013 Ω resistors allows 
precise analysis of sub-nanogram amounts of Sr–Nd isotopes, which coupled with the 
trace element data, provides highly effective multi-variant discrimination for material 
provenance and authenticity verification. Monitoring of blank contributions is required.

Previous pages: Laser ablation craters, upper image in a half Swiss Franc, lower image in a Cuban 
jade source rock, generated with a tapered optical fibre. The typical crater geometry is conical with 
a diameter of 50 µm and a depth of 70 µm.
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1. Introduction
Chemical fingerprinting of art or archaeological materials can potentially determine 
how, when and where objects were made and hence their provenance and potentially 
authenticity. If public and/or private institutions allow study of art or artefacts, generally 
material cannot be transported for examination or analysis, nor is bulk destructive 
analysis permitted. Analyses need to be essentially non-invasive and preferably carried 
out at the institution. This reality often renders validating authenticity or linking precious 
artefacts to their source difficult. Consequently, portable non-destructive instrumentation 
and analysis is required.

Commercially available non-destructive portable analytical techniques have limitations 
and are not capable of determining isotope compositions. Portable XRF (pXRF) and laser-
induced breakdown spectroscopy (pLIBS) used for major and trace element analysis, 
for example, have relatively poor analytical accuracy and precision (1-10%) and require 
thorough calibration with matrix matched standards [1-3]. These portable techniques 
therefore generally do not discriminate the source of most raw geological materials that 
comprise art and archaeological artefacts. Detection limits of conventional (non-portable) 
XRF or inductive coupled plasma mass spectrometry (ICPMS) are up to five orders of 
magnitudes lower than non-invasive techniques for trace elements resulting in higher 
accuracy and precisions but require sample preparation [4,5].

To resolve the provenance of geological materials, ideally, a combination of elemental 
abundances and isotopic ratios are needed. Several recent studies have stressed that 
a multiple isotopic approach is most effective for the provenance of geological and 
biological materials [6-8]. Such methods, however, along with petrological studies of the 
constituent mineralogy, generally require grams of material, something that is impossible 
to obtain from museum-grade artefacts.

This paper presents a macroscopically non-destructive sampling method for art and 
archaeological materials that is coupled with low blank trace element analyses by ICPMS 
and Sr-Nd isotope analyses by thermal ionisation mass spectrometry (TIMS) using 1013 Ω 
amplifiers [9,10]. Precise and accurate analyses are performed on μg amounts of material 
ensuring that the integrity of the object is preserved.

2
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2. Methodology
Analysis of μg of ablated material or ≤ ng of individual elements requires rigorous 
control of sample contamination by minimising the input of extraneous material during 
sampling, sample preparation, pre-treatment, and chemical separation procedures. Inter 
alia, Sr and Nd can potentially be introduced to a sample by airborne dust, reagents and 
from the surfaces of lab ware. Ideally a sample to blank ratio > 100 is achieved to avoid 
the requirement for blank corrections. Here we developed a technique that aimed to 
produce accurate and precise trace element and Sr-Nd data by minimizing the blanks 
during all aspects of the method. Our isotope analysis techniques require a minimum 
of 10 pg Nd and 2 ng Sr.

2.1 Portable laser ablation sampling
The essentially “non-invasive” sampling methodology incorporates a pulsed portable 
laser ablation sampling device (pLA) [11,12] that has been further developed and 
optimised. The ability of the system, in combination with clean laboratory techniques, 
to produce reproducible coupled trace element and Sr-Nd isotope ratios is evaluated 
using the international glass standard BHVO-2G and jadeitite rocks that have lower trace 
element contents. The pLA system is transported in an airline cabin compatible suitcase 
(54.5 x 35.0 x 23.0 cm) weighing approximately 15 kg including a pulsed diode pumped 
solid state laser (Wedge HB 532, Bright Solutions SRL, Cura Carpignano, Italy), optical 
fibre, laser ablation module, sampling filter holder and membrane pump (Fig. 1).

Fig. 1: Assembled portable laser ablation sampling device composed of a DPSS laser (λ 532 nm), 
an optical fibre, a laser ablation module, and a sample holder. Magnified inset image shows the 
sample wheel with six filters.
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The compact laser produces a wavelength of 532 nm with a pulse duration of < 1 ns. The 
pulse frequency can be varied between 1-10000 Hz. Sampling efficiency and elemental 
fractionation effects are not affected by the ablation frequency [13]. The laser beam 
output has a diameter of 1 mm and output energy of 1.3 mJ. Before entering the fibre, 
the laser beam is focused by an aspheric lens mounted on a x/y translation stage. In this 
study two different optical fibres were used, a standard fibre (QP450-2-XSR, Ocean Optics 
Inc., Dunedin, FL, USA) with a constant core diameter of 450 µm, and a tapered fibre 
(AFT600TO200Y, Fiberguide Industries Inc., ID, USA) with a core A diameter of 600 µm 
passing into a core B diameter of 200 µm [14]. Both optical fibres are 2 m in length and 
allow flexibility when sampling objects of different size and shape. The laser produces a 
homogenised energy distribution that is focused on the sample surface by two lenses in 
the ablation module. The standard fibre produces a beam with a 100 – 130 µm diameter, 
the tapered fibre reduces the beam diameter to 50 - 70 µm (Fig. 2) and maintains the 
maximum energy at the sample surface at > 1 mJ. An open ablation cell allows aerosol 
extraction to a Teflon filter by suction generated by a miniature oil-free membrane 
pump (Fig. 1). During ablation, the sample surface is illuminated with a LED ring and 
observed with a monochromatic CCD camera (Chameleon, CMLN-13S2M-CS, Point Grey 
Research, Richmond, BC, Canada; software package Fly Capture Point Grey SDK). The 
eight–fold magnification allows observation of a 1 mm2 sample area, so that the exact 
sampling position and the focal point of the laser can be optimised. An individual ablation 
sample is taken in a 1-minute routine at 100 Hz frequency, i.e., 6000 pulses. To obtain 
enough material for combined trace element and isotopic analyses, multiple ablations of 
individual samples may be required, depending on the elemental concentrations of the 
ablated material. Samples were collected on PTFE Mitex® membrane filters (LSWP01300, 
Merck Millipore Corporation, MA, USA) that have a pore size of 5 µm, a porosity of 60% 
and are hydrophobic. Filters are 13 mm in diameter with a thickness of 170 µm. Filters 
were pre-cleaned by submerging them for > 3 days at 120oC in a mixture of 3 M HCl and 
0.2 M HF and are transported in Milli-Q® in cleaned PTFE vials. A filter wheel contains 
six filter positions. The ablation chamber and tubing to the filter holder are cleaned 
using ethanol and compressed air before switching to a new filter position. The blank 
contribution during sampling is monitored on each sample wheel of six filters. After 
sample collection, filters are extracted from the holder on site and stored in pre-cleaned 
centrifuge tubes ready for processing in the low blank isotope geochemistry laboratories 
of the Vrije Universiteit Amsterdam.

2
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Fig. 2: SEM images of ablation pits generated with a tapered fibre; crater dimensions are ~60 µm 
in width and depth. (A) and (B) craters in half a Swiss Franc; note that the pale halo around the pit 
is debris which can be easily removed by cleaning with water. (C) Crater in a natural jadeite bearing 
rock from the Rio San Juan Complex in the Dominican Republic [15].

2.2 Sample dissolution
Filters are hydrophobic and inert to all solvents, acids and alkaline solutions. In this study 
trace element and isotopic composition analyses were sampled separately onto different 
sample filters. Filters with sampled material were placed in 7 ml ultra-clean PTFE beaker 
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and dissolved by adding ~ 1.0 ml of concentrated HF and ~ 0.5 ml of concentrated 
HNO3. Closed beaker were placed on a hotplate at 120⁰C for 3 days and placed in an 
ultra-sonic bath twice a day in order to disaggregate the material and promote acid 
attack. Following filter removal, solutions were evaporated to dryness. For trace element 
analyses by ICPMS samples were taken up in 1 ml of 5% HNO3. To prepare for column 
chemistry and subsequent isotope composition analyses by TIMS, dried down samples 
were nitrated with two drops of concentrated HNO3.

Filter blanks (see results section) were determined on unclean and cleaned filters by 
isotope dilution (ID) following the procedure used for sample dissolution. After filter 
removal, the solution was centrifuged (4 min/12000 U) and ~ 0.1 ml of spike (84Sr 
spike = 10.443 ppb, 150Nd spike = 35.52 ppb) was added for Sr and Nd. The solution was 
evaporated to dryness and nitrated with two drops of concentrated HNO3.

2.3 ICPMS analyses
Trace element analyses were performed on a Thermo Fisher X-series-II ICP-MS following 
a modified analytical protocol from Eggins et al. [16] The limit of detection (LOD) and limit 
of quantification (LOQ) of the ICP-MS were determined by analysing an acid blank (5% 
HNO3) 10 times. A three-point calibration curve was applied containing 0.1 ppb, 0.2 ppb 
and 0.5 ppb solutions of provenance relevant elements like REE, HFSE, LILE and additional 
elements (Th, U, Sr, Pb, Ba, Rb, Sc). For most of the elements the LOQ is below 2 ppt, 
exceptions are Ba (4 ppt), Zr (5 ppt) and Sc (45 ppt). When elemental blanks were below 
LOQ, data were not blank corrected. Calibration and instrumental drift were corrected 
using a BHVO-2 solution. Repeat analysis of a USGS reference material BCR-2 yield better 
than 10% (2 RSD) for all reported trace elements.

2.4 Determination of mass removal
The mass removal of four BHVO-2 glass samples was determined based on ICPMS analysis 
from known element concentrations in the reference glass (USGS values). Samples of 
BHVO-2 glass were obtained by combining 10 individual ablations at 100 Hz using a 
normal optical fibre.

2.5 Miniaturized low blank chemical separation for Sr and Nd
Chemical separation of the element of interest is required prior to TIMS analysis to avoid 
isobaric interferences and optimise ionisation efficiency. Here we utilise a combined 
miniaturized low blank chemical separation methodology for sub-nanogram amounts of 
strontium and neodymium [9,10,17]. Sample preparation was conducted in a class 1000 
clean laboratory equipped with class 100 laminar flow hoods. Low blanks were achieved 
by purification of reagents, thorough cleaning of lab ware and by minimizing the volume 
of chromatographic columns and reagents. Analytical reagent grade acids (HCl, HNO3, 
HF) were purified by double sub-boiling distillation in silica glass or PTFE stills. Water was 
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purified using a Milli-Q® integral water purification system, Merck Millipore Corporation 
(resistivity 18.2 MΩ cm at 25°C).

2.6 Thermal ionization mass spectrometry
Sr and Nd isotope ratios were determined on a Thermo Fisher Scientific TRITON-Plus 
TIMS in static mode on outgassed single and double Re filaments, respectively. The 
instrument is equipped with a multi-collector assembly featuring one fixed central and 
eight movable Faraday cups. All the presented Sr isotope data were collected using 
default 1011 Ω amplifiers (> ng), whilst Nd isotope ratios were analysed employing 1013 Ω 
amplifiers (< ng) [9,10]. Cup configurations for isotope ratio analyses of Sr and Nd using 
a relay matrix (“virtual amplifier” system) are shown in Table 1.

The 143Nd/144Nd and 87Sr/86Sr ratios were corrected for instrumentation mass fractionation 
using an exponential law by normalization to 146Nd/144Nd = 0.721903 and 86Sr/Sr = 0.1194. 
Over the period of this study, the long-term values for 200 ng loads of the in-house CIGO 
Nd standard yielded 0.511328 ± 0.000010 (2SD, n=29) and for 200 pg loads 0.511371 
± 0.000065 (2SD, n=4); the JNdI measured on 100 ng gave 0.512096 ± 0.000013 (2SD, 
n=4); and the NBS987 Sr standard resulted in 0.710242 ± 0.000025 (200 ng, 2SD, n=45).

Table 1: TIMS cup configuration of static multi-collector mode.

3. Results
3.1 Mass removal
The sample volume taken depends on the fibre used, the stability of the laser beam and 
the material itself. Crater geometries determined by a VK-9710K Series 3D Laser Scanning 
Confocal Microscope (Keyence, Osaka, Japan) at the Leibniz University in Hannover, 
Germany, range from cylinder to cone, including transitional shapes.

The four BHVO-2 glass analyses (10 ablations each) yielded on average 14.6 ng Sr (11.72-
15.71 ng) and 0.85 ng Nd (0.63-0.95 ng). Thus, the amount of material sampled varied 
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between 25.5 to 40.0 μg (36.25%) for the 10 ablations based on Sr and Nd abundances 
in BHVO-2 glass of 393 and 24.9 ppm respectively (USGS values).

3.2 Trace element data
Due to the uncertainty in sampling volumes, precise trace element abundances in the 
sampled material cannot be determined. Importantly, however, trace element ratios will 
be unaffected and hence can be used for provenance and authenticity studies.

To validate the reproducibility of trace element ratios when sampling with the portable 
laser, four BHVO-2G analyses were conducted. The resulting trace element ratios are 
generally in agreement (for most of the ratios 2RSD of <10 %) with trace element ratios 
of recommended USGS and preferred Georem [18] BHVO-2G values (Table 2; Fig. 3) even 
when considering elements with differing volatility.

Table 2: Representative trace element ratios and relative standard deviation of samples ablated 
from BHVO-2G compared to recommended USGS values and Georem dataset. Outliers were de-
termined through statistical methods and rejected.

2
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Fig. 3: Trace element ratio reproducibility and 2SD (which may be smaller than symbols) of four 
BHVO-2G samples (excluding outliers) compared to ratios calculated from (A) recommended BH-
VO-2G USGS values and (B) Georem BHVO-2G data. Note grey shaded area displays propagated 
error of the USGS and Georem ratios. Note no error is available for USGS Ta data.

3.3 Filter blanks
Analysis of filters before cleaning yielded average blanks of 90.3 pg for Sr (41.2 – 145.6 pg, 
n=2) and 1.47 pg for Nd (1.37 – 1.56 pg, n=2). In contrast, cleaned filters yielded average 
blanks of 28.88 pg of Sr (22.41 – 37.34 pg, n=8) and < 0.5 pg of Nd (n=5). Thus, Nd filter 
blanks are negligible, whereas Sr may contribute significantly to the total procedural 
blank.

3.4 Clean laboratory blanks
Nd and Sr clean laboratory blanks, including sample digestion, chemical separation and 
TIMS loading blank, are 2.09 pg for Nd (n=3, ± 1.27 pg 2SD) and 50.67 pg for Sr (n=5, ± 
36.12 pg 2SD). These blanks exclude the sampling process and the contribution of the 
filter. To allow precise clean-lab induced blank corrections to be applied if required, the 
isotopic compositions (Sr-Nd) of the lab blanks were determined by Koornneef et al.10 
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by upscaling the separation procedure by a factor of 30. The isotopic compositions of 
the in-house total procedural chemical blanks were 87Sr/86Sr = 0.711120 ± 0.000050 (2SD, 
n=3) and 143Nd/144Nd = 0.511856 ± 0.000090 (2SD, n=3).

3.5 Total procedural blanks
Blanks determined on Teflon filters that were exposed to 10 minutes of air sampling with 
subsequent column chemistry yielded 78.4 pg Sr (n=11, ± 50.6 pg 2SD) and 4.6 pg Nd 
(n=11, ± 5.2 pg 2SD). These total procedural blanks include contamination introduced by 
sampling, the filters, the sample dissolution, chemical separation, and loading. Based on 
the highest measured blanks we conclude that for Nd the sampling process approximately 
contributes 67.3%, filter 4.3% and the chemical procedure 28.4%. For Sr the pLA sampling 
adds 17.6%, filter 29.4% and the chemical procedure 56.8%.

3.6 87Sr/86Sr and 143Nd/144Nd reproducibility: BHVO-2G and jadeitite
Isotopic composition reproducibility of the entire methodology was evaluated using 
a polished sample of BHVO-2 glass and two pure jadeitite samples from the Sierra del 
Convento Complex in Cuba [19].

When using 1013 Ω resistors on a TIMS, accurate and precise Sr-Nd isotope ratios can 
be determined on as little as 10 pg but potential blank contributions suggest > 100 pg 
of an element is required.9 To provide enough material and a representative sample, 
the BHVO-2 glass was ablated 10 times using a normal optical fibre. To validate the 
minimum amount of material needed for Sr isotope analyses when sampling with the 
pLA device, a further 8 samples were collected with only 5 ablations. The jadeitites were 
each ablated 20 times.

The reproducibility and internal precision of Sr and Nd isotope ratios produced from 
BHVO-2 glass and two pure jadeitite samples are shown in figures 4 and 5.

2
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Fig. 4: Sr and Nd isotope data on multiple ablated samples of BHVO-2 glass (A) 87Sr/86Sr ratios with 
2SD error after 10 (diamonds, 2SE smaller than symbols) and 5 (squares) ablations, measured using 
1011 Ω amplifiers. The dashed line represents the average (87Sr/86Sr = 0.703469 ± 0.000014, 2SD) 
measured on large aliquots of BHVO-2G [20]. (B) 143Nd/144Nd ratios of a BHVO-2 glass with 2SD 
error after 10 ablations, measured using 1013 Ω amplifiers. The dashed line represents the average 
(143Nd/144Nd =0.512957 ± 0.000006, 2SD) measured on large aliquots of BHVO-2G [21].

Repeated analyses of aliquots of Sr (~ 10 - 15 ng), when ablating the BHVO-2 glass 10 
times, yielded an external reproducibility of 87Sr/86Sr of 0.703533 ± 0.000103 (2SD, n=16) 
with internal precisions of < ± 0.000033 (2SE). The average is in agreement with the 
87Sr/86Sr obtained by Elburg et al. [20] on large sample aliquots (87Sr/86Sr = 0.703469 ± 
0.000014, 2SD). Although within error, the highest absolute 87Sr/86Sr may imply a blank 
contribution of 1.9%. For samples obtained using 5 ablations (Sr < 5 - 7.5 ng), 87Sr/86Sr 
ratios vary significantly and all except two samples are outside the external reproducibility 
reported by Elburg et al. [20]. We conclude that for the 5-ablation approach, insufficient 
material was collected to overcome the influence of the variable total procedure blank 
and that currently a minimum of 10 ablations is required for a representative analysis.
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Multiple aliquots of Nd (< 1 ng, n=12) from BHVO-2G were analysed using 1013 Ω resistors. 
The analyses yield an average internal precision of ± 0.000046 (2SE) and an external 
reproducibility of 143Nd/144Nd 0.512923 ± 0.000054 (2SD). The data is within error of 
143Nd/144Nd = 0.512957 ± 0.000006 (2SD) measured on large aliquots of BHVO-2G [21].

Fig. 5: Sr and Nd isotope data on multiple ablated samples of jadeitite after 20 ablations (A) 87Sr/86Sr 
ratios with 2SD error, measured using 1011 Ω amplifiers. The dashed line represents the 87Sr/86Sr and 
2SE (87Sr/86Sr =0.703517 ± 0.000011) measured on a large aliquot (376 ng). (B) 143Nd/144Nd ratios with 
2SD error, measured using 1013 Ω amplifiers. The dashed line represents the 143Nd/144Nd and 2SE 
(143Nd/144Nd =0.512965 ± 0.000006) measured on a large aliquot of the sample (262 ng).

Multiple 87Sr/86Sr analyses of jadeitite sample containing 13.7 – 21. 9 ng gave 
87Sr/86Sr = 0.703536 ± 0.000073 (2SD, n=16), with an average internal precision of ± 
0.000011 (2SE). Eleven of the 16 samples are within error of the ratio determined on 
a 376 ng aliquot processed through conventional wet chemistry techniques on the 
powdered sample (0.703517 ± 0.000011, 2SE). Five samples have elevated values that 
could be explained by a maximum blank contribution of 1.3%. Alternatively, the Sr isotope 
variability could reflect sample heterogeneity within this natural jadeitite rock.
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The repeated 143Nd/144Nd analyses of jadeitite sample, determined on 169 – 270 pg, gave 
0.512972 ± 0.000073 (2SD, n=10) with an average internal precision of ± 0.000030 (2SE), 
are within error of the 262 ng aliquot of the sample (0.512965 ± 0.000006, 2SE).

4. Discussion
To optimise the efficiency of sample collection, focussing is necessary during ablation. 
As a consequence, the laser beam may move, resulting in cylindrical instead of conical 
shaped pits. This effect produces a larger crater (up to 37.5%) than observed when 
sampling without focussing. Differences in mass removal are also a consequence of 
laser beam stability and variation in the absorption coefficient of the ablated mineral(s). 
Therefore, estimates of the amount of material sampled come with large (< 36.25%) 
uncertainties and we are unable to determine trace element concentrations accurately. 
Note, however, that elemental ratios will be essentially unaffected by uncertainties in 
sample volume (see Table 2). Trace element ratios potentially used for provenancing 
show good reproducibility (< 10% for most ratios, Fig. 3). Ideally, if samples have high 
concentrations of the elements of interest, samples should be aliquoted for trace element 
and isotopic analysis to minimise the ablated surface and volume. If, however, the 
available sample surface is limited and concentrations low, trace element fractions can 
be collected from the whole rock matrix during column chemistry. In such an approach 
element yields will be variable and need quantification. Previous studies have shown that 
such an approach can successfully discriminate different sample populations [22,23].

The total procedural blanks were 78.4 pg for Sr and 4.6 pg for Nd and represent the 
accumulated effect of contamination during sampling, filter dissolution, geochemical 
procedures, and loading. The relatively high and variable Sr blanks represent the limiting 
factor in the successful application of the pLA sampling technique to small Sr samples. 
The tests with 5 ablation craters clearly showed a variable off-set of the Sr data towards 
the higher ratios recorded in the blank. Due to the potential influence of the blank on 
the isotopic analyses, it is imperative to determine the total amount of Sr and Nd in an 
ablated sample. Isotope dilution is routinely conducted yielding Sr and Nd concentrations 
to better than 0.1%, allowing blank corrections to be performed. A blank correction 
is possible provided the isotope composition of the total procedural blank is known. 
Consequently, we recommend obtaining dust samples from sampling locations for Sr- 
and Nd- isotope composition determination to establish if the sampling blank differs 
markedly from the laboratory blank. In order to minimise blanks during future sampling, 
a portable clean unit will be used.

The accuracy of 87Sr/86Sr and 143Nd/144Nd of the BHVO-2 glass and the two jadeitite 
samples validates the techniques and confirms that there is no detectable laser-induced 
isotopic fractionation associated with ablation. In general, external reproducibility is 
better for Nd than for Sr due to blank influences. The external precisions obtained (given 
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as 2RSD) for both materials were < 0.17‰ for 87Sr/86Sr and < 0.14‰ for 143Nd/144Nd. This 
reproducibility is sufficient to detect Sr and Nd isotope variation in natural samples to 
within the fourth decimal place and can thus be used for provenancing or potentially 
validating the authenticity of materials.

5. Conclusion
A modified portable laser ablation sampling device allows in situ sampling of art and 
archaeological objects and artefacts independent of size and shape that cannot be 
transported to the laboratory. Laser ablation sampling removes a volume equivalent 
to ~ 2.5 – 4 μg of sample material generating a well-defined cylindrical to conical 
crater, invisible to the naked eye. The presented technique thus leaves minimal damage 
and preserves the integrity of the objects on a macroscopic scale. Depending on the 
elemental concentration within a sample, the methodology currently requires multiple 
ablations to collect sufficient material for the analyses (10 for BHVO-2G, 20 for jadeite 
bearing rocks). Low blank analyses of the sampled materials using TIMS and ICPMS 
allow the determination of precise and reproducible Sr-Nd isotope compositions and 
trace element ratios. The technique can resolve isotopic variability for Sr isotope and Nd 
within the fourth decimal place. Compared to other portable techniques, such as pLIBS 
and pXRF, two to three orders of magnitude lower limits of detection were reached 
allowing the determination of trace element ratios for elements present in the sub-μg/g 
range. Currently the overall precision of the technique is not limited by instrumental 
measurements but controlled by sampling blanks. Determination of elemental amounts 
by ID and knowledge of the isotopic composition of the total procedural blank can be 
adopted to correct for the effect of blank contributions, however, the preferred strategy 
will be to reduce blanks by undertaking sampling using a portable clean unit.

2
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Abstract
Dense and strong, hydrothermal-metasomatic jadeitite and jadeite-omphacite rocks 
were used as tools and adornments throughout the wider Caribbean since initial 
inhabitation. Regionally, rich sources of jadeitite and jadeite-omphacite jade are known 
only in Guatemala (north and south of the Motagua Fault Zone), eastern Cuba and the 
northern Dominican Republic, establishing that humans transported jadeitic material 
over vast distances. 

This study validates that geochemical fingerprinting is a viable provenance method for 
Caribbean pre-colonial  jadeitic lithologies. An assemblage of 101 source rocks has been 
characterised for trace element and combined Sr-Nd-Pb isotope compositions. Four 
statistical approaches (Principal Component Analysis, t-Distributed Stochastic Neighbour 
Embedding, Decision Tree, and Multiclass Regression) were assessed, employing source-
distinct trace element ratios. A multiclass regression technique based on trace element 
ratios of immobile high field strength, light to medium rare earth and fluid-mobile, 
large-ion-lithophile elements is shown to be most effective in discriminating the four 
source regions. 

Ninety-one % of the Guatemalan samples can be discriminated from the Dominican 
and Cuban sources using La/Th, Zr/Hf and Y/Th ratios. Jadeitic rocks cropping out in 
the Dominican Republic can be distinguished from Cuban jades employing Er/Yb, Nb/
Ta and Ba/Rb ratios with 71% certainty. Furthermore, the two Guatemala sources, north 
and south of the Motagua Fault Zone, can be discriminated by using (among others) Zr/
Hf, Ta/Th, La/Sm and Dy/Y ratios with an 89% success rate. This raises the possibility of 
determining, in detail, former trading and mobility networks between different islands 
and the Meso- and Central American mainland within the Greater Caribbean.

The provenance technique was applied to 19 pre-colonial  jade celts excavated from the 
Late Ceramic Age Playa Grande archaeological site in the northern Dominican Republic. 
Three artefacts are discriminated as derived from the Guatemalan source, indicating that, 
despite a source of jade within 25 km, material was traded from Guatemala. The presence 
of Guatemalan jade in the Playa Grande lithic assemblage provides further evidence of 
large scale (> 3000 km), regional trading and Indigenous knowledge transfer networks.

Previous pages: Fragments of jade celts excavated at the Late Ceramic Age site Playa Grande in the 
northern Dominican Republic. Artefacts are stored at the Museo del Hombre Dominicano, Santo 
Domingo, Dominican Republic.
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1. Introduction
Chemical fingerprinting and elemental mapping of materials encountered in cultural 
heritage can determine how, when and where objects were made. Over the last two 
decades, major- and trace elemental (ME and TE), as well as isotopic composition (IC) 
analyses have become increasingly prominent tools for solving and answering questions 
in cultural heritage [1]. Archaeometry has been applied to answer a broad variety of 
archaeological research questions, related to past interactions, trade, migration and 
mobility networks, including studies of organic remains (human/animal/plant; [2-4] and 
inorganic raw materials and objects (metals, rocks, glass, ceramics, pigments) [5-8].

Among inorganic materials, jade has aroused the interest of scholars. Various 
archaeometric studies on jade artefacts and their potential sources were conducted 
employing destructive [9,10] and non-destructive analyses [11]. Semi-precious jade offers 
an intensely and appealing blaze of colour which brilliance is enhanced by polishing. 
Hence, it was considered invaluable and sometimes sacred among prehistoric hunters 
and gatherers. On a global scale, the comprehension of these physical properties was 
highly cherished by Neolithic cultures which employed jade as a tool - or paraphernalia 
stone. The term jade is widely used in gemology and archaeology but actually refers to 
three different nearly monomineralic rocks. The most commercially valued jade is a rock 
formed almost exclusively of the sodium-rich pyroxene jadeite (NaAlSi2O6) and is termed 
jadeite-jade. Traditionally (e.g., [12,13]), the term jadeitite was used when the content 
of jadeite exceeded 90 vol.%. Following more recent nomenclature guidelines [14] the 
name jadeitite is used when jadeite contents exceed 75 vol.% jadeite. Omphacite-jade or 
omphacitite (> 75 vol.% omphacite) is a rock composed mainly of the pyroxene omphacite 
[(Ca,Na)(Mg,Fe2+,Al)Si2O6], which is an intermediate member of the augite-jadeite partial 
solid-solution series. Many other types of cations, such as Mn2+, can substitute in minor 
proportions as well. Mixed jadeite-omphacite jade can occur. Nephrite-jade refers to a 
rock composed of felty amphibole from the tremolite to ferro-actinolite solid-solution 
series [Ca2(Mg, Fe2+)5Si8O22(OH)2]. Due to the variations in cation abundances (especially 
of Fe but also Mn), the three types of jade range in colour from apple-green, greenish 
white, purplish blue, blue-green, violet, white, to black. Worldwide jade sources hosted 
in metamorphic complexes have restricted occurrences. In total less than 20 locations 
are known, i.e., Circum-Pacific (Japan, Indonesia, Russia, USA/California), Alps/Himalayas 
(Greece/Cyclades, Western Alps, Iran, Myanmar), Uralides (Polar Urals/Russia), Central 
Asia/Altaids (Russia, east Kazakhstan), Circum-Caribbean (Guatemala, Cuba, Dominican 
Republic) [15,16]. Therefore, raw materials and/or finished objects circulated over vast 
distances and extensive exchange networks.

Variations in inter-Island exchange networks before and after the arrival of Columbus are 
key to understanding the temporal and spatial developments of the complex regional 
interactions within the Greater Caribbean. Studies of lithic artefacts, such as tools and 
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adornments, may play a role as they provide information on the entire process of 
procurement of raw materials, production and artefact use, and distribution and trade. 
Pre-colonial  lithic artefacts, such as flint and chert, were extensively traded between 
different regions in the Caribbean and are, due to their durability and relative high value 
in societies, well preserved [17,18]. The localisation and geochemical characterisation of 
potential source rocks for artefact provenance has received relatively little attention in 
Caribbean Archaeology [19]. Metamorphic rocks were used throughout pre-colonial  times 
to manufacture a wide range of daily tools and ornaments. Among these, jade appears to 
be a highly esteemed lithology [20,21]. All three types of jade can be found as artefacts in 
Caribbean collections. The possession of similar physical properties makes it difficult to 
distinguish between them macroscopically. This study focusses on the circum-Caribbean 
geological occurrences of jadeite-jade and omphacite-jade that are rare and regionally 
limited. These jades are somewhat harder and denser than nephrite-jade and therefore 
better suited for making durable working equipment and complex ornaments. Nephrite 
sources are assumed in Bahía in Brazil or the Santa Elena Peninsula in northwestern Costa 
Rica [22] but so far no nephrite source has been geologically confirmed, neither in the 
Caribbean, nor in South and Central America [23]. Nephrite artefacts tend to be small 
which supports the argument for more difficult transport dynamics. It is assumed that 
jadeite- and omphacite-jade were highly prized by pre-colonial  Indigenous populations 
due to their workability, noteworthy colours and limited accessibility. Control over one 
of the rare jadeite-/omphacite-jade resources presumably offered nearby settlements a 
superiority compared to other communities [24]. Consequently, jade might have played 
an important role in the socio-political status between different socio-political entities. 
Assemblages recovered from archaeological sites include figurines, adornments like 
pendants and beads, as well as utilitarian tools like celts. Jadeite–omphacite-rich artefacts 
are reported on islands throughout the Greater and Lesser Antilles and most of the 
Bahamian archipelago, establishing long distance inter-Island trade networks possibly 
even connecting to the Mesoamerican mainland [17,25-28]. These exchange routes are 
of great archaeological interest as they constrain knowledge and material exchange 
networks between different islands and societies, inter-group actions, and how pre- and 
post- colonial societies were organized and operated.

The aim of this work is to develop a technique to evaluate the provenance of jadeite-
rich, omphacite-rich and pyroxene-bearing archaeological artefacts without the need 
to utilise highly invasive techniques such as petrographic analysis that require thin 
sections and electron microprobe analysis. A comprehensive geochemical database of 
trace elements (TE) and combined Sr-Nd-Pb isotope compositions (IC) of Caribbean 
jadeitite and jadeite-omphacite source rocks has been created to document local and 
regional variations. The geochemical data are evaluated using multiple statistical methods 
to establish which methods are most effective to quantitatively source archaeological 
Caribbean lithic artefacts.
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2. Geological setting and jade formation
Globally jadeitite and jadeite-omphacite-rich lithologies have restricted occurrences and 
are found within serpentinite mélanges, comprising fragments of oceanic crust and high-
pressure/low-temperature (HP/LT) metamorphic and metasomatic rocks formed in or 
above subduction channels and emplaced serpentinized mantle wedge slices associated 
with major transform or thrust faults [13,15,29,30]. Sources are known in the Caribbean, 
the Circum-Pacific and the Alpine-Himalayan and Caledonian orogenic belts, all linked 
to former subduction zones. The current paradigm is that jadeitite formation occurs 
in the mantle wedge and predominantly in the serpentinite-rich subduction channel 
[16,31,32]. In this tectonic setting, jadeite-jade forms under moderate-to-low T and HP by 
metasomatism of a precursor rock or as vein precipitation from an Al-Si-Na-rich hydrous 
fluid [15,33]. Jadeitites crop out in close spatial association with other subduction-related 
HP-LT metamorphic rocks, such as blueschist, eclogite and garnet amphibolite.

In the Caribbean, jadeite- and omphacite-jade sources are aligned along the northern 
border of the North American – Caribbean plate boundary which extends from western 
Guatemala to the Antillean Arc (Fig. 1) [34-36]. Exhumation of the HP/LT rocks by 
tectonic reconfiguration of the plates in the northern Caribbean occurred during the 
latest Cretaceous to Eocene [37,38]. In the Greater Caribbean, all jadeitite and jadeite–
omphacite-rich sources generally feature similar tectonic settings, P-T conditions and 
formation ages. In general, therefore, it can be expected that regional jadeitite and 
jadeite–omphacite-rich rocks should display mineralogical and geochemical similarities. 
Nevertheless, the intra-source variability is considerable, so that discrimination by visual 
or even petrographical and mineralogical methods is exceedingly difficult [26-28,39,40].
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Fig.1: Map of the Caribbean including large scale tectonic boundaries modified from García-Casco 
et al. [27] showing the known jade source regions in the northern Dominican Republic (Rio San Juan 
Complex/Mélange), eastern Cuba (Sierra del Convento Mélange) and Guatemala (north and south 
of the Motagua Fault Zone) associated with serpentinite mélanges. Purple shaded areas represent 
territories with ultramafic rocks/serpentinite mélanges cropping out including/excluding blocks 
of HP rocks. Red star indicates finds of jadeitite artefacts on the Playa Grande archaeological site.

The jade source in Hispaniola lies in the northern Dominican Republic in the Jagua 
Clara mélange, a unit of the Rio San Juan Complex that contains tectonic blocks of 
jadeitite and jadeite-omphacite rich rocks [41-47]. Jadeite-bearing rocks can be divided 
into a suite in which quartz occurs only as minute inclusions in jadeite and the matrix 
is dominated by albite, and a suite where quartz also occurs in the rock matrix [48,49]. 
The matrix-quartz-free suite can contain significant amounts of omphacite of up to 45 
vol.%. The quartz-bearing jadeitite grades into jadeite and jadeite-lawsonite quartzite. 
All rock types commonly occur as lag deposits on weathered serpentinite or as cobbles 
in river deposits. However, quartz-bearing examples can also be found as concordant 
layers and discordant veins in tectonic blocks of blueschist host rocks, a rare type of 
occurrence in the world. A preliminary age of 114.9 + 2.9 Ma originally thought to date 
jadeitite formation [48] was later shown to be the age of inherited magmatic zircon [50]. 
The age of jadeitite formation can be constrained to ≈ 78 Ma at conditions of 350 – 500 
°C and 15 – 17 kbar [48-51], contemporaneous with blueschist-facies metamorphism at 



69

Trace-elemental and multi-isotopic (Sr-Nd-Pb) discrimination of jade in the circum-Caribbean

80-60 Ma during the final stages of subduction [50]. These P-T conditions are similar to 
those of analogous rocks found south of the MFZ in Guatemala.

Jadeitite in eastern Cuba occurs as tectonic blocks in the Sierra del Convento serpentinite-
matrix mélange, in an area of 5 - 7 km2 [48-52]. Jadeitite blocks are found associated with 
high-pressure tectonic blocks (garnet–amphibolites and related anatectic trondhjemites), 
and other varied lithologies formed during Early Cretaceous in a context of hot subduction 
[48-52]. Blocks of massive jadeitite are characterized by oscillatory zoning in jadeite 
crystals plus omphacite, clinozoisite/epidote, biotite/phologpite, albite, phengite, titanite, 
rutile, zircon, and apatite [49,52]. Near pure jadeitite and epidote-rich jadeitite formed 
by vein precipitation during episodic opening of the fractures, while the omphacitite 
rocks, that appear in edges of blocks or late veins, suggest a metasomatic origin after 
previously formed jadeitite [49-52]. Mineral chemistry and U-Pb geochronology (zircon 
206Pb/238U ages of 107.4 ± 0.5 Ma and 107.8 ± 1.1 Ma) suggest generation during onset 
of cooling of the mélange in the upper plate at 1.5 GPa and T higher than 500 °C [49].

Guatemala hosts the most extensive jadeitite source, with outcrops north and south of 
the Motagua Fault Zone (MFZ) occurring over an area of ~ 210 x 100 km2 [12,53-59]. 
Jadeitites mainly exist as loose tectonic blocks on sheared serpentinite; but a few primary 
contacts with serpentinite are preserved [56]. Guatemalan jadeitites are interpreted as 
P-type [15] or vein-type [33], therefore any protolith is only that for the solutes in the 
precipitating fluid. Based on zircon ages, northern jadeitites are estimated to be 95 to 98 
± 2 Ma old [60,61], whereas southern jadeitites formed earlier, ranging from 154 to 158 
Ma [62]. However, Fu et al. [63] contested that zircon ages of southern jades are inherited. 
Mineral assemblages in northern jadeitites (clinozoisite- and paragonite-bearing) indicate 
formation at 0.6 - 1.2 GPa and 300-400°C. These jadeitites are variably retrogressed to 
amphibolite and greenschist facies conditions [15]. Serpentinite mélanges south of the 
MFZ comprise tectonic blocks of lawsonite- and pumpellyite-bearing jadeitite. Jadeitite 
may contain quartz and estimated PT conditions of formation are 1-2 GPa and 300-400°C 
[12,15,35,56]. Petrographically, northern jadeitites are heterogeneous and record grain 
boundary alteration and albitization, whereas southern jadeitites are more translucent 
and darker in colour, commonly contain multiple generations of omphacite and include 
a distinct pumpellyite-jadeite assemblage [64].

3. Archaeological Context
In Mesoamerica, jade was used by pre-Colombian cultures like the Olmec (1200/1500BC-
400BC, Olmec blue-green jade), Maya, Aztec and various groups in the Valley of Mexico. 
The earliest documented use of jadeite-omphacite rich rocks on the mainland appears as 
beads in the Barra Phase (1500 BC) on the Pacific coast of Chiapas [65]. In the Formative 
Period (Preclassical period, 2000 BC – 200 AD), the Olmec of the Gulf Coast were among 
the first Mesoamerican people to shape jade into tools around 1200-1000 BC. During 
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the Postclassical Period (950-1539 AD), the use of jadeite-rich rocks dropped dramatically 
in the Maya area [24,66]. Jadeite-jade and omphacite-jade rich artefacts have been 
identified from most Greater and Lesser Antilles and the Lucayan Archipelago [26-28,67-
69]. Jade used for manufacturing tools and lapidary objects was spatially and temporally 
widespread throughout the circum-Caribbean and recorded at sites exhibiting occupation 
phases between 450 BC to the early colonial period [68]. As objects made of jadeitites 
and related rocks are durable because of their structure and texture, it is impossible to 
date the manufacturing process itself; objects for domestic and ceremonial use could 
have been inherited and passed on and reused by many generations.

The jadeitite artefacts analysed in this study were excavated in 2011/2012 at the Late 
Ceramic-age Playa Grande settlement (750 – 1600 AD) [39,70] in the northern Dominican 
Republic, located approximately 25 km northeast of the Jagua Clara jadeitite outcrops of 
the northern Rio San Juan Complex. A broad range of lithic tools were excavated, mostly 
axes and adzes, and reflect lithologies available in the Jagua Clara serpentine mélange, 
i.e., eclogites, blueschists, meta-sediments, orthogneiss, leucotonalite and jadeitites. 
Rocks from the adjoining Gaspar Hernández serpentinite were also used, including 
serpentinite, gabbro, dolerite and mafic schists [71]. Unprocessed or incipient blanks have 
water-worn surfaces suggesting that manufacture involved eroded rocks collected from 
the valley bottoms and mouths of the San Juan, Caño Claro, Bebedero or Portuguese 
rivers, which drain the jade-bearing units and flow near (max. 10 km) to the site. It is 
noteworthy that these types of geological raw materials in general are neither abundant 
nor easily accessible in the Caribbean. In this specific case, the geological occurrence to 
and effortless procurement of these lithologies in the form of river pebbles, cobbles and 
boulders could favour greater usage in the manufacture of these tools for their exchange.

4. Sampling strategy and sample description
A total of 101 representative jadeite and omphacite-bearing source rocks were sampled 
from the four jade source regions in the Greater Caribbean to cover the local mineralogical 
and geochemical variations. Multiple tectonic blocks and sources were sampled in each 
region. The samples reflect the compositional variability among jadeite- and omphacite-
rich and -bearing source rocks. An overview of all samples and locations is given in Table 
1.

Twenty-eight samples were analysed from the Jagua Clara mélange (Rio San Juan and 
Loma Magante localities) [72,73]. The samples include jadeitites ranging from >75 to 
>90 vol.% jadeite, albite–jadeitite, phengite–jadeitite, jadeitite–omphacitite, lawsonite–
quartz–garnet–jadeitite and garnet–jadeite–lawsonite–quartzite [45].

In addition to the Dominican source rocks, 19 archaeological artefacts were analysed 
for trace element abundances and isotopic composition from the Late Ceramic Age (750 
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– 1600 AD) archaeological site of Playa Grande [70,74]. Trace element data of artefacts 
from the Playa Grande site (n=9) [64], plus reanalysed Guatemalan source rock data 
from Harlow et al. [75] (n=22) are used to assess the potential effect of inter-laboratory 
analytical bias on the statistical models.

The 17 samples analysed from the Sierra del Convento Complex in eastern Cuba comprise 
5 jadeitites ( jadeite > 90 vol.%), 10 epidote-rich jadeitites and 2 omphacitites, including 
a chromium (Cr)-rich sample containing chrome-omphacite that overprint jadeite.

To assure a representative assemblage of the Guatemalan sources, 56 jadeitite and 
omphacitite rocks from north (N) and south (S) of the MFZ were incorporated into the 
study. Twenty–two samples with a range of jadeite-rich and -bearing lithologies were 
selected for isotopic analyses (NMFZ n=12 and SMFZ n=10). Ten locations north of the 
MFZ comprise jadeitite, jadeitite–omphacitite and albite–jadeitite rocks (n=12). Jadeitite, 
pumpellyite–jadeitite, phengite–jadeitite, jadeitite–omphacitite, lawsonite–omphacitite 
and omphacitite were sampled from 6 locations south of the MFZ (n=10) [12,56,75]. Trace 
element data (n=34) from Harlow et al. [75] were supplemented with additional TE and 
new isotope composition data from this study (NMFZ n=12 and SMFZ n=10).
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Table 1: Sample list of selected circum-Caribbean jade source rocks (n=101) and jadeitite artefacts 
(n=19) from the Late Ceramic age archaeological site Playa Grande located in the northern Domin-
ican Republic. List includes a summary of samples initially presented in Schertl et al. [39,45] and 
Harlow et al. [75]. Sample name abbreviations from this study (VU ID): DR-SR Dominican Republic 
source rock; CU-SR Cuba source rock; NMFZ-SR Guatemala North Motagua Fault Zone source rock; 
SMFZ-SR Guatemala South Motagua Fault Zone source; DR-PG Dominican Republic Playa Grande 
archaeological site artefact. Other IDs refer to samples re-analysed from Schertl et al. (Petrology 
Group at the Ruhr-University Bochum), Garcia-Casco et al. (Metamorphic Petrology Group at the 
University of Granada) and Harlow et al. (Department of Earth and Planetary Sciences at the Amer-
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ican Museum of Natural History). Data for Guatemalan source rocks without a VU ID is from Harlow 
et al. [75]. Mineral abbreviations after SCMR [76]: Ab Albite, Ep Epidote, Grs Grossular, Grt Garnet, 
Jd Jadeite, Lws Lawsonite, Ne Nepheline, Ph Phengite, Pmp Pumpellyite, Qtz Quartz.

5. Experimental Techniques and Standard Data
Full details of the methods used in source rock and artefact sample preparation are 
included in Appendix A. Analytical techniques for TE analyses of 34 Guatemalan source 
rocks are described in Harlow et al. [56,75]. For TE and isotope composition analyses 
about 80 mg of whole rock powder were digested in high-pressure ParrTM digestion 
vessels. After sample decomposition the total solution was dried down, nitrated and 
aliquoted for TE analyses and lead (Pb), strontium (Sr) and neodymium (Nd) ion-exchange 
chromatography (see Appendix A). Trace element abundances were determined on 
a Thermo Fisher X-series-II inductively coupled plasma mass spectrometer (ICP-MS) 
following the protocol of Eggins et al. [77] using a USGS BHVO-2 standard reference 
material for calibration and instrumental drift correction. Repeated analysis of USGS 
standard reference material BCR-2 yields better than 12 % (2RSD) for all measured trace 
elements and < 18 % for TE ratios. Isotopic determinations for small Nd (<75 ng) and 
Pb (<50 ng) samples and all Sr samples (>100 ng) were determined in static mode on 
outgassed rhenium filaments on a TRITON-Plus thermal ionisation mass spectrometer 
(TIMS). Instrumental mass fractionation was corrected using an exponential law 
normalizing to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.721903. Over the period of this 
study, the long-term values for 200 ng of the NBS987 Sr standard resulted in 87Sr/86Sr 
0.710247 ± 0.000023 (2SD, n=79), 200 ng loads of the in-house CIGO Nd standard yielded 
143Nd/144Nd 0.511329 ± 0.000011 (2SD, n = 36) and the JNdi measured on 100 ng gave 
143Nd/144Nd 0.512095 ± 0.000007 (2SD, n = 14). A 207Pb-204Pb double spike technique was 
employed for Pb samples < 50 ng following the protocol of Klaver et al. [78]; 50 ng (n=3) 
of the NBS981 resulted in 206Pb/204Pb 16.9421 ± 0.0010 (2SD), 207Pb/204Pb 15.4995 ± 0.0007 
(2SD), 208Pb/204Pb 36.724 ± 0.002 (2SD) and 500 pg (n=4) gave 206Pb/204Pb 16.930 ± 0.008 
(2SD), 207Pb/204Pb 15.4858 ± 0.0095 (2SD), 208Pb/204Pb 36.695 ± 0.026 (2SD). Isotope data 
for samples with higher amounts of Nd (> 75 ng) and Pb (> 50 ng) were acquired on a 
Thermo Scientific NEPTUNE in static, multi-collector mode. The NBS981 (50 ppb, n=28) 
yielded 206Pb/204Pb 16.9415 ± 0.0018 (2SD), 207Pb/204Pb 15.4996 ± 0.0020 (2SD), 208Pb/204Pb 
36.7247 ± 0.0046 (2SD) and the in-house CPI (50 ppb, n=53) gave 206Pb/204Pb, 17.8988 ± 
0.0047 (2SD), 207Pb/204Pb, 15.5656 ± 0.0035 (2SD), 208Pb/204Pb 38.018 ± 0.013 (2SD). The 
long-term values of 200 ppb CIGO resulted in 143Nd/144Nd 0.511330 ± 0.000020 (2SD, 
n=62), 200 ppb in-house CPI gave 143Nd/144Nd 0.511737 ± 0.000018 (2SD, n=16), as well 
as 143Nd/144Nd 0.512099 ± 0.000016 (2SD, n=33) for 200 ppb JNdi. Total procedural blanks 
did not exceed 25 pg Pb, 70 pg Sr and 5 pg Nd and are therefore negligible.
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6. Geochemical Results
The geochemical data of jadeitite and jadeite–omphacite-rich source rocks and artefacts 
are presented in Supplementary Table 2 (trace element abundances, TE) and Table 3 (Sr-
Nd-Pb isotope compositions, IC). Trace element data are presented in Figure 2 normalised 
to chondritic values (Fig. 2 A-D) and normal mid ocean ridge basalt (N-MORB, Fig. 2 E-H) 
[79], respectively.

Jadeite-rich source rocks from the Dominican Republic have REE signatures (Fig. 2A) that 
resemble average continental crust and enriched mid ocean ridge basalt (E-MORB) with 
LaN/YbN ratios of 0.37 – 12.33 (median 2.48) and almost ubiquitous positive Eu anomalies 
(Eu/Eu* = EuN/SQRT(SmN+GdN), Eu/Eu* = 0.64 – 3.78, only samples DR-SR-28/33/57 are < 
1). The REE contents (except DR-SR-15/54/57) range from ~2 to ~67 times C1 chondrite. 
These source rocks are enriched in incompatible TE, such as Ba, La, Rb compared to 
N-MORB (Fig. 2E). They feature flat HREE patterns (TbN/YbN ratios of 0.28 – 6.93 with a 
median of 1.00) and LREE fractionation with LaN/SmN ratios between 0.57 – 9.40 (median 
of 1.91). Exceptions are DR-SR-15 and DR-SR-54, which are depleted by a factor of 3 
compared to the other source rocks, and DR-SR-57 with a signature similar to alkali basalt. 
Dominican jadeitite source rocks display pronounced positive Pb anomalies in N-MORB 
element normalised diagrams (Fig. 2E), except for samples DR-SR-33 and DR-SR-63. In 
comparison with N-MORB almost all TE are enriched, apart from Dy, Ti and Y. Nearly all 
samples yield relative positive Zr-Hf anomalies. All samples have clearly sub-N-MORB 
LaN/NbN ratios of 0.07 – 11.10 (median 2.05). With the exception of the large ion lithophile 
elements (LILE; Cs, Rb, Ba) and Pb, sample DR-SR-15 is strongly depleted compared to the 
other source rocks. Incompatible elements, such as the LILE and Th, U, Nb, Ta exhibit a 
marked variability (3 orders of magnitude), whereas the more compatible elements Dy, 
Ti, Y, Yb and Lu vary by less than an order of magnitude.

Artefacts from the Playa Grande site exhibit nearly flat REE patterns (Fig. 2B) with a LaN/
YbN median of 1.96; exceptions are DR-PG-11 with 6.41 and DR-PG-23 with 13.60. REE 
contents in the artefacts vary from ≈1.5 to ≈22.0 times chondritic, except sample DR-PG-
23, which exhibits depleted HREE compared to chondrite. Overall, the samples feature REE 
patterns similar to average continental crust and E-MORB. Samples containing lawsonite 
(DR-PG-16 and DR-PG-19) show similar patterns to artefacts with > 90% vol. jadeite. With 
2 exceptions, DR-PG-11 and DR-PG-22, all samples demonstrate positive Eu anomalies 
(Eu/Eu*=1.02-3.65 with median of 1.47). Most of the artefact trace element normalised 
patterns (Fig. 2F) are subparallel. Artefacts have positive and strongly developed Zr-Hf 
anomalies (except for DR-PG-27). In all samples, compatible elements Dy, Ti, Y, Yb and Lu 
are depleted with respect to N-MORB. In contrast, most samples are enriched in LILE (Cs, 
Ba and partly Rb), Pb (exceptions are DR-PG-11/22/27), Sr (except DR-PG-11/13/14/17/28) 
compared to N-MORB. Sr isotope ratios range from 0.70332 - 0.70564 (median = 0.70372, 
Fig. 3A) and 143Nd/144Nd between 0.51287 – 0.51318 (median = 0.512101, Fig. 3B).
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Cuban jadeitite (> 90 vol.% jadeite) displays similar REE patterns (Fig. 2C) with a 
pronounced positive Eu anomaly, enriched LREE with LaN/SmN ratios of 1.89 – 3.39 and flat 
HREE (average TbN/YbN = 1.44). Omphacitites have similar patterns and resemble element 
abundances comparable to N-MORB values apart from the LILE (Cs, Rb, Ba). Epidote–
jadeitites have relatively flat REE patterns (av. LaN/SmN = 1.04 and av. TbN/YbN = 1.56) with 
weakly developed positive Eu anomalies. Only CU-SR-14 displays an enriched LREE pattern 
(LaN/YbN ratio of 9.66). All Cuban source rocks possess slightly enriched La-Nb values 
compared to N-MORB with LaN/NbN ranging from 0.41 to 48.19 (median 4.40), pointing 
towards an arc type signature. All Cuban source rocks are enriched in Pb compared to 
N-MORB and show positive Zr-Hf anomalies. Apart from the omphacitites and samples 
CU-SR-06/11/14/15, jade source rocks have pronounced negative Ba peaks. In general, 
epidote–jadeitites are more enriched in TE compared to jadeitite and omphacitite (Fig. 
2G).

The Guatemalan source rocks record both LREE enrichment and depletion (LaN/
SmN = 0.09 –11.17, median 2.34) and are generally relatively enriched in HREE (TbN/
YbN = 0.11 – 1.65; median 0.71, Fig. 3D). Samples from NFMZ have more variable REE 
contents (~0.02 to ~288 times C1 chondrite) than SMFZ samples (~15 to ~92 x C1; except 
SMFZ-SR-07). NMFZ HREE patterns tend to be flatter than those of the SMFZ samples 
with TbN/YbN = 0.15 – 1.65 (median 0.69) versus 0.11 –1.08 (median 0.75); except for NMFZ-
SR-01/05/10). Europium anomalies range from 0.57 – 1.65, except for sample SMFZ-SR-07 
(Eu/Eu* = 6.34) and NMFZ-SR-01 (Eu/Eu* = 0.30). Despite the highly variable mineralogy of 
the Guatemalan source rocks, REE patterns show similarities. Almost all SMFZ and most 
NMFZ source rocks have REE patterns typical of felsic rocks, i.e., plagiogranite or albite 
rich sediment. The exceptions are SMFZ-SR-07 and NMFZ-SR-06/08/12 with patterns 
comparable to N-MORB. All Guatemalan jadeitic rocks show relative Rb depletion that 
might be attributed to the loss of Rb from the metasomatic fluids to mica and amphibole 
bearing lithologies [75]. The samples are characterised by relative depletion in La and Nb 
(LaN/NbN = 0.07 – 57.72, median 1.43), pointing towards a subduction related setting, and 
a strong positive Zr-Hf and Ti anomaly (Fig. 2H). Refractory element Zr/Hf ratios (median 
29.58) comparable to N-MORB (36.1 from [80]) might be a result of increasing Zr and HFSE 
solubility in the presence of high alkali/Al, jadeite–albite precipitating fluids leading to 
Zr and HFSE transport in the lower crust and upper mantel [81,82]. Nearly all Guatemalan 
source rocks record high concentrations of Cs, Ba, Pb and Sr. Elevated LILE, Ba, Pb and 
Sr values point towards jadeite precipitating fluids that originated from a sediment rich 
source [75]. Generally, most TE normalised patterns are sub-parallel with the greatest 
TE enriched concentrations for jadeitites from south of the MFZ. Nevertheless, in detail 
there are clear regional variations with, for example, distinct LREE fractionation: LaN/
CeN ratios of NMFZ samples range between 0.84 – 8.42 versus 0.92 – 1.96 for samples 
from the SMFZ. Compared to typical N-MORB, NMFZ samples record lower Ti, Zr and 
Nb, suggesting formation from a precipitating fluid derived from a protolith formed by 
larger degrees of partial melting of a melt depleted mantle source than for MORB and 
hence formation in an ocean island arc setting.
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Fig.2: Whole rock REE (A, B, C, D) and multi-element variation (E, F, G, H) diagrams showing the 
range of jadeitite, jadeite–omphacite-rich jade, omphacitite, jadeite–lawsonite-quartzite source 
rocks from the Dominican Republic (Fig. A+E, Rio San Juan Complex), Cuba (Fig. C+G, Sierra del 
Convento Mélange), Guatemala (Fig. D+H, NMFZ and SMFZ); and jadeitite artefacts retrieved from 
the Dominican Playa Grande archaeological site (Fig. B+F). Normalisation values for C1 chondrite 
and N-MORB from Sun and McDonough [80].
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The variability of the isotopic data for each region are presented in Table 3, box whisker 
diagrams (Fig. 3 A-D) and in Sr-Nd and Pb–Pb isotope covariation diagrams (Figs. 4 and 
5). The narrow range in Sr isotope ratios in Cuba (87Sr/86Sr 0.70336 – 0.70477, n=17) implies 
a single major jadeitite formation event and minimal late-stage hydrothermal alteration. 
This is compatible with the similar age of jadeitite formation and peak metamorphism (1 
– 10 Ma difference), pointing towards a short jadeitite formation process [16]. In contrast, 
the isotopic variability recorded by the Dominican (87Sr/86Sr 0.70337 – 0.70871, n=28) and 
Guatemalan (87Sr/86Sr 0.70393 – 0.70907, n=22) source rocks implies genesis involving 
inter alia multiple types of protoliths and potentially multiple events. There is substantial 
overlap between NMFZ (87Sr/86Sr 0.70393 – 0.70616, n=12) and SMFZ (87Sr/86Sr 0.70452 
– 0.70907, n=9). Notably, 99.3% of the Sr isotope data for the Cuba data are between 
0.70336 – 0.70375, for the Dominican Republic this range is between 0.70337 – 0.70526 
and for Guatemala 0.70451 – 0.70613. The 143Nd/144Nd ratio of the source rocks varies for 
Cuba between 0.51293 – 0.51305 (n=17) and for the Dominican Republic from 0.51259 
– 0.51314 (n=29). Guatemalan jades feature 0.51280 – 0.51319 (n=11) for the NMFZ and 
0.51287 – 0.512101 (n=10) for the SMFZ (Fig. 3 and 4).

Fig.3: Sr-Nd-Pb isotope compositions presented as boxplots of jadeitite to jadeite-omphacite rich 
source rocks, (A) 87Sr/86Sr variability, (B) 143Nd/144Nd variability, (C) 206Pb/204Pb variability and (D) 
207Pb/204Pb variability. Source and artefact abbreviations, as well as colour coding are: Rio San Juan 
Complex (light blue DR), Sierra del Convento Mélange (orange CU) and Guatemala (GM) considered 
as one source (grey GM all) and divided into two sources as NMFZ (yellow) and SMFZ (bright blue), 
as well as Playa Grande jade artefacts (green). Crosses indicate average isotopic compositions, the 
interquartile range (IQR=Q1-Q3) displays 50% of the data and the median isotopic composition 
is marked by a horizontal line inside the box. Samples lying outside the whiskers (< Q1-1.5xIQR 
and > Q3+1.5xIQR) represent 0.7%, meaning 99.3% of the data are within ±2.698σ. Note Sr-Nd-Pb 
radiogenic isotope compositions of jade sources overlap.
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Lead isotope composition of Cuban jades records significant variation; 206Pb/204Pb = 18.39 
– 19.01, 207Pb/204Pb = 15.56 – 15.61 and 208Pb/204Pb = 38.09 – 39.43. More radiogenic values 
are recorded in the Dominican and Guatemalan source with 206Pb/204Pb = 18.36–20.38, 
207Pb/204Pb = 15.48 – 15.75 and 208Pb/204Pb = 38.03 – 40.43 and 206Pb/204Pb = 18.34 – 22.30, 
207Pb/204Pb = 15.59 – 15.77 and 208Pb/204Pb = 38.14 – 43.82, respectively. Jades from north 
and south of the MFZ generally have overlapping Pb isotope ratios although jades from 
SMFZ include the highest ratios. Nd and Pb isotope ratios range from those typical of 
MORB to more crustal values and in some cases high time-integrated U+Th/Pb ratios 
(Fig. 4 and 5). Overall isotopic compositions are relatively restricted in the Cuban source, 
whereas Dominican and especially Guatemalan jades record marked isotopic variabilities. 
Jadeitite artefacts from Playa Grande have variable lead isotope compositions with 
206Pb/204Pb = 18.39 – 18.99, 207Pb/204Pb = 15.56 – 15.72 and 208Pb/204Pb = 38.05 – 38.91 
(Fig. 3C and 3D). Sample DR-PG-22 stands out, reaching high time-integrated radiogenic 
values, i.e., 87Sr/86Sr 0.70564, 143Nd/144Nd 0.51318, 206Pb/204Pb 20.07and 208Pb/204Pb 38.91 
(Fig. 4 and Fig. 5).

Fig.4: 87Sr/86Sr versus εNd diagram showing isotopic compositions of jade source rocks from the Rio 
San Juan Complex (DR), Sierra del Convento Mélange (CU) and Guatemala divided into two sources 
(NMFZ and SMFZ). Green circles are displaying artefact data from the Playa Grande settlement in 
the northern Dominican Republic.
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Fig.5: 206Pb/204Pb versus 207Pb/204Pb diagram showing isotopic compositions of jade source rocks 
from the Rio San Juan Complex (DR), Sierra del Convento Mélange (CU) and Guatemala divided into 
two sources (NMFZ and SMFZ). Green circles are displaying artefact data from the Playa Grande 
settlement in the northern Dominican Republic.

7. Statistical methodology and results
The geochemical database of the circum-Caribbean jade source rocks presented above 
is the fundamental input required to evaluate the possibility to provenance jade artefacts 
in the circum-Caribbean. If successful, it would allow future research to geochemically 
fingerprint pre-colonial  Caribbean jade artefacts recovered from various islands to 
trace exchange and mobility networks linking communities throughout the Caribbean. 
However, institutions that hold Caribbean collections often do not permit sampling, 
transport, or bulk destructive analysis of their artefacts. Analyses must be essentially 
non-invasive and preferably carried out on-location. Thus, to conduct elemental and 
isotope composition analyses of artefacts and art objects, portable minimally destructive 
instrumentation is required. Recent breakthroughs in sampling techniques [83,84] and 
mass spectrometry techniques [85] now enable precise and accurate analyses on μg 
amounts of material, ensuring that the integrity of an object is preserved. Using this 
methodology, samples that are deposited onto a filter are not weighed (µg range) to 
avoid increasing the blank contribution. Consequently, elemental abundances cannot be 
determined, but crucial trace element ratios will be unaffected by analytical uncertainties. 
TE ratios are a strong tool for provenance analyses [84]. The data given in section 6 show 
that the isotopic compositions of circum-Caribbean jades by themselves have limited 
resolving power. Hence TE ratios will be evaluated as potential provenance indicators.
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Generally, jade chosen by Indigenous people for crafting tools and paraphernalia 
is fine grained and homogenous, allowing for representative of the whole rock and 
reproducible laser ablation sampling. However, a minority of pre-colonial jade artefacts 
(< 10%) are relatively coarse grained (> 500 µm) and have heterogeneous textures such 
that representative sampling by laser ablation is an issue. Importantly, provenance 
prediction is conducted with TE ratios, which are less influenced by grain size and sample 
heterogeneity than isotopic compositions. However, it needs to be emphasized that 
petrography is important, as accessory phases such as zircon, titanite, rutile etc. can 
influence elemental abundances. Hence, HFSE, such as Nb, Ta, Zr, and Hf, which are 
enriched in accessory phases, should not be considered for predictive modelling when 
using high spatial resolution sampling through portable laser ablation.

With the aim of assigning the 101 samples into distinguishable jade source regions, 37 TE 
ratios are used, including various combinations of TE groups with different geochemical 
behaviour, such as LILE, HFSE, LREE, MREE and HREE. Four statistical methods are 
applied to the samples to determine the most robust discriminatory provenance model. 
Specifically, we aim to find combinations of TE ratios that identify sources of origin. 
The set of various statistical techniques applied for source identification are explained 
in detail in the Appendix B. In the following section we provide an extended overview 
of the most promising methods and results. In addition, the provenance of the 19 
Dominican Playa Grande jadeitite artefacts will be evaluated, with the initial assumption 
that they are likely to be of local origin [64]. The statistical methods have been chosen 
and developed to be applied to the relatively small sample set (four classes with a total of 
n = 101) and considering that, with the many explanatory variables (TE ratios), there is the 
potential problem of over-fitting or feature selection. In addition, the similar geochemical 
behaviour of some elements may introduce the issue of multi-collinearity. Four statistical 
methods are thus evaluated for feature compression, feature engineering, and feature 
selection, multiclass classification, and prediction (see Appendix B for details). The TE 
data are separated into 3 jade source regions (DR, CU, GM general) and subsequently 
assessed to establish if it was possible to resolve 4 sources (DR, CU, NMFZ, SMFZ).

Logistic regression is a classification method to separate samples belonging to more than 
one class. For the jade rock provenance analysis, we use the binary logistic regression 
method for separating the 4 jade sources using the trace element ratios identified by 
the Welch’s test above as good candidates for source discrimination. Here we use this 
technique to separate samples from DR, CU, and GM regions by training three binary 
classifiers. For a detailed summary of the multiclass regression analyses see Appendix C.

First GM (NMFZ/SMFZ) is split from the DR/CU group by applying La/Th (or Ce/Th, 
similar geochemical behaviour), Y/Th, and Zr/Hf. Of the 101 jadeitic source rocks, 17 
Cuban, 24 Dominican and 54 Guatemalan source rocks (32 NMFZ and 22 SMFZ) are 
correctly assigned (Table 4). Four Dominican source rocks (DR-SR-53/56/58/59) and 2 
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Guatemalan jades (NMFZ-SR-01 and MVE02-15-9) are misclassified and assigned to GM 
and DR/CU (91% success overall), respectively. Subsequently, the predicted classification 
split from the DR/CU and GM (NMFZ/SMFZ) model is used to further split DR from 
CU and NMFZ from SMFZ based on Er/Yb, Ba/Rb and Nb/Ta, and Zr/Hf, Ta/Th, Ce/Gd, 
La/Sm, Dy/Y, Sm/Nd. Seven Dominican source rocks (DR-SR-12/17/24/49/52/62/64) are 
falsely assigned to Cuba and 5 Cuban jades (CU-SR-02/03/06/11/17) are misclassified 
and clustered with Dominican jades, compared to 29 correctly classified samples (71% 
successful assignment). For the latter split model, 48 GM source rocks are correctly 
classified, and 6 are falsely assigned to either the NMFZ – (SMFZ-SR-08, JE01-7-7 ® 
and MVE04-15-2) or SMFZ class (NMFZ-SR-10, MVE04-44-2 and 01GSn1-4); i.e., 89% are 
correctly assigned. Using the GM vs DR/CU group classification model the 19 jadeitite 
artefacts from the Playa Grande site (DR-PG-1 to DR-PG-19) split resulted in 16 samples 
being sourced to the DR/CU group and 3 (DR-PG-11/13/18) to GM. Moreover, all 16 
samples from the DR/CU group are assigned in a second step to the DR.

Table 4: True sources (vertical) vs predicted sources (horizontal) summary (3 and 4 class model). 
First split to separate Guatemala (GM = NMFZ and SMFZ) from DR and CU based on La/Th (or Ce/
Th), Y/Th, and Zr/Hf. Subsequent splits by using the predicted classification split from the (DR, CU) 
and (NMFZ, SMFZ) model to further split DR from CU and NMFZ from SMFZ. Separating DR from 
CU based on Er/Yb, Ba/Rb and Nb/Ta; and NMFZ from SMFZ by using Zr/Hf, Ta/Th, Ce/Gd, La/Sm, 
Dy/Y, Sm/Nd

8. Discussion
The statistical approach employed to classify potential source rocks serves as a base for 
future provenance studies. Binary regression method is shown to yield superior class 
classification compared to classical PCA, t-SNE or decision tree approaches. By using 
multiple TE ratios at a specific split, the analytical error is insignificant, which is important 
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for future predictive models for artefact data assignment. The logistic regression classifier 
based on La/Th, Zr/Hf and Y/Th trace element ratios is able to separate 91% of the DR/
CU sources from the GM sources (NMFZ and SMFZ). Further, the classification based on 
Er/Yb, Nb/Ta and Ba/Rb trace element ratios further discriminate 71% of DR and Cuba 
sources, and finally classification model built on Zr/Hf, Ta/Th, La/Sm, Ce/Gd, Sm/Nd and 
Dy/Y trace element ratios separate the NMFZ from SMFZ (89%) samples. It is therefore 
concluded that it will be feasible to provenance Caribbean pre-colonial – colonial jade 
artefacts.

The objective of this study is to characterise jade sources in the Greater Caribbean and to 
evaluate the potential to discriminate them based on the geochemical characteristics. The 
success of this exercise strongly depends, however, on how representative the sample set 
is. Tectonic blocks of jade of the Macambo region of Cuba crop out within a few square 
km (approx. 4 x 3 km2). The 17 samples are considered sufficient to characterise the 
eastern Cuban source. This conclusion is supported by the limited variability in 87Sr/86Sr, 
0.70359 ± 0.00065 (2SD, n=17; Fig. 3) and most trace element ratios. The DR source 
spans an area of roughly 25 x 35 km2 but extensive sampling is spatially limited to a few 
jadeitite containing localities. All known jadeitite occurrences, as well as eroded and 
transported jadeitite in boulder beds of the Rio San Juan, its tributaries and the Rio 
Arroyo Sabana are incorporated in this study. Our findings demonstrate that there is 
marked geochemical variance (e.g., 87Sr/86Sr 0.70448 ± 0.00289, 2SD; Fig 3). Compared 
to the Cuban and Dominican sources, the jadeite-omphacite source rocks in Guatemala 
cover a much larger area (circa 210 x 100 km2) and include multiple jade bearing locations 
(> 10). With only 52 samples (NMFZ + SMFZ, 22 for IC analyses) it is probable that not 
all geochemical variances are covered in this work. Significantly, however, there is a 
large isotopic variance in the geochemical data, e.g., NMFZ 87Sr/86Sr 0.70490 ± 0.00168, 
2SD; SMFZ 87Sr/86Sr 0.70623 ± 0.00318, 2SD; and GM including NMFZ and SMFZ 87Sr/86Sr 
0.70547 ± 0.00273, 2SD (Figs 3A and 4). The elevated 87Sr/86Sr ratios from Guatemala 
and the Dominican Republic compared to MORB and to most rocks that derive from 
island arc magmatism imply alteration by hydrothermal fluids, which are most distinct 
for the SMFZ source rocks. The complex conditions that form jade at depth (30-70 km) 
and the necessary exhumation process makes its occurrence rare and locally spatially 
limited. Jade deposits are present as veins or blocks ranging from several centimeters 
to decameters in size. The areas in which the jadeite-rich rocks were observed are partly 
very large and not all have been fully surveyed. Certainly, not all occurrences have yet 
been discovered, since some of them occur only very locally (dm-m range). Therefore, 
it cannot be ruled out in the future that, e.g., lawsonite-bearing rocks are discovered in 
Cuba or kosmochlor/ureyite-bearing rocks in the Dominican Republic.

An additional aspect to consider is the contrast between our systematic sampling and 
the Indigenous communities who collected the jadeitic lithologies based on subjective 
aspects, such as accessibility, appearance and physical properties, i.e., hardness, 
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workability, colour and availability. From the study of artefacts recovered at manufacturing 
sites such Playa Grande, it is known that the Indigenous people exploited pre-shaped 
cobbles as templates [39], incising and eroding deposits, ergo not including all types of 
local jade into the production process. From the visual inspection of the large suite of 
jadeitite artefacts (> 50 celt fragments and complete celts) from Playa Grande, coupled 
with visual studies of Museum collections (n ≈ 500, Musée du Quai Branly, National 
Museum of Denmark, Museo Altos de Chavón, Museo de la Hombre Dominicano, 
Antiquities Monuments and Museum Corporation, Smithsonian National Museum of 
the American Indian, Smithsonian National Museum of Natural History, Peabody Museum 
of Natural History, Peabody Museum of Archaeology and Ethnology, American Museum 
of Natural History), it is clear that Indigenous people preferentially sampled dark green 
coloured, fine grained and homogenously textured jadeite–omphacite-rich rocks (approx. 
> 75%). Furthermore, old museum collections of jade artefacts which were donated or 
received as a gift by early and amateurish archaeologists (19th and early 20th centuries), 
mainly comprise pristine and complete artefacts (> 90%). It is evident that the collections 
of gathered and excavated objects are biased, as pieces were subjectively selected, 
excluding broken and worn-out artefacts. Comparing the geochemical data from the 
Playa Grande artefacts with the three source regions it is apparent that the Indigenous 
communities did not procure raw materials from all available outcrops. They used specific 
sources, which is evident by the narrow variation of TE abundances (e.g., La 2.52 ± 2.58 
2SD), 87Sr/86Sr (0.70409 ± 0.00161 2SD) and 143Nd/144Nd (0.51299 ± 0.00013). Broadly 
speaking, we conclude that source rocks depleted in TE relative to bulk Earth and more 
silicic crustal compositions were not used (Fig. 2) which is evident in the Playa Grande 
assemblage.

Generally, provenance studies will have to include multiple databases, i.e., produced at 
different institutions and/or using different analytical methods, potentially introducing 
a systematic analytical error. Data published by Schertl et al. [39] and Harlow et al. [75] 
allow us to assess this issue. TE analyses carried out by Acme Laboratories, Vancouver, 
Canada (see [39]), yielded higher limits of quantification (LOQ) than this study and did 
not report some elements essential for Caribbean jade discrimination (e.g., Ta and Th). 
Reported data are typical within analytical error (<15% 2RSD). Some differences in 
element concentrations exceeding 15% 2RSD (e.g., sample DR-PG-15 = 31100 has 41% 
difference in Hf) can be attributed to heterogeneities of the rock sample, as small sub-
samples were analysed (<100 mg). Importantly, however, the effect of any analytical bias 
in element concentrations between the data sets does not have a major influence on 
final TE ratios, e.g., Zr/Hf of 40.8 for DR-PG-15 and Zr/Hf of 43.6 for 31100 (4.6% 2RSD). 
Likewise, a comparison with TE data published by Harlow et al. [75], gained from 50 g 
of whole rock powder and analysed by a NSF sanctioned lab, indicates that there are no 
significant analytical biases in the trace element ratio data.
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Previous studies have illustrated that a combined petrographic and analytical approach 
can be used to provenance circum-Caribbean jades [26-28]. In most cases, however, this 
destructive approach cannot be applied. Nevertheless, in some rare cases, mineralogy 
may indicate a specific source. The occurrence[86] of lawsonite in jadeitite is globally rare 
and in the Greater Caribbean only reported in the Rio San Juan Complex [45] and the 
Carrizal Grande Group south of the MFZ [56]. Kosmochlor/ureyite [87] is only present in 
jade from the La Palmilla region in Guatemala and points towards fluid-rock interactions 
involving altering peridotites which are enriched in Cr [56,88,89]. It is also notable that 
paragonite is very rare in jadeitites from the Dominican Jagua Clara mélange but found 
in the Playa Grande artefacts (DR-PG-19) [39] and can be common in jadeitites from 
Cuba and Guatemala [26,27,56]. Hence, lawsonite, kosmochlor/ureyite and paragonite 
are suited as source classifier.

Due to varying parent-daughter isotope ratios in the source rocks, variable formation 
ages and geochemical differences in the precipitating fluids and precursor rocks 
(ultramafic, mafic, or intermediate), Sr-, Nd- and Pb- isotope ratios are highly variable 
and generally overlap (Fig. 3). The mineralogical and chemical differences between the 
source regions result from formation under varying regional conditions and influence 
the TE compositions due to differences in element mobility. Individual regions show 
distinct LILE, high field strength element (HFSE: Ti, Nb, Ta, Hf, Zr) and LREE abundances 
due to their different mobility in metamorphic fluids and during dehydration reactions. 
Specific TE ratios show a general difference between source regions, (e.g., La/Th and Ce/
Hf), but, because of similar geological settings and conditions of formation, there is no 
single TE ratio that provides a definitive separation. A key requirement for successfully 
implementing TE ratios into the discrimination algorithm is a trace elemental inter-
sources variability greater than the analytical error. This is generally the case for trace 
element ratios for the whole rock samples used in this study (Table 2; Fig. 2). Hence a 
decision tree approach is well suited for this study. Application of the approach to less 
precise data sets might, however, raise issues. For example, Knaf et al. [84] demonstrated 
that when analysing < 5 µg samples taken with a portable laser ablation (pLA) device 
2RSD could exceed > 10% and may reach ~25% for some trace elements. In such cases 
it will be important to critically examine data quality before attempting a provenance 
study. The order of magnitude increase in sensitivity of the ICPMS technique in the 
last decades [90], certainly, means that analytical issues will generally not hinder the 
approach, provided work is carried out under low blank conditions. As mentioned 
above, the majority of the examined jade artefacts in various collections are composed 
of fine-grained and homogenous jades. However, a small proportion of artefacts (< 
25%) is made of coarse-grained, mottled and heterogenous jades, posing the question 
of the representativeness of the sample(s) taken with the pLA device compared to a 
conventional whole rock sample.
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The approach favoured here does not require data normalisation, which is imperative 
for any other data modelling method, as the TE ratios can have different absolute scales. 
In most other methods of data modelling, normalising values would be required so that 
the results are not skewed due to differences in range of values, e.g., Ba/Ta (12 – 219846) 
and Nb/Hf (0.02 – 45.88). The decision tree considers each TE ratio independently and 
determines the best split within the TE ratio based on the defined classes. It does this 
independently for each TE ratio and then picks the most discriminating value. However, 
the model does not consider the analytical error of the samples. Therefore, we adopted 
multiple variables (TE ratios) at a split node, applying a multiclass regression model, 
which limits the influence of any analytical error in an individual TE ratio. The multiclass 
regression modelling technique is designed based on TE with distinct geochemical 
properties, i.e., combing immobile high field strength, light and heavy rare earth, 
highly incompatible elements such as Th and fluid mobile large ion lithophile elements. 
The multiclass regression analysis establishes that the Guatemalan source(s) can be 
discriminated from the Dominican and Cuban source to 91% using La/Th, Zr/Hf and Y/
Th (Table 4). Four jadeite-omphacite rich jades from the Dominican Republic (DR-SR-
53/56/58/59) were falsely assigned to the Guatemalan source(s).

Sample DR-SR-59 is 1 OM enriched compared to N-MORB, possess a flat REE pattern 
(Fig.2A) with no obvious Eu anomaly and high LILE abundances (Pb, Cs, Ba 1055 ppm 
possibly in barian phengite, Rb 27.2 ppm) with Pb 21.1 ppm being 2 times more enriched 
with respect to N-MORB than other Dominican jades (DR-SR < 11 ppm) and Cs 1.94 ppm, 
showing 4-time enrichment (Fig. 2E). Geochemically, sample DR-SR-58 is similar to DR-
SR-59 except for 2 times more enriched LREE pattern, and slightly negative Pb-, Sr- and 
Ti anomalies. Notably, with respect to the geochemistry of the excavated Playa Grande 
artefacts, these rock types were not employed by the Indigenous communities for making 
celts. Samples DR-SR-53 and DR-SR-56 display a similar REE and TE pattern with high 
Th (0.24 ppm and 0.43 ppm) and U abundances (0.15 ppm and 0.55 ppm). Compared to 
chondrite values, they are both enriched in LREE and offer flat HREE pattern (Fig. 2A).

Jade from the Dominican Republic can be distinguished from the Cuban source employing 
Er/Yb, Nb/Ta and Ba/Rb ratios to 71% (Table 4). Misclassified Dominican samples (DR-SR-
12/17/24/49/52/62/64) show comparable TE abundances with Cuban source rocks, except 
for Yb and Lu elemental abundances which are 1 to 2 OM higher in the Cuban assemblage 
(Fig. 2C). In addition, DR-SR-17 is depleted in Zr and Hf compared to N-MORB and the 
Cuban samples by 1 OM. Falsely assigned Cuban jades (CU-SR-02/03/06/11/17) have 
similar TE patterns as Dominican jades; nevertheless, CU-SR-17 exhibits a 4 OM depletion 
in Ba and Ti and 2 to 3 OM enrichments in Yb. The two source areas in Guatemala, north 
and south of the Motagua Fault Zone, can be distinguished to 89% by using Zr/Hf, Sm/
Nd, Ta/Th, La/Sm, Dy/Y and Ce/Gd (Table 4). Our data show that misclassified samples 
from the DR, CU, NMFZ and SMFZ are characterised by a mineral assemblage that implies 
formation at similar and/or overlapping PT conditions. Harlow et al. [16] demonstrated 
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that quartz free jades from the DR were generated under similar PT conditions to jades 
derived from south of the MFZ. Quartz bearing jades from the Jagua Clara Mélange were 
formed at the same P as jades from the NMFZ. Source rocks from the Sierra del Convento 
Mélange in eastern Cuba generally experienced a “hotter” subduction (up to 600 ˚C 
and perhaps even higher) than the other source regions nevertheless have overlapping 
PT conditions with parts of the DR and GM suites. Geochemically the same issue is 
encountered, and 22.8% of samples studied cannot be discriminated, i.e., assigned to the 
correct source class (9 DR, 5 CU, 5 NMFZ and 4 SMFZ out of a total of 101 jade samples).

Until now, it has never been possible to prove, based on studies of archaeological 
materials recovered in the process of formal excavations, the contacts between Hispaniola 
and Central America in pre-Hispanic times. Geochemical analyses and predictive 
modelling of 19 jadeitite celts excavated from the Late Ceramic Age Site Playa Grande 
in the northern Dominican Republic determined 3 celts of exotic origin (16%, Fig. 2), 
connecting Hispaniola to Guatemala. Apart from samples DR-PG-11/13/18, all jadeitite 
artefacts have a Dominican signature. Our findings are corroborated by Schertl et al. [39] 
who determined for sample DR-PG-18 (31103) very low REE abundances which are not in 
the range of the Rio San Juan spectra. The stratigraphic unit in which celt fragment DR-
PG-18 (31103, UE 3 of Corte 7 A-H) was found corresponds to pre-Hispanic levels with a 
calibrated radiocarbon date of 790 - 1000 AD. A second date of UE 3 (1340 - 1470 AD) 
was identified which places the archaeologic stratum a later date, but always within pre-
Hispanic levels. [70,74]. From this result, it is derived that most likely the pieces arrived 
in Hispaniola between the end of the 8th century AD and the 11th century AD, although 
the greatest probability is based on the fact that the dating is centered between the 9th 
century AD and 10th century AD. The inferred Guatemalan source for jade celts indicates 
long distance exchange routes; 2000 km linear distance but with respect to Indigenous 
transport routes > 3200 km [17,25,91,92]. Although an extensive workshop was discovered 
at the site, currently there is insufficient archaeological evidence to determine if the 
finished product or raw materials were traded throughout Caribbean islands or only 
used locally. The ability to provenance the source rocks offers the possibility to address 
this question in the future which is of greatest interest to reconstruct the prehistory of 
the Caribbean.

9. Conclusion
We have shown that it is possible to discriminate between the four circum-Caribbean 
jade sources which might have been exploited as source for raw material procurement by 
pre-colonial  communities. Thus, it is feasible to provenance objects from archaeological 
sites made from jade. This study reports comprehensive geochemical coverage of 
known Cuban and Dominican Republic sources but only a proportion of the larger 
Guatemalan sources (NMFZ and SMFZ). Additional terrain inspections are crucial to find 
and describe new deposits, thereby reducing the bias. We propose the development of 
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a Mesoamerican-Caribbean database of natural jade-rich rocks and artefacts including 
for example associated mineralogy, geochemistry, and age.

The geochemical variability within the individual source regions is much larger than 
the analytical error, a precondition for a statistical analysis. In comparison to the 
source rock study, selective sampling of raw materials, either because of appearance, 
social or cosmological value, or availability, will have led to a sampling bias by the 
Indigenous populations. With a few exceptions, rock types that are coarse grained and 
heterogeneous are not represented among artefacts. Artefact selection, however, may be 
biased in private and public collections as a result of collection by pioneer and amateur 
archaeologists.

We have demonstrated that inter-laboratory analytical bias is not a significant issue in 
comparison to the observed geochemical variation of jadeitite source rocks. Jade in 
the Greater Caribbean was formed in similar tectonic settings within subduction zone 
settings. Jade sources feature comparable mineralogy and similar geochemical signatures 
and overlapping Sr-Nd-Pb isotope compositions. Individual regions record major intra– 
and inter-source variability, e.g., Y/Th for all sources, including data from Harlow et al. 
(2016), ranges from 0.31 – 1207.79 with DR 2.84 – 673.19, CU 17.46 – 1207.79, NMFZ 0.37 – 
459.96 and SMFZ 1.08-63.62. Trace element ratios are better suited for separating sources 
from each other than element concentrations. Due to the relatively young age of most 
protoliths and the time of jade formation, Sr-Nd-Pb isotope compositions are not distinct 
between source regions, although Cuban samples generally have the least radiogenic 
87Sr/86Sr ratios, a characteristic that may prove helpful in characterizing artefacts in the 
future.

A first application of predictive modelling artefact provenance constituted conclusive 
evidence of pre-colonial  networking. The presence of source rocks from Guatemala in 
the Dominican Playa Grande lithic assemblage provides further evidence of large scale 
(> 3000 km) regional trading and Indigenous knowledge transfer networks across the 
Caribbean.
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(previous page)Table 2: Trace element concentrations (in ppm) determined in this study from 
circum-Caribbean jade source rocks and artefacts from the Late Ceramic age archaeological site 
Playa Grande located in the northern Dominican Republic. Additional NMFZ-SR and SMFZ-SR trace 
element concentrations used in this study from Harlow et al. [93]. Sample name abbreviations: 
DR-SR: Dominican Republic source rock; CU-SR: Cuba source rock; NMFZ-SR: Guatemala North 
Motagua Fault Zone source rock; SMFZ-SR: Guatemala South Motagua Fault Zone source; DR-PG: 
Dominican Republic Playa Grande archaeological site artefact. Note that abbreviation bdl stands 
for below detection limit.
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Table 3: Sr, Nd and Pb isotope composition data for circum-Caribbean jade source rocks and arte-
facts from the Late Ceramic age archaeological site Playa Grande located in the northern Dominican 
Republic. Sample name abbreviations: DR-SR: Dominican Republic source rock; CU-SR: Cuba source 
rock; NMFZ-SR: Guatemala North Motagua Fault Zone source rock; SMFZ-SR: Guatemala South 
Motagua Fault Zone source; DR-PG: Dominican Republic Playa Grande archaeological site artefact. 
Note that abbreviation nd stands for not determined.
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Appendix A
Hand specimen sized source rock samples (> 50 g) and thin artefact cut-offs 
(approx. 0.5 cm, > 5 g) were cleaned of weathered surfaces, crushed and milled to a 
homogenous powder. All chemical preparations were conducted in a class 1000 clean 
laboratory equipped with class 100 laminar flow hoods. Low blanks were achieved by 
purification of reagents, thorough cleaning of lab ware and by minimizing the volume 
of chromatographic columns and reagents. Analytical reagent grade acids (HCl, HNO3, 
HF) were purified by double sub-boiling distillation in quartz or Teflon stills. Water was 
purified using a Milli-Q® integral water purification system, Merck Millipore Corporation 
(resistivity 18.2 MΩ cm at 25°C) and was used throughout.

To guarantee full digestion of jadeitite and jadeitite-omphacitite samples containing 
zircon, high-pressure ParrTM digestion vessels were used. Before digestion ParrTM inner 
digestion vessels were cleaned with 1 mL of 22.6 M HF and 0.5 mL of 14.4 M HNO3 at 
200°C overnight. About 80 mg of rock powder was weighed into the inner digestion 
vessels and digested in 1.8 mL of 22.6 M HF and 0.7 mL of 14.4 M HNO3 at 200°C for 
four days. Digested samples were transferred to 30 mL SavillexTM Teflon beakers. Any 
residue was returned to the digestion vessels in a mixture of 1 mL 6-7 M HCl, 1 mL 
22.6 M HF and 0.5 mL Milli-Q® and heated at 200°C overnight. After full digestion 
the solution was evaporated to dryness and taken up in 3 mL 6-7 M HCl to remove 
fluorides. Subsequently, samples were dried and taken up in 20 mL of 5% HNO3. 
Aliquots were taken from the total solution for trace element analyses by inductively 
coupled plasma mass spectrometry (ICPMS) and after dilution to 1:5000 with 5% HNO3. 
Chromatographic separation was performed to analyse isotopic compositions using the 
thermal ionization mass spectrometer (TIMS) and the multi collector inductively coupled 
plasma mass spectrometry (MC-ICPMS). Sample aliquots were taken for Pb, Sr, LREE and 
Nd chromatographic column separation. Lead was purified by a double-pass HBr-anion 
exchange technique (BioradTM AGIx8 resin, 200-400 μm mesh size), which yields > 99% 
of the Pb. Samples were dried down, nitrated twice to remove any organics and taken 
up in 1% HNO3 to create 50 ppb or 25 ppb solutions for Pb isotope analysis on the MC-
ICPMS. Pb blanks were spiked with an 208Pb spike of 10.062 ppb. For Sr chromatographic 
separation, aliquots were dissolved in 3 M HNO3 and separated from the whole rock 
matrix using Sr-Spec resin (EichromTM, 100-150 μm mesh size). The Sr-fraction was eluted 
with Milli-Q®, dried down and nitrated twice before TIMS analyses. Blanks were spiked 
with a 10.443 ppb 84Sr spike. A two-step chromatographic separation was employed 
to obtain a high purity neodymium fraction. First the LREE fraction including Nd was 
separated using the TRU-Spec resin medium (EichromTM, 100-150 μm mesh size) and 
subsequently Nd was eluted with 0.3 M HCl from the LREE fraction employing the LN 
resin (EichromTM, 50-100 μm mesh size). Samples were dried down and nitrated twice 
prior to TIMS analyses. Samples comprising > 75 ng Nd were analysed by MC-ICPMS 
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and dissolved in a minimum of 1.5 mL 1% HNO3 to obtain 50 ppb solutions. Blanks were 
spiked with a 6.122 ppb 150Nd.

Appendix B
B.1 Dimensionality Reduction – Principal Component Analysis (PCA) and 
t-Distributed Stochastic Neighbour Embedding (t-SNE)
Dimensionality reduction is the transformation of data from a high-dimensional space 
into a low-dimensional space so that the low-dimensional representation retains some 
meaningful properties of the original data, ideally close to its intrinsic dimension. 
Working in high-dimensional spaces can be undesirable for many reasons; raw data are 
often sparse as a consequence of the curse of dimensionality, and analyzing the data is 
usually computationally intractable. Dimensionality reduction is common in fields that 
deal with large numbers of observations and/or large numbers of variables.

In this case of source identification, the number of TE ratios used as indicators is high, 
especially with respect to the size of the sample set. Therefore, dimensionality reduction 
is a natural first step to take to identify the most discriminating trace element ratios. 
Dimensionality reduction techniques re commonly divided into linear and non-linear 
approaches. Here we test both the approaches to correct for the presence of multi-
collinearity that is evident due to similar geochemical behaviour of some TE ratios, e.g., 
La/Th and Ce/Th, Ce/Gd and Sm/Nd or Er/Yb and Dy/Yb.

As a first approach, Principal Component Analysis (PCA) technique is applied to the 
data. Here, we reduce the number of possibly correlated variables into a few linearly 
uncorrelated variables called principal components. These identified components contain 
the greatest information in terms of explaining variation in the full data set. Figure 7 
shows the PCA biplot which reports the principal component scores and the 1st and 
2nd principal component loadings. As it is evident from the plot, only 27.66 % and 20% 
of the data are explained by the 1st and the 2nd principal components, respectively, 
demonstrating that the first two components explain about 50% of the data. However, 
neither of the two components separate the distinct source regions. Thus, we cannot use 
the principal components in place of the actual features (TE ratios). Moreover, although 
PCA is a powerful dimension reduction technique, it can be difficult to interpret the 
reduced dimensions or principal components identified. Another limitation is that PCA 
assumes that the principal components are linear combinations of the original features 
which is a very strong assumption about geochemical data. An apparent shortcoming of 
the presented dimensionality reduction techniques is that they both are unsupervised 
approaches so that a target or dependent variable is not specified. PCA, for example, 
is designed with the aim to minimize mean square error between the original and 
reduced spaces and it disregards minimizing or maximizing any metric related to 
target recognition. Thus, PCA is not an optimal projection from a pattern classification 
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perspective, which is the primary purpose of our application. To identify the TE ratios 
that are the most significant in their discriminatory power between sources, we will thus 
use other approaches.

A natural extension is to consider a more powerful non-linear dimensionality reduction 
technique known as t-Distributed Stochastic Neighbour Embedding (t-SNE). The result 
of applying this approach is given in figure 8. This technique has several parameters that 
can be tuned, however since the objective function of t-SNE is non-convex, different 
initialisations may provide different results. Figure 8 is derived when the 13 TE ratios 
(Ta/Th, La/Th, Zr/Hf, Ce/Th, Y/Th, La/Sm, Rb/Ba, Sm/Nd, Dy/Yb, Er/Yb, Ce/Gd, Nb/Ta, 
Dy/Y) are reduced to two dimensions of non-linear combination of these TE ratios. 
Figure 8 shows a more promising result than PCA. The GM samples seem to show less 
variance among themselves. The CU samples although have a wide range of variance 
yet they are well separated from the GM samples. DR samples have overlap with GM 
as well as CU regions in the two dimensions. What this technique shows is the TE ratios 
can discriminate among the sources. However, the non-linear features derived through 
the t-SNE technique cannot directly tell which of the individual TE ratios are more 
discriminatory than others. To understand which TE ratios are more discriminatory we 
apply the decision tree technique explained in Appendix B.2.

3
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Fig.B.1: (A) Result of unsuccessful PCA analysis employing source specific TE ratios. All 4 sources 
overlap. The 1st and 2nd principal components explain 28% and 20% of the data respectively. Which 
alludes to the fact that the first two components do not explain variance in 50% of the data. (B) 
Projection of the components derived from t-SNE in 2D.

B.2 Decision Tree
A decision tree is a representation for classifying observations (samples) and consists of 
nodes and leaves. The classification or modelling part of the decision tree is performed 
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over given input features with finite numeric values, and a single target feature associated 
with each sample called the class (or leaf) of the sample. Each internal (non-leaf) node 
is labelled with an input feature. It is a flowchart-like structure in which each internal 
node represents a test on an attribute (i.e., based on the T.E. ratio the sample under 
consideration falls into the left or right branch of the tree), each branch represents the 
outcome of the test, and each leaf node represents a class label (decision taken after 
computing all attributes). The paths from root to leaf represent classification rules.

Tree based learning algorithms are one of the best and mostly used supervised learning 
methods. Tree based methods empower predictive models with high accuracy, stability 
and ease of interpretation. Unlike linear models, they map non-linear relationships 
quite well. They are adaptable at solving any kind of problem at hand (classification or 
regression).

Common terms used with Decision trees:

• Root Node: It represents entire population or sample, and this further gets divided 
into two or more homogeneous sets.

• Splitting: It is a process of dividing a node into two or more sub-nodes.

• Decision Node: When a sub-node splits into further sub-nodes, then it is called 
decision node.

• Leaf/ Terminal Node: Nodes do not split is called Leaf or Terminal node.

• Pruning: When we remove sub-nodes of a decision node, this process is called 
pruning. You can say opposite process of splitting.

• Branch / Sub-Tree: A sub section of entire tree is called branch or sub-tree.

• Parent and Child Node: A node, which is divided into sub-nodes is called parent node 
of sub-nodes whereas sub-nodes are the child of parent node.

Decision trees have a natural “if … then … else …” construction that makes it fit easily 
into a programmatic structure. They also are well suited to categorization problems 
where attributes or features are systematically checked to determine a final category. 
For example, in this study a decision tree can be used to separate the origins of jadeite 
rock samples based on the T.E. ratios.

Given the goal to use a subset of features (TE ratios) to precisely classify the samples in 3 
(CU, DR, GM general) or 4 classes (CU, DR, NMFZ, SMFZ), decision tree is a straightforward 
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and intuitive technique from statistical learning. A decision tree (or classification tree) is 
a simple model/representation for classifying observations (samples). The classification 
or modelling part of the decision tree is performed over given input features with finite 
numeric values, and a single target feature associated with each sample called the class 
of the sample. A decision tree is a tree in which each internal (non-leaf) node is labelled 
with an input feature. Feature importance is calculated as the decrease in node impurity 
weighted by the probability of reaching that node. The node probability can be calculated 
by the number of samples that reach the node, divided by the total number of samples. 
The higher the value the more important the feature. The branch coming from a node 
labelled with an input feature are labelled with each of the possible values of the target 
or output feature or the arc leads to a subordinate decision node on a different input 
feature. Each leaf of the tree is labelled with a class or a probability distribution over 
the classes. The tree tries to infer a split of the training data based on the values of the 
available features to produce a good generalization. The algorithm can naturally handle 
binary or multiclass classification problems. The leaf nodes can refer to either of the 
classes concerned.

The decision tree modelling technique was used to rank the TE ratios based on which are 
most effective in discriminating the sources. The model goes through the explanatory 
variables (37 TE ratios) to find which split the data into the purest possible classes. The 
next step is to consider the split data from the previous node and find the next ratio 
that can further break up the data in the current node into purer classes. This process 
continues until the nodes are 100% pure, meaning only one class of data remains in 
each terminating or leaf node. Or, if there are no more data to split, meaning leaf node 
has the “minimum” number of samples that can be set. One drawback of a full tree is 
overfitting, which means the model perfectly fits the current data, but it may not be 
able to predict an artefact of unknown provenance correctly. To avoid this, the tree was 
pruned on the node where the cross-validation error is minimum. Cross-validation is 
a model validation technique for assessing how the results of a statistical analysis will 
generalize to an independent data set. It is mainly used in settings where the goal is 
prediction, and one wants to estimate how accurately a predictive model will perform in 
practice. In a prediction problem, a model is usually given a dataset of known data on 
which training is run (training dataset), and a dataset of unknown data (or first seen data) 
is tested against the model. The goal of cross validation is to define a dataset to test the 
model in the training phase (i.e., the validation set), to limit overfitting and to give an 
insight into how the model will generalize to an independent dataset (i.e., an unknown 
dataset, for instance from a real problem).

In most other methods of data modelling, normalizing values would be required so 
that the results are not skewed due to differences in range of values, e.g., Ba/Ta (12-
219846) and Nb/Hf (0.02-45.88). The decision tree considers each TE ratio independently 
and evaluates the best split within the TE ratio given the defined classes. It does this 
independently for each TE ratio and then picks the most successful. Decision trees are 
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usually built as binary trees as they have dichotomous splits. There are possibilities to 
increase the branches of the split, but this is usually not very helpful in interpreting the 
results.

Fig.B.2: Full (A) and pruned (B) decision tree displaying the discrimination of the 4 jade 
sources by using distinct TE ratios. Class labels and color in each node (CU = coral, DR = olive, 
NMFZ = turquoise, SMFZ = purple) correspond to the most dominant class. Decimal numbers 
indicate the proportion of each class in a node. Percentages depict the fraction of data in each 
node; root node (top one) has 100% data and each level of the tree sums to 100%. The full tree is 
achieved by splitting the data until nodes are 100% pure, meaning only one class of data is left in 
them. Trimming the tree based on cross-validation errors results in a pruned tree which is more 
reliable, as over-fitting is avoided.

3
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B.3 Welch’s t-Test
To test for a significant difference between the means of TE ratios between two of the 
source regions (DR, CU, NMFZ, SMFZ), we perform Welch’s t-test. Different from a regular 
Student’s t-test, the assumption here is that the underlying population from which the TE 
ratios are sampled are normally distributed with unequal variances [61]. This is particularly 
relevant for our data since the TE ratios are defined on very different, and in some cases 
broad, domains and we are dealing with different sample sizes. The null hypothesis is 
that there is no difference in the means of TE ratios, and we reject this hypothesis if the 
p-value is smaller than 0.005. The results are given in Fig. 11. As seen, there are many 
cases for which the significant difference is not observed. However, the following ratios 
are particularly good for source classification: La/Th (or Ce/Th), Nb/Ta, Sm/Nd, Y/Th or 
Yb/Th and Ta/Th for splitting GM (NMFZ +SMFZ) from the DR/CU group; Nb/Ta, Er/Yb 
or Dy/Yb, Ba/Rb and Zr/Ta for separating DR from CU and finally Dy/Y or Dy/Yb, La/Sm 
and Ta/Th to discriminate NMFZ from SMFZ.
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Fig.B.3: Welch’s test (or unequal variance t-test) displaying whether the null hypothesis based on 
0.5% significance level is rejected (0.005 significance). Each block matrix corresponds to a TE ratio, 
and each cell within a block corresponds to the p-value when testing for a significant difference 
between observed TE ratios in different sources given as rows and columns of each block.

Appendix C
In statistical learning, multiclass or multinomial classification is the problem of classifying 
instances into one of three or more classes given a set of explanatory variables. 
Multiclass classification should not be confused with multi-label classification, where 
multiple labels are to be predicted for each instance. Methods like multi-regression 
requires predetermined set attributes and some approximate relationship between the 
explanatory variables and the class variable. A set of labelled (known sources) samples 
represented by a set of uncorrelated explanatory variables (TE ratios) and assumption 
about the underlying relationship between the explanatory variables and the dependent 
variable (the sources) is given. The relationship can be linear, on a log scale, non-linear, 
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exponential etc. The determination of relationship is one of the two crucial decision points 
for building a regression-based classification model. The 2nd decision point is which 
of the features are relevant and not redundant for classification. The method requires 
determination of which attributes to use (which was achieved by the Welch test) and the 
relationship between the explanatory variables and the class variable. Multicollinearity 
is another issue that needs to be considered as TE ratios may be correlated.

A regression classifier is generating a decision boundary according to:

   

Logistic regression classifier   

Classes  

Prediction of the probability  

Where each classifier is trained to recognize 1 of the 4 classes ( jade sources).

For the prediction of the Playa Grande artefacts, all 4 classifiers are run on the new input 
data  (TE ratios). The algorithm then picks the class  which maximises the 4 classifiers, 
i.e. it chooses which value of  gives the highest probability according to:
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Abstract
Pre-colonial  Caribbean jade objects from the National Museum of Denmark Hatt 
Collection were subjected to a microwear and provenance analysis. Thirty-nine jade celts 
and bodily ornaments from the US Virgin Islands, i.e. St. Croix, St. Thomas, St. John, and 
five celts from the West Indies of unknown location, St. Vincent, Cuba and the Dominican 
Republic were analysed.

A comprehensive in-depth examination of jade adornments from St. Croix, combining 
typo-technological and microwear analysis, is compared to other lithologies used for 
pre-colonial  ornaments. A portable laser ablation system was used to sample jade celts 
and bodily ornaments on site in a quasi-non-destructive manner. Low-blank trace element 
and Sr-Nd isotope ratio data were evaluated with a multiclass regression provenance 
prediction model.

This study demonstrates that the pan-Caribbean exchange of jade raw materials, pre-
forms or finished objects during the Ceramic Age (400 BC to AD 1492) occurred on a more 
complex scale than previously thought involving jade sources in Guatemala, eastern Cuba 
and the northern Dominican Republic. In addition, the study of ornaments recovered 
from St. Croix reveals use of specific lithologies suggesting stronger ties to Indigenous 
communities on Puerto Rico than other Lesser Antillean Islands. 

Previous pages: Upper image showing the portable laser ablation sampling device ablating a jade 
celt from the Hatt Collection at the collection storage in Brede of the National Museum of Denmark. 
Visible on the screen in the background is the reflection of a laser pulse. The lower image displays 
a jade frog pendant found at the Early Ceramic Age Prosperity site on St. Croix.
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1. Introduction
The National Museum of Denmark (NMD) curates one of the largest pre-colonial  
collections from the Caribbean Islands, including material from Trinidad in the southeast 
to Cuba in the northwest. The presence of artefacts made of jadeite – and omphacite 
jade (subsequently referred to as jade) in pre-colonial  assemblages in the Caribbean has 
been reported by archaeologists for decades [1-6]. Generally, provenance studies of lithic 
materials are underutilized in Caribbean archaeology, and the same can be concluded for 
microwear analysis [7]. Most artefact studies in Caribbean archaeology have focused on 
functional analyses, material identification, use wear and the establishment of typological 
categories [8-11]. Harlow et al. [12] were the first to conduct an archaeometric study 
on pre-colonial  lithic celts excavated on the Lesser Antillean island of Antigua and 
demonstrated that many were made of jade. At this time the jade celts were assigned 
to the Motagua Valley in Guatemala (GM), two sources north and south of the Motagua 
Fault Zone (NMFZ and SMFZ), the only known jade outcrops in the circum Caribbean [13-
15]. The outcome of this study was significant for Caribbean Archaeology as it indicated 
pre-colonial  trade routes extending over 3000 km.  Importantly, the authors did not rule 
out unknown sources on islands of the Greater Antilles. In the last decades, two further 
jade sources were identified in eastern Cuba (CU) [16-19] and the northern Dominican 
Republic (DR) [20-23] questioning Guatemala as the only source for jade objects found 
on the Greater- and Lesser Antilles (Fig. 1) and the Lucayan Archipelago. During the Early 
Ceramic Age (ca. 500 BC – AD 600/800), body ornaments made of lapidary materials 
circulated in long-distance exchange networks connecting multiple islands across the 
Caribbean archipelago  and, potentially, South - and Central America [1,3,24-27]. They 
were made of a broad range of materials, notably amethyst, carnelian, diorite, turquoise, 
serpentinite, nephrite and jade. Ornaments in such raw materials have typically been 
recovered from archaeological sites associated to the Saladoid (or Cedrosan Saladoid) 
and Huecoid (or Huecan Saladoid) ceramic (sub)series. In particular, large bead workshop 
sites have been attested in the north-eastern Caribbean island of Puerto Rico [28,29], 
one of which being the type-site for the Huecoid series (La Hueca-Sorcé in the nowadays 
Puerto Rican island of Vieques) [28,30,31]. The geological sources of the lapidary 
materials are various, including 1) widely-spread material sources, 2) sources limited to 
a few islands, and 3) sources absent from the archipelago [32]. In this panorama, the 
circulation of exotic jade objects in the Caribbean realm has become a key proxy for 
elucidating the sophisticated Indigenous networks of mobility and interaction [33-36]. 

The discovery of two additional Caribbean jade sources has significant implication for 
the NMD, as it curates almost 1900 celts from various donors, of which > 200 appear to 
be made of jade. Nonetheless, it is questionable whether the high percentage of jade 
celts is representative of pre-colonial  Caribbean lithic assemblages. Recent excavations 
and studies have demonstrated that jade was highly valued and prized by Indigenous 
societies due to its physical properties, appealing colour and limited local availability 
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although jade forms only < 20 % of the recovered lithic material (with the exception of 
individual sites, e.g., Playa Grande which is in vicinity of the Dominican jade source > 60 % 
jade celts and Pearls on Grenada ~ 30 % jade paraphernalia) [3,11,25,36,37]. The limited 
availability seems to imply a biased sampling of objects by pioneer archaeologists. Our 
systematic multidisciplinary study focuses on the Hatt collection, named after Gudmund 
Hatt, a Danish archaeologist at the NMD. In 1922/1923 Hatt excavated > 30 sites in the US 
Virgin Islands, neighbouring Tortola and Hispaniola during a nine months expedition that 
recovered more than 20 cubic metres of archaeological artefacts representing > 20,000 
objects covered by around 4,600 registration numbers  [38-40]. The large number of 
excavations was possible due to help of the island inhabitants who shared their knowledge 
of surface finds and untouched settlement deposits. On St. Croix, the plantation owner 
and amateur archaeologist Gustav Nordby advised Hatt where to excavate. The exact 
number of artefacts is still unknown, as the curation of the Hatt Collection has been 
dormant since 1947. The legacy Hatt collection was “rediscovered” in 2015 when the NMD 
digitalised, photographed and reanalysed the entire archaeological collection from the 
West Indies. Active curation and examination of the objects has resumed. Even though 
the collection is colloquially called the Hatt collection, the nomenclature is misleading, 
as it spans over a 200-year long acquisition history within the NMD. The first pre-colonial  
artefact was acquired from a Danish civil servant from the Danish Virgin Islands in 1813 
and the last artefacts were transferred from the Maritime Museum in Elsinore in 2015, 
but the NMD collection includes multiple other donors.

Here we present new data on the wear of bodiy ornaments, trace elemental- and isotopic 
composition of jade celts and lapidary objects from locations on the US Virgin Islands St. 
Croix (STC), St. Thomas (STT) and St. John (STJ) (Fig. 1) and of jade celts recovered from 
the West Indies without any further specification (WI), St. Vincent (STV), the Dominican 
Republic (DR) and Cuba (CU). Extensive new data about archaeological sites in the Virgin 
Islands, which were obtained through an exhaustive study of legacy archival materials 
housed at the NMD are given in Appendix I. Our integrated approach contributes 
to a holistic view of the artefacts, including raw material collection, production, use 
and distribution, which enables us to place the Virgin Islands communities within the 
wider Caribbean context. The focus of this case study lies on the determination of the 
provenance of jade objects retrieved from the US Virgin Islands. A portable laser ablation 
sampling device allowed us to sample museum grade artefacts on location at NMD 
in a micro-invasive manner leaving ablation pits of the diameter of a hair (~ 100 μm), 
essentially invisible to the naked eye [41,42]. Subsequent geochemical analyses of the 
artefacts by low-blank trace elemental and Sr-Nd isotope composition analyses are 
performed on microgram amounts of material [42,43]. Knaf et al. [36] characterized the 
four known jade sources in the Caribbean (GM [NMFZ and SMFZ], CU and DR). These 
data provide the context to determine the provenance of jade artefacts from the Virgin 
Islands. Specifically, a discrimination model using a multiclass regression approach will 
provide a better understanding of trading networks in the region.  
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Fig.1: Google maps satellite images showing (A) the wider Caribbean region including the Greater- 
and Lesser Antilles, the Lucayan Archipelago, as well as Mesoamerica and northern South America 
(image ~3500 km across). White stars represent the known jade sources in Guatemala (north and 
south of the Motagua Fault Zone), eastern Cuba and the northern Dominican Republic. The size 
of the stars is indicative for the relative size of jade sources (Guatemala >> Dominican Republic > 
Cuba). Yellow square indicates the location of the Virgin Islands with (B) a blow up of St. Thomas 
and 4 km to the east adjoining St. John (image ~ 75 km across). St. Croix is located approximately 60 
km southward (image ~ 40 km across) . Amerindian settlements are marked with a star. St. Thomas 
and St. John: yellow = Magens Bay, orange = Durloe Cay, blue = Little Cruz Bay, red = Coral Bay; 
and St. Croix: yellow = Prosperity, blue = Sprat Hall, orange=Cane Bay, purple = Richmond, pink 
= Cotton Valley, red = Longford.
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Furthermore, we complement the provenance determination of jade bodily ornaments 
with a typo-technological and microwear study. In order to provide a more comprehensive 
picture of patterns in ornament production and use, we briefly review lapidary materials 
from the western coast of St. Croix that are part of the Hatt Collection, followed by an in-
depth examination of jade specimens. The study provides insights on how jade ornaments 
were treated and perceived in contrast to other lapidary materials.

2. Archaeological context and sample description
We examined 44 pre-colonial  jade artefacts, 39 objects from Ceramic Age sites on the 
US Virgin Islands and five jade celts recovered from St. Vincent (n=1), Cuba (n=1), the 
Dominican Republic (n=2) [44] and one sample of unspecified location in the West Indies. 
From the Virgin Islands, we selected 30 celts and bodily ornaments from at least six 
different sites on St. Croix, two celts from St. Thomas, six celts from four different sites on 
St. John, and one celt with an unclear origin assigned to either St. Croix or St. Thomas [38]. 
Table 1 provides a list of artefacts that underwent microwear and provenance analyses. 
Archaeological details of the most important sites (Fig. 1) are described in Appendix I.

Prior to sample selection, the main mineral phases were determined through visual 
inspection using a magnifier glass (X 20). It is often difficult, however, to distinguish 
between nephrite and jadeite-omphacite jade, both of which were used by pre-colonial  
Indigenous societies for the manufacture of objects. This is especially the case with 
intact and highly polished artifacts. Here the gloss can help, which is glass-like in 
lithologies containing jadeite (and omphacite) and greasy in nephrites. Furthermore, 
the determination of the mineralogy of intact artefacts with heavily weathered and 
discoloured surfaces is difficult. Differentiating between types of rock becomes more 
challenging, the smaller the object to be examined, e.g., beads and pendants. With this 
in mind, there is a slight possibility that a minority of artefacts (<5%) analysed is not 
jadeite-omphacite jade.

In order to obtain temporal and spatial provenance results, artefacts were primarily 
chosen from the Hatt collection’s corpus to cover a wide arrange of islands, sites and 
cultural periods. Secondly, artefacts were selected based on an earlier unpublished study 
using Raman spectroscopy, which focused on objects < 7 cm in length, which was a legal 
requirement when transporting the artefacts from the National Museum of Denmark to 
the facility in Orgnac, France.

Thirty-five jade objects (31 celts and 4 pendants) were selected for micro-invasive 
sampling and geochemical analyses (Fig. 2 and 3). A brief petrographic description of 
samples ranging from jadeite – and omphacite – rich jade, lawsonite jade, jadeitite sensu 
lato (s.l., > 75 vol.% jadeite) [45] to jadeitite sensu stricto (s.str., > 90 vol.% jadeite) is 
presented in Appendix II. 



117

A holistic provenance and microwear study of pre-colonial jade objects from the Virgin Islands

Ta
bl

e 
1:

 L
ist

 o
f I

nd
ig

en
ou

s j
ad

e 
ar

te
fa

ct
s f

ro
m

 th
e 

N
at

io
na

l M
us

eu
m

 o
f D

en
m

ar
k 

(N
M

D)
 se

le
ct

ed
 fo

r m
ic

ro
w

ea
r –

 (M
W

) a
nd

 p
ro

ve
na

nc
e 

(P
) a

na
ly

se
s. 

Ab
br

e-
vi

at
io

ns
 fo

r l
oc

at
io

n 
an

d 
pr

ed
ic

te
d 

pr
ov

en
an

ce
 a

re
 S

t. 
Cr

oi
x 

= 
ST

C,
 S

t. 
Th

om
as

 =
 S

TT
, S

t. 
Jo

hn
 =

 S
TJ

, W
est

 In
di

es
 =

 W
I, 

St
. V

in
ce

nt
 =

 S
TV

, D
om

in
ic

an
 R

ep
ub

lic
 

= 
D

R,
 C

ub
a 

= 
CU

, G
M

 =
 G

ua
te

m
al

a,
 N

M
FZ

 =
 n

or
th

 o
f t

he
 M

ot
ag

ua
 F

au
lt 

Zo
ne

 in
 G

M
, a

nd
 S

M
FZ

 =
 s

ou
th

 o
f t

he
 M

ot
ag

ua
 F

au
lt 

Zo
ne

 in
 G

M
. N

ot
e 

th
at

 d
at

es
 

de
te

rm
in

ed
 b

y 
ac

ce
le

ra
to

r m
as

s s
pe

ct
ro

m
et

ry
 (A

M
S)

 c
ar

bo
n 

da
tin

g 
fo

r t
he

 P
ro

sp
er

ity
 si

te
 o

n 
St

. C
ro

ix
 ra

ng
e 

fr
om

 A
D

 7
00

 –
 9

00
 (n

=
4)

 w
ith

 2
 o

ut
lie

rs
 a

t  
AD

 
12

00
 a

nd
 1

67
5.

 A
s a

 c
on

se
qu

en
ce

 o
f l

ow
 e

le
m

en
ta

l a
bu

nd
an

ce
s i

t w
as

 n
ot

 p
os

sib
le

 to
 d

et
er

m
in

e 
th

e 
pr

ov
en

an
ce

 o
f C

PH
28

.

4



118

Chapter 4

A total of 13 jade bodily ornaments underwent typo-technological and microwear 
analysis to provide insights into how they were manufactured, worn and attached (Table 
3). Typological and technological data generated for jade ornaments is compared to 
other examined lapidary materials (n=52) found in the Hatt collection. The study of the 
collection from the NMD provides new insights on a poorly known node in the Early 
Ceramic Age networks of interaction. The Hatt collection contains lapidary materials 
collected from the neighbouring sites of Prosperity and Sprat Hall on the western coast 
of St. Croix. In addition to the Hatt collection, we included all lapidary materials retrieved 
from these locations (n=65). The majority of the lapidary assemblage comes from the 
collections of Gustav Nordby, who conducted excavations on domestic middens on 
coastal sites and purchased artefacts from throughout the island. Three of the donations 
made by Nordby are included in the lapidary study: 1920 (registration numbers O.2416 to 
O.2909), 1923 (registration numbers O.30.1 to O.30.658), and 1946 (registration numbers 
O.9393 to O.9467). The first comprises eight artefacts, which could have been collected 
throughout the island of St. Croix. The second series includes 30 artefacts from the sites 
of Prosperity and Sprat Hall. Seven artefacts in this group (O.30.345 – O.30.353) are 
identified as coming from Krause, a field within the Prosperity estate. 
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Fig.2: Jade celt and celt fragments with sample numbers which were selected for provenance 
analyses recovered from various sites on (A) St. Croix, (B) St. John and St. Thomas, and (C) West 
Indies – St. Vincent – Dominican Republic – and Cuba. Note black scale bars are 3 cm. Pictures 
courtesy of A.C.S. Knaf.
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Fig.3: Jade pendants with sample numbers which were selected for provenance analyses recov-
ered from the Cedrosan Saladoid Prosperity site on St. Croix. Note black scale bar is 3 cm. Picture 
courtesy of A.C.S. Knaf.

3. Methodology
3.1 Typo-technological and microwear analysis
Ornaments were analysed through a combination of typo-technological and microwear 
analyses. This approach provided evidence of production processes, use, recycling, 
breakage, and discard. In a first stage, we classified ornaments according to raw material, 
morphological type, and technical stage through macroscopic examination. The ornament 
typology used here follows the definitions used in Falci et al. [25] that take into account 
both artefact morphology and the number and position of perforations. Four bead 
subtypes, four pendant subtypes, one unperforated disc type, and one indeterminate 
group are defined. Among pendants, zoomorphic specimens reminiscent of frogs were 
classified in two subtypes: flat and three-dimensional. Flat frog pendants encompass 
both geometric specimens presenting simple rectangular shapes and segmented frogs 
(Fig. 4). The shape of the latter is reminiscent of three stacked circles. This typology was 
devised with reference to other lapidary collections from the Early Ceramic Age Caribbean 
[30,31,46] and allows us to draw comparisons with other assemblages across the Antilles. 
Technical stages encompass rough-outs, successive stages of preforms, and complete 
artefacts. Artefacts with incomplete or no perforations were labelled preforms. In the 
presence of a complete perforation, we can only assess if an artefact is still a preform 
after analysis of its shaping stage and surface treatment. Non-perforated discs are oval 
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artefacts that are too large to be preforms of disc beads. They were classified as preforms 
of other ornament types, such as geometric pendants and plano-convex beads. 

In a second stage, artefacts were examined through microwear analysis. Microscopic 
analysis of wear traces has become a widely-used method for reconstructing the 
production sequence of ornaments made of various lithic materials and that have 
undergone extensive grinding and polishing [47-53]. Microscopes from the Laboratory 
of Artefact Studies of Leiden University were transported to the NMD. The ornaments 
were examined using a DinoLite digital microscope (model AD7013MZT Premier) with low 
magnifications (20-60x). In a second step, specimens were observed under an incident 
light Nikon Optiphot-1 metallographic microscope that allows for higher magnifications 
(100-200x). Artefacts were cleaned with water, soap and alcohol prior to examination. 
We report here the results of the material and typo-technological classification of all 
ornaments, but focus the microwear results on the jade ornaments.

3.2 Portable laser ablation sampling
Artefacts (CPH02-CPH36) were sampled using a portable laser ablation (pLA) sampling 
device [41,42]. The detailed sampling protocol can be found in Knaf et al. [42]. Individual 
jade objects were ablated 20 times onto a filter to gain a representative sample and 
sufficient material for reproducible trace element (TE) and isotope composition (IC) 
analyses. Each ablation was conducted for 90 seconds, collecting between 1 - 4 µg of 
material per ablation. It needs to be stressed that absolute element concentrations are 
highly imprecise as the uncertainty in the sample weight is at least 36% as this depends 
on the ablation efficiency, which is impossible to quantify. Consequently, TE ratios and 
the slope observed in TE and REE normalised figures are considered relevant. Hence all 
provenance discrimination is performed using TE ratios [42]. Sampling was concentrated 
on damaged surfaces to minimise the visibility of the micro-invasive sampling. Moreover, 
ablation of bodily ornaments was carried out to avoid destruction of wear traces and 
carvings, incisions, and drill holes. Before switching to a new sample, the laser ablation 
module and the tubing to the sample wheel were disassembled and thoroughly cleaned. 
Approximately every 8 samples, a 20 minutes ambient air blank was collected. In addition, 
after every 10 samples, a USGS basalt glass standard (BHVO-2G) was ablated. To allow 
correction for any sampling blank, dust was collected from the NMD storage facility in 
Brede. Individual filters were stored in pre-cleaned centrifuge tubes and returned to the 
Vrije Univeristeit, Amsterdam for low-blank geochemical analyses.

4
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Fig. 4: Traces identified on 12 jade ornaments. (A) O.9424 and (B) O.30.625: Use-wear on perfora-
tions and artefact edges, in the form of rounding, polish, and deformation. (A) O.2846: Perforation 
displaying no use-wear and V-shaped carving traces. (B) O.30.353: Unfinished broken perforation 
and polished surface.  (A) O.30.341 and (C) O.2844: Plano-convex beads with evidence of being 
produced on flake blanks, namely bulb of percussion and flake scar negatives. (C) O.2844: Coarse 
grinding traces. (C) O.30.352: Figure-in-profile pendant with traces of sawing on the perforation 
and isolated cut marks. Horizontal scale bars are 3 cm and small x/y scale bars are 2 mm. Pictures 
courtesy of C. Guzzo Falci.
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3.3 Geochemistry, standard and blank data
Sample preparation and geochemical analyses were conducted in a class 10000 clean 
laboratory equipped with class 1000 laminar flow hoods. Acids were of analytical reagent 
grade and purified by double sub-boiling distillation in silica glass or PTFE stills. Water was 
purified using a Milli-Q® integral water purification system, Merck Millipore Corporation 
(resistivity 18.2 MΩ cm at 25°C).

Roughly 20 – 80 µg of the laser ablated sample aerosol deposited on hydrophobic and 
inert PTFE filter was digested following the sample dissolution registration described in 
Knaf et al. [42]. Samples were processed in two different approaches for low-blank TE and 
double spiked lead (Pb) -, strontium (Sr) – and neodymium (Nd) isotope dilution (ID) and 
isotope composition (IC). Samples of the first batch, which exclusively contained artefacts 
from St. Croix (CPH08-CPH16, CPH19, CPH26, CPH27, CPH31-CPH34), went through a 
miniaturized Pb-, Sr- and Nd- column chemistry as total solutions following Koornneef et 
al. [54]. Lead isotope composition analyses were, however, unsuccessful as most samples 
contained less than 200 pg Pb. Pre- and post-fractions from the column chemistry were 
collected for subsequent ICPMS analyses. Before loading the sample solutions onto the 
columns, samples were spiked for Sr - and Nd isotope dilution analyses (84Sr spike = 3.691 
ppb and 150Nd spike = 0.07951 ppb). Samples of the second batch, including artefacts 
from St. Croix, St. Thomas, St. John, St. Vincent, Cuba and the Dominican Republic (CPH02-
CPH07, CPH17, CPH18, CPH20-CPH25, CPH28, CPH30, CPH35, CPH36) were aliquoted for 
TE - and IC analyses. After digestion, samples were dissolved in 500 µL 3M HNO3. A 10% 
aliquot was taken and further diluted to reach 500 µL of 5% HNO3 for ICPMS analyses. 
The remaining 450 µL were used to purify Sr from the whole rock matrix. 

Strontium and Nd isotope analyses were performed on a Thermo Scientific TritonPlus TIMS 
according to the method described in Knaf et al. [42]. Neodymium isotope compositions 
were measured using 1013 ohm resistors [43]. Trace elements were determined on a 
Thermo Fisher X-series-II ICP-MS following an analytical protocol from Knaf et al. [42]. 
Trace element abundances are reported after blank correction. Trace element data from 
the first batch were normalized to a quality control BHVO-2 standard to correct for 
column yields [42].

Mass spectrometric performance was monitored by repeated measurements of 100 ng 
Sr standard NBS SRM 987 which yielded an average of 87Sr/86Sr = 0.710255 ± 18 (2SD, n 
= 14), which is within error of the long-term value of 87Sr/86Sr = 0.710242 ± 25 (2SD, n = 
45). Analyses of 100 ng Nd standard JNdi yield an average of 143Nd/144Nd = 0.512151 ± 
18 (2SD, n = 2) and 200 pg of the in-housed Nd standard CIGO resulted in 143Nd/144Nd = 
0.511338 ± 73 (2SD, n = 3). The accepted value for JNdi is 143Nd/144Nd= 0.512115 ± 7 [55] 
and the long-term value for the analysis of 200 ng of the in-house CIGO is 143Nd/144Nd 
= 0.511332 ± 11 (2SD, n=129).
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Isotopic composition reproducibility of the entire methodology, including monitoring 
of mass fractionation during laser ablation sampling, was evaluated using USGS basaltic 
certified glass reference, BHVO-2G. Isotope compositions yielded for a maximum amount 
of 15.56 ng Sr, which gave after blank correction 87Sr/86Sr = 0.703447 ± 107 (2SD, n = 
3) within error of published values ( 87Sr/86Sr = 0.703469 ± 14 of Elburg et al. [56]; and 
a maximum of 1 ng of Nd which gave 143Nd/144Nd = 0.512959 ± 84 (2SD, n = 1), which 
is within error of the reference value of 143Nd/144Nd = 0.512957 from Raczek et al. [57] 
without blank correction. Evaluation of three ablated USGS BHVO-2G samples establish 
that TE ratios are  within the propagating error of the true USGS BHVO-2G value.  For 
full details see Appendix III (Table 6 and Fig. 9).

The Copenhagen dust blank yielded 87Sr/86Sr = 0.709405 ± 18. Strontium and Nd isotope 
compositions of the Amsterdam clean lab blank are 87Sr/86Sr = 0.71112 ± 0.00005 (2SD, 
n=3) and 143Nd/144Nd = 0.51186 ± 0.00009 (2SD, n = 3) (Koornneef et al., 2015). Total 
procedural blanks were determined by isotope dilution using 84Sr and 150Nd spikes. Blanks 
are 103 pg for Sr and 7.5 pg for Nd, of which the sampling blank contributes 76 pg Sr 
and 6.5 pg Nd, respectively. The average blank contribution to the sample for Sr is 2.61% 
(median 2.17%) and for Nd 3.48%, with a median of 1.03%.

4. Results
4.1 Typo-technological and microwear analyses
The ornaments from the Hatt collection encompass 11 raw materials and were classified 
into 33 beads (50.76 %), 29 pendants (44.61 %), and three discs without perforations (4.61 
%). An overview of raw materials and morphological types present in the Collection is 
given in Table 2. The most numerous raw materials were jadeitite and diorite, with 13 
ornaments each (20 %). Whereas most diorite ornaments were disc and tubular beads, 
most jadeitite specimens were geometric pendants and plano-convex beads. The other 
two most numerous raw materials, serpentinite and jasper, were also predominantly made 
into geometric pendants and plano-convex beads. Few ornaments in quartz varieties 
were identified (n=5; 7.69 %). Twelve artefacts were identified as unfinished ornaments 
(18.46 %). They are preforms with most of the shaping production stages completed. 
There are no debitage products (flakes and cores) or rough-outs in this collection. Most 
jadeitite artefacts have a light green colour and red inclusions consisting of either iron 
oxide or garnet (n=10, 76.9 %). The raw material of a plano-convex bead (O.9413) is 
different, consisting of two generations of jadeite and titanite. This resulted in a mottled 
light and dark green colour, with both fine- (< 250 µm) and coarse-grained (≥ 1 mm) 
sectors. A figure-in-profile pendant (O.30.352, Fig. 4) was made of a dark green and 
opaque rock with black inclusions, which differs markedly from the other materials.
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Morphological types and technical stages of jade bodily ornaments recovered from Spratt 
Hall and Prosperity are displayed in Table 3. A first stage of reduction of jadeitite blocks 
through flaking must have taken place, even though we do not find cores or flakes in 
this assemblage. We identified two alternative techniques to produce ornament blanks 
from preliminarily reduced jadeitite blocks. These techniques varied according to the 
desired end product, i.e. pendants or plano-convex beads. Flakes were used as blanks 
for the production of plano-convex beads. The bulb of percussion on the ventral surface 
of the flake was used as a natural convexity, while any flaking scars on the dorsal face 
were flattened by grinding. A bead preform (O.2844, Fig. 4) displays on its flat face a 
ridge that would have divided the flaking scars on the dorsal face of a flake, while the 
opposing face retains the convexity of the bulb of percussion (Fig. 4C). Similar traces 
are observed on a broken plano-convex bead (O.30.341, Fig. 4A). Five pendants display 
sawing marks or morphological anomalies resulting from the poor snapping of the blank. 
These traces can be interpreted as evidence for the use of groove-and-snap as blank 
acquisition technique. This technique was used to produce both plain and zoomorphic 
pendants. Other pendants may have been produced in the same way but preserve no 
diagnostic traces. 

Through grinding, blanks were given a geometrical shape (circular, rectangular, or drop-
shaped). Traces of grinding are observed on six artefacts (46.15 %), both beads and 
pendants. They appear as bands of coarse white striations and faceting when observed 
with low magnification. With high magnification, grinding is identified by a poorly linked 
polish located predominantly on the tops of the microtopography. The non-perforated 
disc is the only jadeitite preform (O.2844, Fig. 4A) in an early stage of production. It 
displays irregular and faceted faces and sides (1.45×1.40×0.35 cm). Individual grinding 
striations are wide, being visible with the naked eye. The traces point to the use of 
a coarse-grained grinding stone for carrying out this preliminary grinding stage. The 
shaping stage of bead production was not completed. The inclusions on the raw material 
may be the reason behind the irregularities in the bead’s shape, which ultimately led 
to its discard. On five of the specimens displaying grinding traces, this first stage of the 
surface treatment has been partially superposed by a linked and invasive polish visible 
with high magnification, accompanied by multidirectional scratches inside the polish 
(Fig. 4, 0.30.353; Fig. 5H). This treatment is most likely the result of polishing with a soft 
contact material. It was the predominant treatment on four artefacts (30.76 %). 
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Carving was attested on six ornaments in the form of notching (n=6), incising (n=5), 
excising (n=2), and drilling (n=1). The individual carvings have a V-shaped cross-section 
and are notably marked, features that suggest the use of solid saws with a triangular 
edge, made of hard and brittle materials. Notching is the only decorative technique found 
isolated on an ornament. In fact, this specimen (O.9424, Fig. 4A) is the only ornament in 
which the carvings do not create a figurative depiction. All other specimens are figurative 
pendants, including three flat frog-shaped pendants (Fig. 4B), a figure-in-profile pendant 
(Fig. 4C), and a three-dimensional frog-shaped pendant (Fig. 5). Several carving stages 
were identified on the large three-dimensional frog-shaped pendant (O.30.345, Fig. 5). 
The carving of the complex frog shape required four different techniques, namely incising, 
notching, excising, drilling, and possibly string-sawing. The head, the eyes, and the belly 
of the frog are isolated from the surrounding material through excision (Fig. 2E). Selective 
polishing of these areas also enhances the effect of excision, as carved sectors are left 
rough and dull. Drilling is used as a decoration technique on this specimen. Complete 
biconical perforations were drilled close to each side of the pendant, in between the 
frog’s fore and hind-limbs (Fig. 2A/F/G). The perforations were placed on these areas to 
assist with the creation of side notches in which the centre of the notch is wider than its 
end. For this purpose, a sawn groove was made with a solid V-shaped saw from the edge 
of the pendant. The centre of this notch was connected to the perforation by sawing 
from the inside of the hole with potentially a string saw. The narrow morphology of the 
cut suggests the use of string-sawing; however, micro-traces that can be linked to this 
technique have not been well preserved. Whereas this pendant differs from the others 
due to its size and elaborate carving, its raw material is similar to the one predominant 
among the jadeitite specimens. Sawing of a drilled hole is also observed on the figure-
in-profile pendant (O.30.352, Fig. 4C), although its purpose in that case is not clear and 
the tool used is different (i.e. likely a massive saw). Drilling was used for perforating 
the ornaments. Most perforation diameters are between 0.20 and 0.30 cm (69.23 %), 
suggesting the use of similarly-sized drill bits. Apart from two ornaments, the perforations 
of all specimens are biconical and display concentric scratches on their inner walls. Four 
pendants are double perforated, that is, they have two attachment holes. The cones that 
compose the holes can be placed in different angles in relation to each other on the 
different pendants: acute angles, 90°, and 180°. 
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Fig. 5: Traces observed on the (A) three-dimensional frog-shaped pendant (O.30.345). (B) shows 
the two complete perforations, alongside an abandoned perforation cone. (C) depicts use-wear 
rounding and polish on the top edge of the pendant, where a string would have connected both 
sides of the perforations. (D), (F), and (G) show different views of the side notches. Note cut marks 
made with a solid saw (G) superposed by drilling, and possible string sawing traces (D). Polishing 
scratches in between the excised eyes of the frog (E). (H) depicts polishing on the surface viewed 
with high magnification (100x). Horizontal scale bars are 3 cm and small x/y scale bars are 2 mm. 
Pictures courtesy of C. Guzzo Falci.
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Some ornaments display evidence of reworking due to technical errors. For instance, 
a plano-convex bead displays evidence of regrinding in order to repair a broken side 
(O.30.341, Fig. 4A). However, the artefact was abandoned prior to the completion of 
the repair. The perforation is de-centred on the flat side, due to the invasiveness of 
the break. The inner cone of the perforation is narrow and displays no use-wear, thus 
suggesting that the breakage and the attempt to repair the bead took place during 
production. Despite being polished, a plano-convex bead (O.9413) has an asymmetrical 
shape, with a slightly off-centred perforation. A misplaced perforation inset is present on 
the three-dimensional frog-shaped pendant (O.30.345, Fig. 5) next to one of its complete 
perforations. It is the result of the poor positioning of the hole in relation to the cone on 
the other face. It is unclear why it has not been erased by grinding. The figure-in-profile 
pendant (O.30.352, Fig. 4C) displays evidence of recycling. Whereas it appears to depict 
the profile of a biomorphic figure, it is not clear what its intended shape was. The artefact 
is not finished, and the perforation has been sawn through. Abandoned and partially 
ground-over cut marks in multiple directions are observed on different sectors of this 
artefact. These appear to be connected to a blank production stage. At the same time, 
other cut marks are much fresher and appear on top of the general surface treatment. The 
last technical operations to take place were incisions and the sawing of the perforation.

Three ornaments display evidence of having been used (30 %): the three-dimensional 
pendant (O.30.345, Fig. 5), the rectangular carved pendant (O.9424, Fig. 4A), and a drop-
shaped pendant (O.9411, Fig. 4A). The use-wear is characterised by well-developed polish 
and rounding on the top of the rim of the perforation. This distribution suggests that 
the 3 artefacts were hanging asymmetrically. A plano-convex bead (O.9413) displays 
limited rounding on the perforation suggesting use. At the same time, the centre of the 
perforation hole remains very narrow, thus pointing to a non-extensive use period. The 
two frog-shaped pendants (O.9412 and O.2846) did not display use-wear. The inner rim of 
their perforations is very narrow and there is no distinctive polish. Finally, five ornaments 
are interpreted as artefacts abandoned during manufacture and therefore prior to use: 
two bead preforms (O.2844, Fig. 4C and O.30.625, Fig. 4B), the partially recycled bead 
(O.30.341, Fig. 4A), the figure-in-profile pendant (O.30.352, Fig. 5), and a large flat frog-
shaped pendant broken on the perforations (O.30.353, Fig. 4B). Even though the last 
three artefacts have complete perforations, our analysis has shown that they are most 
likely unfinished ornaments.

4.2 Trace elemental data and Sr-Nd isotope compositions
The geochemical data of jadeite – and omphacite – rich jade, lawsonite jade and jadeitite 
artefacts are presented in Table 4 (trace element abundances in ppb/mL) and Table 5 
(Sr-Nd isotope compositions, IC). Trace element data are presented in Figure 6, rare 
earth elements (REE) normalised to chondritic values (Fig. 6A) and trace elements (TE) 
normalised to mid ocean ridge basalt (N-MORB, Fig. 6B) [58], respectively. The variability 
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of selected discriminatory TE ratios and the isotopic data for each island are compared 
to the jade sources in box whisker diagrams in Figures 7 and 8 respectively. 

Artefacts from the Hatt Collection show variably fractionated REE patterns (CeN/YbN 
= 0.23 – 64.87 with a median of 2.37), with 3 samples from St. Croix holding the most 
extreme REE fractionation with CeN/YbN = 64.87 (CPH31), 31.25 (CPH14), and 24.19 
(CPH27). Most artefacts feature slightly positive Eu* anomalies with a median of 1.15 
(Eu* = 0.40 – 2.73, Eu* = EuN/SQRT(SmN+GdN)), except for sample CPH02 with an extreme 
positive Eu* of 8.99. Samples CPH05/08/12/18/20/22/24-27/31 have minor negative Eu* 
anomalies. Artefact samples CPH05/10/14/16/22/26/27/31 exhibit REE pattern similar to 
continental crust with CeN/YbN ranging from 4.79 to 64.87, four samples from St. John 
resemble MORB REE patterns (CPH04/07/23/25). All samples have pronounced positive 
Pb anomalies, with Pb concentrations ranging from 0.0013 – 3.30 ppb/mL. The majority 
of the artefact samples record positive Ti anomalies with concentrations ranging from 
0.73 – 1547 ppb/mL (median of 118 ppb/mL). 

Blank correction of 13 samples (CPH02/05/07/14/15/18/20/22/35/36) results in 
insignificant change to the measured Sr isotope ratios. The remaining samples have 
corrections of up to 3 %, which results in an 87Sr/86Sr change of < 0.00028 (median < 
0.00007). The low Nd blank (6.45 pg sampling blank and 1 pg geochemical blank) and 
the small isotopic differences between the samples and blank (143Nd/144Nd ~0.5130 and 
~ 0.5120) results in Nd blank correction smaller than the analytical error. 

The Sr isotope data for 30 artefacts retrieved from the Virgin Islands vary from 0.70354 
– 0.70915 with an average of 87Sr/86Sr = 0.70626 ± 372 (median 87Sr/86Sr = 0.70633). 
Strontium IC from St. Vincent (STV), the West Indies (WI, without greater specification), 
the DR and CU encompassed in the Hatt Collection have 87Sr/86Sr of: STV = 0.70715 ± 5 
(CPH35), WI = 0.70872 ± 3 (CPH18), DR = 0.70897 ± 1 (CPH20) and = 0.70704 ± 2 (CPH21), 
CU = 0.70559 ± 1 (CPH22). Neodymium IC were only determined for artefacts from St. 
Croix with 143Nd/144Nd ranging from 0.51267 – 0.51310 (mean 143Nd/144Nd = 0.51287 ± 25, 
mode 143Nd/144Nd = 0.51285).
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Table 5: Low blank Sr and Nd isotope compositions of artefacts sampled with the portable laser 
ablation device from the Virgin Islands (CPH08-CPH25), West Indies (CPH18, without greater spec-
ification), St. Vincent (CPH35), Dominican Republic (CPH20 and CPH21) and Cuba (CPH22). Note Sr 
IC are given after blank correction of < 3 %, whereas Nd IC are representing measured, not blank 
corrected ratios; nd stands for not determined.
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Fig.6: Whole rock REE (A) and multi-element variation (B) diagrams showing the range of jadeite – 
and omphacite – rich jade, lawsonite jade, jadeitite s.l. to jadeitite s.str. from artefacts recovered from 
Ceramic Age sites on the US Virgin Islands (St. Croix, St. Thomas, St. John), St. Vincent, the Dominican 
Republic and Cuba. Deviation in element abundances for samples from St. Croix compared to other 
Caribbean islands are related to different analytical approaches. TE concentrations for most of the 
artefacts recovered from St. Croix (CPH08 – CPH34) are several orders of magnitude higher, as TE 
were collected as pre- and post-fractions during ion-exchange chromatography, whereas samples 
CPH30-CPH22 were aliquoted for ICPMS (5 % of total solution) and TIMS analyses (95 % of total 
solution). Note REE pattern of CPH35 < 0.001. Normalisation values for C1 chondrite and N-MORB 
from Sun and McDonough [58].
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Fig.7: Variability of selected discriminatory TE ratios presented as boxplots of jadeitite to jade-
ite-omphacite rich source rocks, (A) Y/Th variability which is employed for discriminating the DR/
CU sources from the GM sources, (B) Ba/Rb variability which is applied to discriminate the DR 
from the CU source, (C) La/Sm variability and (D) Ce/Gd variability which are used to separate the 
GM sources from each other, i.e. NMFZ versus SMFZ. Source and artefact location abbreviations, 
as well as colour coding are: Río San Juan Complex (dark blue DR), Sierra del Convento Mélange 
(orange CU), Guatemala (GM) considered as one source (grey GM all) and divided into two sources 
as NMFZ (yellow) and SMFZ (bright blue), Virgin Islands (VI) including St. Croix + St. Thomas + St. 
John (green VI all), St. Croix (purple STC), as well as St. Thomas and St. John (brown STT & STJ). 
Crosses indicate average TE ratios, the interquartile range (IQR=Q1-Q3) displays 50 % of the data 
and the median TE ratio is marked by a horizontal line inside the box. Samples lying outside the 
whiskers (< Q1-1.5xIQR and > Q3+1.5xIQR) represent 0.7 %, meaning 99.3 % of the data are within 
±2.698σ. Note that variability plots are zoomed in to better visualize samples within the box and 
whiskers, i.e. 99.3 % of the data. Not displayed are sample outliers for Y/Th (DR-SR-15 = 587.30, 
DR-SR-62 = 673.19, CU-SR-16 = 607.98, CU-SR-12 = 1078.83, CU-SR-11 = 1207.79, NMFZ-SR-09 = 
459.96), for Ba/Rb (DR-SR-50 = 2996, SMFZ-SR-03 = 8632, SMFZ-SR-05 = 5542, SMFZ-SR-06 = 2796, 
MVE02-15-6 = 1181), for La/Sm (CPH27 = 34.15), and for Ce/Gd (NMFZ-SR-05 = 45.76, SMFZ-SR-04 
= 26.57, CPH31 = 36.47, CPH27 = 54.41).
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Fig.8: Sr- and Nd isotope compositions presented as boxplots of jadeitite to jadeite-omphacite 
rich source rocks, (A) 87Sr/86Sr variability and (B) 143Nd/144Nd variability. Source and artefact location 
abbreviations, as well as colour coding are: Río San Juan Complex (dark blue DR), Sierra del Con-
vento Mélange (orange CU), Guatemala (GM) considered as one source (grey GM all) and divided 
into two sources as NMFZ (yellow) and SMFZ (bright blue), Virgin Islands (VI) including St. Croix + 
St. Thomas + St. John (green VI all), St. Croix (purple STC), as well as St. Thomas and St. John (brown 
STT & STJ). Crosses indicate average isotopic compositions, the interquartile range (IQR=Q1-Q3) 
displays 50 % of the data and the median isotopic composition is marked by a horizontal line inside 
the box. Samples lying outside the whiskers (< Q1-1.5xIQR and > Q3+1.5xIQR) represent 0.7 %, 
meaning 99.3 % of the data are within ±2.698σ.
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4.3 Prediction of artefact provenance
For the provenance assessment of jade artefacts we adapted a multi-class logistic 
regression analyses following Knaf et al. [36], employing two modified models that are 
explained in detail in Appendix IV. The provenance of individual artefacts is presented 
in Table 1. Predictive modelling of artefact provenance revealed, with a probability of > 
88 - 93 %, that 24 jade objects are assigned to the DR/CU sources and 10 jade artefacts 
to GM. Furthermore, with a probability of > 73 - 76 %, 13 of the 24 samples are assigned 
a DR source and 11 to CU. Thirdly, with a probability of > 75 - 86 %, seven artefacts are 
predicted to have their origin in SMFZ and 3 to the NMFZ source region.  

Three-quarters (75 %) of artefacts collected from St. Croix exhibit a DR/CU provenance. 
All 4 celt and celt fragments (CPH08/09/10/11) excavated by Hatt in 1922/23 from the late 
Early Ceramic Age site Longford have their origin in DR/CU sources (all are assigned to 
CU). Two pendants (CPH26 = O.9411, CPH36 = O.9412) donated by Nordby in 1946 and 
one petaloid celt (CPH29), retrieved from the Cedrosan Saladoid Prosperity site can be 
sourced back to DR/CU (CPH26 and CPH29 to CU, CPH 36 to DR). One sample, a flat frog 
pendant (CPH27 = O.9424), possibly retrieved from Prosperity, can be sourced back to the 
SMFZ region of GM. It was impossible to model the provenance of the three-dimensional 
frog pendant (CPH28 = O.30.345) found on the Krause Field by Nordby in 1923, as the 
elemental abundancies for most of the discriminatory TE ratios were below the limit of 
quantification, due to inefficient sampling of the gem quality jade. Two celts found on the 
Cane Bay site have a GM signature (SMFZ, CPH32/34), whereas one celt can be assigned 
to the DR/CU region (CPH31 to CU). Moreover, of 9 celt and celt fragments discovered at 
various Early ( = 500 BC – AD 600/800) to Late (= AD 600/800 – 1492/1500) Ceramic Age 
sites (La Valle or Cane Bay, Cotton Valley, Sprat Hall, Richmond and unknown locations 
on St. Croix), two were apportioned to GM (SMFZ, CPH19 and CPH33), and seven to the 
closer DR/CU source regions (CPH14/24/30 to DR and CPH12/13/15/16 to CU).

Only two of the six celts from St. John, Little Cruz Bay (CPH04) and Abrahams Fancy 
(CPH25), have a GM provenance (SMFZ). The remaining artefacts found on other sites on 
St. John, such as Durloe Cay (CPH06), Coral Bay (CPH07 and CPH23) and Abrahams Fancy 
(CPH05), as well as two celts found on St. Thomas (Magens Bay and unknown location, 
CPH02 and CPH03), have a Dominican origin. Sample CPH17, a celt from either St. Croix 
or St. Thomas is sourced back to GM (NMFZ).

The three celts recovered from the Constanza Valley in the DR (CPH21), CU (CPH22) and 
the West Indies without a specific location (CPH18) are derived from a DR source, whereas 
a celt fragment from the Río Chavón region in the south of DR and a celt recovered on 
St. Vincent (CPH35) originate from the NMFZ area in GM.

4
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5. Discussion
5.1 Typo-technological and use evidence of bodily ornaments from Prosperi-
ty and Spratt Hall, St. Croix
Most common ornament types are similar to those found in lapidary workshops in Puerto 
Rico: frog pendants, drop-shaped pendants, plano-convex beads [28,30,31]. Among 
the flat frog pendants, we note the presence of segmented frog pendants (n=12), but 
only one is jadeitite. This pendant subtype was recovered in large numbers from the 
Puerto Rican sites, being typically Huecoid [28]. A single figure-in-profile pendant was 
recovered in the studied collection (O.30.352, Fig. 4C). This contrasts with the Puerto 
Rican sites, where such specimens are found in large numbers, particularly in the form 
of vulture pendants [28,29]. It should be noted that the artefact found in this collection 
is a reworked specimen with no clear attribution regarding the depicted figure.

The three-dimensional frog-shaped pendant differs significantly in style from other three-
dimensional frog pendants known from elsewhere in the archipelago. The position of 
the perforations on the pendant also contrasts with other three-dimensional zoomorphic 
pendants found across the archipelago: two perforations are placed on the top end of 
the pendant, right behind the head of the figure (Fig. 5A/B/C). This position suggests a 
different attachment system. This piece has also undergone distinct sawing and has other 
unique aspects of its carving. Variability in the depiction styles of such pendants across 
the Caribbean has been previously noted [24,25,59,60] and may suggest some degree 
of personalization on the part of the craftsperson in the creation of such large pendants.

Despite the advanced degree of modification and the reduced number of the studied 
specimens, microwear analysis allowed us to gain insights into the biographies of jade 
ornaments from St. Croix. This particularly concerns their sequences of production and 
instances of repair/recycling. The small numbers of unfinished ornaments and the absence 
of debitage and rough-outs may be related to the collecting strategy: amateur collectors 
are likely to give priority to finished ornaments or other aesthetically-pleasing artefacts. 
This would result in the gathering of preforms in different production stages, but not of 
chipping waste or dull pieces without clear typology. It is possible that early reduction 
of jade blocks did not take place in Prosperity or Sprat Hall, but elsewhere, for instance 
close to the source of the raw material.

Preliminary archaeological research had identified the Prosperity site as the location of a 
Saladoid lapidary workshop [39]. While only two artefacts were identified as preforms in 
our study, three other artefacts likely broke during production and two record attempts 
at repair. Even though most pieces appeared thoroughly polished and therefore finished, 
only three specimens displayed evidence of having been used as part of composite 
ornaments. This combined evidence supports the idea that sectors in the Prosperity and 
Spratt Hall sites were dedicated to lapidary working. Ornament production took place 
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locally, but it is not possible to assess to which degree due to the unsystematic nature 
through which the collection was formed.

The low presence of ornaments comprising quartz varieties suggests restricted contact 
with the main providers of such raw materials, namely the lapidary workshops to the south 
(in Montserrat, Antigua, and Grenada). Malachite was identified in only two ornaments, 
but has previously been reported in larger numbers as part of the Folmer Andersen 
Collection housed in St. Croix [40,61]. The raw material may have been obtained from 
the nearby island of Virgin Gorda [62], providing further support to the existence of 
constant contacts between communities in different islands in this northern tip of the 
eastern Caribbean.

In terms of ornament typology and production technologies, jadeitite is not treated 
differently from other “greenstones”, such as jasper, serpentinite, and malachite, or from 
the beige calcite. All these materials are exogenous to the island of St. Croix. Jade was 
made into the same types of ornaments and using similar production technologies. We 
also notice no differences in treatment between the jade pendants whose material can be 
traced back to Cuba, the Dominican Republic, or Guatemala. Within our studied sample, 
ornament types and production techniques do not seem to have varied according to 
provenance of the raw materials. 

The notable exception to this homogeneity is the large three-dimensional frog-
shaped pendant (O.30.345), which displays a more naturalistic figure produced using 
sophisticated carving techniques not observed on other artefacts (e.g., string-sawing 
from a drilled hole, excision). In previously published research [25], string sawing was 
identified for blank production in ornaments made of plutonic rocks and nephrite. The 
specific method described on this frog pendant differs from the others, in the modality of 
its application and goal: it aims to excise the limbs of the frog. Rodríguez Ramos [63] has 
noted the use of string-sawing for decorating vulture pendants found in large numbers in 
Huecoid contexts from Puerto Rico. The lack of provenance attribution for this specimen 
(O.30.345) prevents us from assessing whether this special treatment could be related 
to provenance of the raw material. 

Despite the traditional attribution of Prosperity to the Saladoid series, the observed 
features identified in this study suggest great affinity to lapidary production known 
to have occurred in sites associated to the Huecoid series in Puerto Rico. Rather than 
pinpointing cultural affiliation, this typo-technological similarity can be more securely 
linked to the positioning of the studied sites within the sphere of influence of the large 
sites in Puerto Rico.

4
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5.2 Assessment and quality of geochemical data
Two different approaches were applied in determining trace element data with some 
samples aliquoted while others underwent chromatography. For the latter, the yields 
of high field strength elements (HFSE), especially Zr, Hf, Nb, Ta, Th and U were very low. 
For example, more than 70% of Nb and Ta remained in the resin after Pb HBr-anion 
exchange chromatography using the BioradTM AGIx8 resin (200-400 μm mesh size). The 
LREE fraction including Nd was separated from the whole rock matrix using the TRU-Spec 
resin medium (EichromTM, 100-150 μm mesh size) which resulted in 42 – 49 % yields for 
Nb-Ta-Hf, < 2 % for Zr and a total loss of U and Th. All other TE elements had yields in 
the range of 85 – 99 % for the individual resins. The Sr-Spec resin (EichromTM, 100-150 μm 
mesh size) and the LN resin (EichromTM, 50-100 μm mesh size) which purifies Nd from the 
LREE fraction reduced the elemental yields as expected by ≤ 10 %. To correct for any yield 
issue for samples that were not aliquoted, all trace element data were normalized to the 
USGS BHVO-2 standards. For most elements the normalization factor was close to 1 and 
the quality control BHVO-2 was within error of the standard reference values, except for 
the HFSE data.  We therefore do not report the Nb, U, Th, Ta, Zr and Hf data from these 
samples. Consequently, for future studies we recommend to aliquot samples for TE and 
IC analyses to avoid any elemental loss. In addition, Knaf et al. [36] have shown that TE 
ratios are better suited than IC to provenance Caribbean jade artefacts. We therefore 
recommend that any future studies prioritize TE over IC analyses. 

5.3 Evaluation of portable laser sampling and statistical provenance ap-
proach
The TE ratios most successful in discriminating circum-Caribbean jade sources [36] were 
determined by conventional geochemical preparation, i.e. crushed and digested whole 
rock samples in the range of 100s of µg to 10s of mg. When sampling with the portable 
laser it is crucial to obtain a representative sample, which is comparable to the Caribbean 
jade source rock data base. The Virgin Island data set obtained by portable laser ablation 
sample major- and minor mineral phases in a representative way as a consequence of 
the fine (< 250 µm) to very fine (< 50 µm) grained rocks. Significantly, accessory silicate 
phases in jade, such as zircon and titanite which are enriched in HFSE (especially Nb-Ta-
Hf-Zr), are most probably underrepresented in the data as only 20 ablation pits are used, 
and these minerals represent < 0.1 % of the rock. Consequently, predictive provenance 
modelling of artefact samples taken with the laser must exclude HFSE TE ratios. Hence, 
we employ two modified versions of the source discrimination model presented in Knaf 
et al. [36] removing the TE ratios that includes Nb-Ta-Zr-Hf data, i.e. Zr/Hf, Nb/Ta and 
Ta/Th (Appendix IV, Table 7).

Some trace elemental data were below the blank value and relevant TE ratios were 
replaced by a 0 value in the model, i.e. 0 is treated as a number and not ignored as a 
“null” value. The input of missing values with 0 potentially affect the logistic regression. 
However, the impact of a 0 value for a missing discriminatory TE ratio in the multiclass 
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regression model is not decisive as multiple TE ratios are used for discriminating between 
two or more jade sources. Trace element ratios including the 0 values are listed in 
Appendix IV (Table 7) for each sample. 

In the model used for aliquoted samples, Guatemalan jades were separated from the 
Dominican and Cuban sources using La/Th and Y/Th ratios with a success rate of 93 %. 
The Dominican source was distinguished from Cuban jades by employing Er/Yb and 
Ba/Rb ratios with 76 % certainty. Furthermore, the two Guatemala sources, north and 
south of the Motagua Fault Zone, were discriminated by La/Sm, Ce/Gd, Sm/Nd and 
Dy/Y ratios with an 85 % correct classification. For unaliquoted samples we adopted a 
single multiclass logistic regression model which features 8 TE ratios, i.e. La/Sm, Dy/Y, 
Ce/Gd, Sm/Nd, Dy/Yb, Er/Yb, Ba/Rb and Gd/Yb to overcome the replacement of La/Th 
and Y/Th by a 0 value. The DR/CU source region is discriminated from GM with an 88 % 
probability, DR from CU with 73 % correct sample assignment and discerned between 
the two Guatemalan sources with a probability of 75 %.

Macroscopic examination of the artefacts from the Hatt Collection determined a bilious 
green coloured mineral phase in samples CPH22 and CPH24 (see Appendix II), which were 
discovered on Cuba and St. Croix, respectively. This mineral is probably kosmochlor or 
another chromium – rich mineral phase [64,65]. Importantly however, kosmochlor is only 
found in jades from Guatemala [66,67], whereas chromium – rich mineral phases are 
present in omphacitites from Cuba [19]. Consequently, the detection of those minerals 
is source discriminant. The distinction of the two phases requires classical destructive 
petrographic thin section or microbeam analysis. The use of portable instrumentation in 
the field, such as pXRF, pLIBS, or pRaman for qualitative analyses are an option. In contrast, 
our predictive model assigned both samples to the Dominican source. The apparent false 
attribution could be a consequence of the success rate of the predictive modelling; i.e. 
93 % correct discrimination between GM and DR/CU, and 76 % accurate assignment to 
DR or CU. Alternatively, it is probable that the recently discovered Dominican source is 
not fully characterised. More samples need to be collected and analysed from the Río 
San Juan Complex [20].

Knaf et al. [36] showed that 16 of 19 artefacts excavated at the Dominican Late Ceramic 
Age Playa Grande site have a Dominican origin. Significantly, however, 3 celts were non-
local and assigned to the Guatemalan source. The result is in accordance with the source 
prediction of this study for jade celts discovered in the DR. The modelling resulted in a 
DR origin for a sample discovered in the Constanza Valley (CPH21) in central DR, whereas 
celt CPH20 recovered from the Río Chavón region in the south-eastern DR has a NMFZ 
provenance. A celt unearthed from CU (CPH22) was sourced back to the DR.

4
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5.4 Jade provenance and implication for pre-colonial  mobility networks
Museum collections of pre-colonial lithic materials, acquired in the mid to late 19th/
early 20th centuries, should be an integral component of provenance research, as they 
contribute enormously to broaden our understanding of intra- and inter-island exchange 
networks and connections to the wider circum-Caribbean. The selected lithic artefacts 
have not been included to any previous research, but they offer a unique opportunity to 
study artefacts that are now rarely encountered in the archaeological record. This is in part 
because many of the more elaborate lithic artefacts now stored in legacy collections, were 
accessioned outside controlled archaeological contexts, and are perceived as lacking site 
data, despite many having clear associated information. Thus, museum collections are a 
large and important body of material that has clear value and meaning.

For the last two decades Caribbean archaeologists argued for vast pre-colonial  mobility 
and exchange networks connecting Caribbean islands to the Central – and South 
American mainland [2,27,68,69]. The results of this research support this conclusion 
and indicate a complex circulation network of jade objects within the Caribbean including 
sources in the northern DR, on eastern Cuba and north and south of the Motagua Fault 
Zone (NMFZ and SMFZ) in GM. 

Two celts from DR sites record a local (CPH21) and an exotic origin (CPH20). This makes 
sense because sample (CPH21) found in the inland Constanza Valley in the Cordillera 
Central Mountains (1200 meter above sea level masl) is < 150 km from the local jade 
source in the northern Río San Juan Complex [20]. In contrast, celt (CPH20) from the 
Río Chavón region on the southeast coast of Hispaniola is ~ 300 km away and easily 
approached by seafaring. The Late Ceramic Age Playa Grande site situated in close 
proximity (< 25 km) to the Río San Juan jade occurrences served as a distribution centre 
for ceremonial and daily goods made of jade [37,70]. It is therefore plausible that the 
majority of jade objects recovered from Late Ceramic Age sites in the northern part of 
the DR would exhibit a local origin. 

It is noteworthy to emphasize that St. Croix is not physically part of the Virgin Island 
group, as it is separated by a 64 km wide passage from the other islands. Nonetheless, 
there is no obvious difference in provenance of jade celts and bodily ornaments from 
St. Croix (25 % GM origin) compared to St. Thomas and St. John (33 % GM origin). From 
the Virgin Island sample set of this study there is no suggestion of inter – or intra – island 
change in jade provenance. Unfortunately, this preliminary study provides insufficient 
data to determine if jade provenance changed over time. Based on these provenance 
data it is impossible to comment about specific transport routes, i.e., if objects were 
traded and exchanged from GM through South America and then northwards up the 
Lesser Antilles Island arc or directly onto a Greater Antillean island (e.g., Cuba, Cayman 
Islands, Jamaica). Though, the Guatemalan origin of a celt from St. Vincent (CPH35) could 
indicate that jade from GM entered the Caribbean from the South American continent. 
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A consensus exists among Caribbean scholars that Grenada served as an economic 
portal between the mainland and Lesser Antilles Islands, trading and exchanging goods 
even up to the Greater Antilles Islands and the Lucayan Archipelago [71-75]. However, 
Hatt theorised that Early Ceramic Indigenous societies on the Virgin Islands developed 
extensive contact with the Lesser Antilles and the South American Mainland rather than 
the Greater Antilles and the Lucayan Archipelago [38,44]. Further studies are needed to 
assess spatial and temporal variations in provenance across the Caribbean to address 
these questions. Expansion of this type of study will also allow analysis of the specific 
mode of exchange, i.e. down the line or direct exchange between Guatemala and the 
Virgin Islands. Better spatial coverage is also required to develop modern models for 
favoured canoe routes [76-82].

The materials from which three pendants from St. Croix were made have been attributed 
to different geological sources. This unexpected result shows that both Antillean and 
Central American sources were providing jade materials. This finding contrasts with the 
relative homogeneity in the types and technologies used for the working of jade objects 
noted in the collection from St. Croix. One possible explanation for the similar treatment 
of artefacts whose raw materials come from different sources could be an acquisition 
through down-the-line exchange, in which raw source materials progressively changed 
hands without necessary contacts between individuals belonging to either the starting 
or ending nodes [62]. This would result in materials from multiple sources arriving at St. 
Croix, rather than people from this island travelling to collect raw materials. The selection 
of the raw materials to be worked would likely have been guided by their mechanical 
properties and other desired characteristics (e.g., colour, purity, sheen, translucency, feel) 
[3]. A similar mode of acquisition has been suggested for “greenstones” from the lapidary 
workshop site of Pearls in Grenada [75,83]; but, the acquisition of jadeitite specimens in 
that site seems to have followed a different mechanism [25,60]. The small studied lapidary 
sample from St. Croix and the absence of contextual information, however, limit a more 
detailed understanding of exchange patterns.

It is notable that no jade objects are present in the lithic assemblage (a total of 50 celts, 
hammer stones and grinders) of the Krum Bay site on St. Thomas, which represents 
the only Archaic Age site (5000 to 200 BC) in the Hatt Collection. This is a significant 
observation and could indicate that jade objects were not exchanged and traded in 
the Archaic Age. Even though ornaments have been reported from Archaic Age sites in 
Puerto Rico, the Dominican Republic, and Cuba, none have been identified as jade until 
now [63,84,85]. The number of ornaments of any raw materials from Archaic Age sites is 
noticeably lower than observed in the Ceramic Age. That said, further detailed sampling is 
required to validate the theory that jade material was introduced to Indigenous societies 
in the Ceramic Age.

4
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6. Conclusion
The minimally-invasive laser sampling technique in combination with low blank trace 
elemental and isotopic analyses is shown to be capable of producing reproducible 
datasets for jade artefact provenance. In the case of natural occurring jade in the 
circum-Caribbean, TE ratios are most powerful in discriminating between sources, as 
IC overlap [36]. Isotopes may, however, be discriminative when applied to other types 
of materials, such as obsidian, nephrite jade, turquoise, amethyst, carnelian and gold 
present in Caribbean collections. Using a statistical predictive modelling approach, jade 
celts and bodily ornaments recovered from the Virgin Islands, St. Vincent, DR and CU 
can be sourced back to Guatemala, Cuba and the Dominican Republic. In addition, our 
research supports the existence of a network of jade circulation across the Caribbean 
Sea from sites spanning the Early – to the Late Ceramic Age.Artefacts selected for the 
provenance study were, however, retrieved from multi-century contexts and have poor 
temporal resolution. Consequently, it must be pointed out that the intensity of the 
exploitation of individual jade sources might have changed over time. Nonetheless, our 
results also provide evidence for the multiscale nature of interaction networks in the 
pre-colonial  Caribbean (as previously proposed [27,86]). We have demonstrated that 
jade was acquired from sources at different distances. In this sense, jade circulated as 
part of exchanges at multiple scales: intra-island (Dominican Republic), inter-island (at 
both Greater Antillean and archipelago-wide levels), and pan-Caribbean (materials from 
Guatemala). 

The collection of ornaments from the Early Ceramic Age sites of Prosperity and Sprat Hall 
provides insights into ornament raw materials, types, and technologies present in the 
northern tip of the eastern Caribbean. In contrast with the results of previous research 
on a collection from the site of Pearls on the southern Caribbean island of Grenada [25], 
we note a restricted range of raw materials being worked. The lower amount of worked 
raw materials could be related to the peripheral position of the site in long-distance 
networks. Our results show that jade raw materials were acquired from different sources 
located in the Greater Antilles and Central America. Multi-scalar interactions involving 
the acquisition of jade can also be attested at the site level in the case of Prosperity and 
Sprat Hall. The lack of detailed site data and absolute dating, however, limits further 
detailed interpretation.The similarity in production technologies and ornament types 
across different materials points to a local production. This production would have 
taken place in St. Croix itself or in the immediately surrounding islands where lapidary 
workshops are known to have existed. A close connection between the Virgin Islands 
sites and ornament workshop sites in Puerto Rico and Vieques can be attested in raw 
materials (green jasper, serpentinite), technologies, and morphological types. This points 
to the existence of a more localized sphere of exchange that involved Puerto Rico and 
the neighbouring Virgin Islands. 
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Further extension of similarly multidisciplinary research, including more provenance data 
from various Caribbean islands, will offer the possibility to examine jade networks in 
detail and establish the modes of exchange affording material circulation, as well asmore 
precise temporal changes in routes.
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Appendix A
Detailed description of the most important archaeological sites on St. Croix, St. Thomas 
and St. John (Fig.1). Artefact typologies cannot be used to date archaeological sites. 
Different celt types tend to occur throughout the Ceramic Age. AMS dates were calibrated 
after Reimer et. al. [87], using Oxcal v4.1 – Marine13 for marine samples and Oxcal v.2 – 
IntCal13 for terrestrial samples.

Longford (St. Croix, U.S. Virgin Islands, NMD registration numbers O.16.1 to 
O.16.214)
The Longford site [88] is positioned about 1 km away from the south coast of St. Croix 
almost directly south of Christiansted. In 1923, the site consisted of two ring middens with 
an approximate diameter of 100 m, co-located next to a gut indicating a settlement. Hatt 
only excavated two trenches in one of the ring middens. Based on ceramic analyses the 
site was occupied between AD 550 - 1000. This estimation is supported by 4 accelerator 
mass spectrometry dates (AMS) ranging between calibrated AD 591 – 952 [88]. Longford 
together with the Coral Bay site on St. John are known as the type sites in the Coral Bay 
- Longford phase corresponding to the latest phase in the Early Ceramic Age (= latest 
phase in the Saladoid Period) and first phase of the Late Ceramic Age (=first phase of 
the Ostinoid Period) in Caribbean archaeological chronology [40]. Abundant decorated 
ceramics characterise the remains from this site and can be found alongside carved shell 
and bone artefacts, plus other faunal remains. Four jade artefacts were geochemically 
analysed from the Longford site; i.e. a petaloid celt, reused as hammer or grinding stone 
with an oval cross section (O.16.26), a butt end fragment of a polished petaloid celt with 
an oval cross section (O.16.128), a butt end fragment of a polished petaloid celt with 
an oval cross section of which the butt end is damaged by multiple impacts (O.16.162), 
and the remnants of a polished and presumably petaloid celt with an oval cross section, 
heavily reused as hammer or grinding stone (O.16.184). 

Prosperity including Krause Field (St. Croix, U.S. Virgin Islands, NMD registration 
numbers O.30.247 to O.30.357)
The wider Prosperity territory (including the Krause Field) is named after the Prosperity 
Plantation located close to the western coastline of St. Croix. The region is characterised 
by good farmland with fertile alluvial soils [61], whereas the immediate coastal area is 
devoid of a large reef system, due to the deep-sea trench that exists between St. Croix and 
the other Virgin Islands more than 50 km away to the North. Hatt leaves no description of 
the site in 1923. He wrote that he “collected a few sherds and the blank for a petaloid shell 
celt, on a field called Krause”. Krause Field is where Nordby earlier found an elaborately 
carved jade frog pendant (O.30.345). The site of Prosperity [88] is located 2.5 km south 
of Sprat Hall. Prosperity was excavated by G. Vescelius and L. S. Robinson in the 1970’s, 
but no publications have been produced, apart from a conference paper where the site 
is attributed to the Cedrosan Saladoid series [39,89]. The researchers considered the 
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site to be a lapidary workshop, due to the abundance of ornaments of different materials 
in multiple production stages. Few studies have been conducted of Prosperity and its 
archaeological assemblage [61,89]. Traditionally, the Prosperity site has been dated to the 
earlier phase of the Saladoid series [61] implying an occupation between 250 BC to AD 
400. However, 6 ceramic sherds collected by Hatt show transitional Saladoid to Ostionoid 
characteristics, indicating a habitation from AD 650 - 1000. Nonetheless, it might have 
been a multiple age site covering all phases between 250 BC to AD 1000. One polished 
petaloid jade celt (ODIg. 26) was geochemically analysed from the Prosperity site. 

Cotton Valley (St. Croix, U.S. Virgin Islands, NMD registration numbers O.20.1 to 
O.20.28)
The Cotton Valley site, on the north-eastern coastline of St. Croix, was described by Hatt 
as “an Indian settlement site located in a small valley some 200 m inland”. There is no 
associated AMS dates from the site, but the ceramic analysis indicates an Amerindian 
occupation phase between AD 600/850 – 1200 which corresponds with the latest phase 
in the Saladoid Period and the first phase of the Ostionoid Period (or latest phase in the 
Early Ceramic Age and the first phase of the Late Ceramic Age). One butt-end fragment 
of a petaloid jade celt (O.20.23) underwent geochemical analyses.

Spratt Hall (St. Croix, U.S. Virgin Islands, NMD registration numbers O.18.1 to 
O.18.41 and O.30.358 to O.30.501)
The O.18 Spratt Hall site [88] is a beach ridge site located on the western coastline of St. 
Croix approximately 2.5 km north of the Prosperity site, right on the coastline next to a 
gut which probably carried water in pre-colonial  times. This site is one of two collocated 
sites on the north western coast of St. Croix, the other being O.30 Spratt Hall [88], an 
amateur archaeologist donation. Nordby showed Hatt the O.30 Spratt Hall site, where 
he had collected artefacts over the years. Hatt selected a section of a beach escarpment 
with a visible cultural layer for his trench (O.18 Spratt Hall). Hatt called it a settlement 
site. Its two most notable features were a large stone slab (50 cm wide and 45 cm high) 
in situ between square 1 and 2, and two human crania without jawbones buried upside 
down which could indicate both settlement and midden deposits [61]. The five AMS 
dates for Hatt’s O.18 Spratt Hall fall in a centre grouping of three and two outliers: 
the earliest outlier ranges from 647-380 cal. BC (1 shell), the three dates in the centre 
grouping range from cal. AD 649-878 (2 shells and 1 piece of charcoal), while the latest 
outlier range from cal. AD 1345-1460 (1 shell), encompassing Early - to Late Ceramic 
Ages. These wide-ranging dates correspond to the abundant ceramics at both sites, 
as well as evidence of two different coexisting pre-colonial  Amerindian Cultures in the 
Mid-Ceramic Age (AD 1–600/850). The ceramic analysis predominantly indicates a late 
Saladoid phase with minor Ostionoid components ranging all the way to post-Contact 
Era, which corresponds with an occupation time frame between AD 600-1600. The earliest 
outlier, a cut of “spine” of a conch shell, could easily be from a reused conch shell, as 
indicated by the two disturbances of the craniums. One polished (presumably) petaloid 
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jade celt (O.30.362) was analysed from the O.30 Spratt Hall site. It is heavily damaged 
having lost both butt- and bit ends. In addition, it appears that the celt was reused as 
grinding stone and arrow smoother.

Richmond (St. Croix, U.S. Virgin Islands, NMD registration numbers O.33.254 to 
O.33.528)
The Richmond site [88] is located on the northern coastline of St. Croix, in what is today 
the city of Christiansted. The collection of artefacts from Richmond was donated to the 
NMD in 1955 by Mrs. Møller-Jørgensen, whose family owned the Richmond Plantation. 
Hardy [61] list a single AMS date for Richmond, which dates to between cal. AD 620 - 690, 
whereas the ceramic analysis indicated an occupation time frame between AD 400 - 1500. 
One polished and pecked petaloid jade celt (O.33.341) was geochemically analysed. This 
particular celt is heavily damaged having lost both butt- and bit ends, and subsequently 
it appears as if it has been reused as both grinding stone and arrow smoother.

Magens Bay (St. Thomas, U.S. Virgin Islands, NMD registration numbers O.1.1 to 
O.1.912)
The Magens bay site [88] is located in the bottom large bay on the north coast of 
St. Thomas. Here Hatt was shown the remains of a large ring-shaped midden by the 
proprietor, County Medicus P. Mortensen, who had earlier allowed the antiquarian 
Theodoor de Booy from the George Heye Museum in New York to excavate the site in 
1917/18 [90-92]. The Magens Bay site was the largest excavation of 19 different sites 
excavated by Hatt on the U.S. Virgin Islands, with at least 220 m2 being excavated. The 
site dates to AD 400 – 1550, verified by both a typological examination and a suite of 12 
AMS dates to cal. AD 410 - 1320. However, no samples were AMS dated from the top layer 
(Layer 1, 0 to 30 cm) due to the risk of later intrusions, thus the upper dating stretching 
into the Colonial Era is based primarily on a typological examination of the ceramics. 
One butt-end fragment of a presumed petaloid jade celt (O.1.315) was examined for 
provenance. One suspected jadeite artefact has been analysed from the O.1 Magens Bay 
site, a butt-end fragment of a presumed petaloid celt (O.1.315). 

Little Cruz Bay (St. John, U.S. Virgin Islands, registration numbers O.8.1 to O.8.66)
The Little Cruz Bay site [88] is located in a protected bay on the west coast of St. John 
with both fertile soil and rich fishing resources readily available in the pre-colonial  Era. 
The site was a midden yielding a small but diverse ceramic, zooarchaeological and lithic 
assemblage. This site might have had two occupation phases, as the ceramic assemblage 
shows evidence of both Huecan- and Cedrosan Saladoid subseries, which through 
ceramic analysis dates at its earliest to approximately year AD 1 and ends around AD 
850, whereas five AMS dates yield dates between 601 cal. BC to Cal. AD 654 (conch shell 
and turtle bones [88,93]. However, the two earliest AMS dates retrieved from turtle 
bones, have intermediate delta 13C values, which introduces an uncertainty about their 
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accuracy. Provenance analyses of a large petaloid jade celt (O.8.2) with a slight bending 
close to the butt-end and an oval cross section was performed. 

Abraham’s Fancy (St. John, U.S. Virgin Islands)
Abraham’s Fancy is the name of a plantation located in a protected bay on the northside 
of St. John from where two jade celts were donated to the NMD in 1858 and 1884 by 
Doctor Peter Lund (ODIg19 and ODIg105). Nothing is known about the nature of the 
site where Doctor Lund found the two celts, nor are there any associated artefacts from 
Doctor Lund. However, the Abraham’s Fancy plantation includes the Mary’s Point site 
(NMD registration numbers O.6.1 to O.6.25), which Hatt described as a settlement site, 
from which fragments of similar polished petaloid celts and associated ceramics were 
recovered. Ceramic analysis points towards AD 600/850-1200. Nowadays, Mary’s Point is 
still a visible site in the mangrove and forest close to the shoreline of Francis Bay (also part 
of the Abraham’s Fancy Plantation). The artefacts, disturbed by land crabs, lay scattered 
on the surface. Therefore, it is plausible that Doctor Lund’s site and Hatt’s Mary’s Point 
site are the same. ODIg.19 is a medium sized and whole polished jade celt which was 
described by Lund as “beautifully polished with a pointed butt-end”. The other celt, 
ODIg.105, is also a small polished jade celt, somewhat petaloid in shape which might 
have been crafted from a river pebble.

Durloe Cay (St. John, U.S. Virgin Islands, NMD registration numbers O.9.1 to O.9.4)
This site is located on a small cay just off St. John’s north-western coastline, less than 300 
m from the Casey Long Bay site (NMD registration numbers O.7.), a late Saladoid site (last 
phase of the Early Ceramic Age), on St. John proper. Hatt described it as a settlement site, 
but only collected a few ceramic sherds, 3 shell celt blanks and a single butt-end of a jade 
celt, which could indicate that Hatt only carried out a surface collection at the site. The 
ceramic sherds are relatively undiagnostic, but when compared with the nearby Casey 
Long Bay site, date to between AD 400 - 850 seems plausible. This period is reinforced 
by a single AMS dating from the Casey Long Bay site that falls between cal. AD 458 – 642; 
however, an intermediate delta 13C value introduces an uncertainty about its accuracy. 
One butt-end fragment of a petaloid jade celt (O.9.4) with an oval cross section was 
selected for geochemical analyses.

Coral Bay, (St. John, U.S. Virgin Islands, NMD registration numbers O.5.1 to O.5.143)
The Saladoid Coral Bay site [88] is located approximately 2.8 km [94] from the coastline 
in a flat valley with fertile soil in a protected corner of the large Coral Bay on the east 
end of St John. The site was a shallow (maximum 0.7 m deep) midden. Unfortunately, 
Hatt did not describe it in detail, possibly because the site had been damaged by the 
construction of a colonial period road. The Coral Bay site can be dated through ceramic 
analysis to between AD 500  1200, which is supported by five AMS dates between AD 
539 - 872 cal [88]. Two jade celt fragments were analysed to determine their provenance; 
i.e. a small petaloid celt reused as a grinding stone (O.5.122) which was excavated near 
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an inhumation, and a butt-end fragment of a large petaloid celt (O.5.91). Both feature 
oval cross-sections.

Krum Bay (St. Thomas, U.S. Virgin Islands, NMD registration numbers O.2.1 to 
O.2.197)
Although artefacts from the Krum Bay site [95] are not part of this study, it is an important 
site, as it represents the only primarily Archaic Age site in the Hatt Collection. Moreover, 
it is significant that among 50 lithic objects, including celts, hammer stones and grinders, 
none was made of jade.

The site is situated in a large bay on the south coast of St. Thomas. In 1922, Hatt described 
the area as three large shell middens. However, since then, two of the shell middens 
have vanished with only remnants of the third remaining in a small protected site. The 
Krum Bay site yielded abundant shell artefacts and remains, but limited amounts of 
zooarchaeological remains and lithic objects. The site was located in an area without 
good arable land and only limited freshwater resources, indicating an Amerindian reliance 
on maritime resources. The main occupation period was most likely between 1200 – 
30 BC [96-99]. These results are supported by eight recent AMS dates indicating an 
occupation of 1175 – 105 cal. BC, with most of the dates falling between cal. 1175–750 
BC. Furthermore, the Krum Bay site lacks ceramic artefacts in all layers deeper than layer 
1, which precludes a verification through a ceramic typological examination. The lithic 
assemblage does not contain any jade artefacts, either celts or celt fragments of the 
typical Ceramic Age petaloid morphology. This strengthens the identification of the site 
area as the only Archaic Age site in the Hatt Collection.

Appendix B
Brief macroscopic description of samples that were selected for provenance analyses. 
Classification of jade after Knaf et al. [36].

St. Croix
CPH08: The 7 cm long celt fragment is pale green, homogeneous and fine grained. More 
than 75 vol.% of the rock are jadeite, followed by omphacite. Minor/accessory phases are 
Fe-oxides and -sulfides which have a reddish – brownish weathering appearance on the 
surface. The rock can be classified as jadeitite s.l. to jadeitite s.str.

CPH09: The 2.5 cm long repurposed celt fragment is dark green and homogenous. 
It is composed of jadeite and omphacite with minor mafic mineral. As an 
accessory phase a white mica is present. This rock can be classified as jadeite – 
and omphacite – rich jade.
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CPH10: The 5 cm long celt fragment is dark green, heterogenous on a cm scale but 
homogenous on a rock scale. It is coarse grained with a sugary texture. It contains jadeite 
and omphacite, with a minor white mica phase. The rock can be classified as jadeite – and 
omphacite – rich jade.

CPH11: The 5.8 cm long celt is pale green, homogeneous throughout the object with 
an intermediate grain size and a sugary texture. It is mainly composed of jadeite (> 75 
vol.%), followed by omphacite, some minor white mica, and 1 – 2 % of Fe-oxides and 
-sulfides. The weathering surface is whitish. The rock can be classified as jadeitite s.l. to 
jadeitite s.str.

CPH29: The 6.8 cm long celt is dark green, heterogenous with a sugary texture. Major 
phases are jadeite and omphacite, followed by approximately 10 % of Fe-oxides and 
-sulfides. The rock may contain titanite. The rock can be classified as jadeite – and 
omphacite – rich jade.

CPH28: The three-dimensional frog pendant with a length of 4.1 cm, width of 3.6 cm and 
a thickness of 1.5 cm is green, homogeneous, fine grained and translucent. It contains 
jadeite and omphacite, and a few % of Fe-oxides and -sulfides and no obvious fabric is 
visible. The rock can be classified as jadeite – and omphacite – rich jade. 

CPH36: The flat frog pendant with a length of 1.9 cm, a width of 1.3 cm and a thickness 
of 0.7 cm is green, homogeneous with an intermediate grain size and translucent. The 
rock can be classified as jade. However, there is no clear consent whether it is nephrite 
jade or a jadeite – and omphacite – rich jade.

CPH27: That flat frog pendant with a length of 2.6 cm, a width of 1.3 cm and a thickness 
of 0.4 cm cm is green, homogeneous, fine grained and translucent. It contains big Fe-
oxides and -sulfides of about 1 mm and no obvious fabric is visible. The rock can be 
classified as jade. However, there is no clear consent whether it is a nephrite jade or a 
jadeite – and omphacite – rich jade.

CPH26: The tear-drop pendant with a length of 2.2 cm, a width of 1.6 cm, and a thickness 
of 0.7 cm is green, homogeneous, fine grained and translucent. It contains big Fe-oxides 
and -sulfides of about 1 mm and no obvious fabric is visible. The rock can be classified 
as jade. However, there is no clear consent whether it is nephrite jade or a jadeite – and 
omphacite – rich jade.

CPH31: The 6.4 cm long celt is pale green with a coarse grain size, a sugary texture and 
no obvious fabric. It is mainly composed of jadeite (> 75 vol.%), followed by omphacite, 
and 5 - 10 % of Fe-oxides and -sulfides which have a reddish - brownish weathering 
appearance on the surface. The rock can be classified as jadeitite s.l..
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CPH32: The 5.5 cm long celt is pale green, homogenous with a coarse grain size and 
a sugary texture. The rock is mainly composed of jadeite (> 75 vol.%), followed by 
omphacite featuring omphacite rich veins. A banded and mottled fabric is slightly visible. 
The rock can be classified as jadeitite s.l..

CPH34: The 5.8 cm long celt is pale green, homogenous with a coarse grain size 
and a sugary texture. Major phases are jadeite and omphacite (with jad > omp), and 
approximately 5% Fe-oxides and -sulfides which have a reddish - brownish weathering 
appearance on the surface. The rock can be classified as jade to jadeite s.l..

CPH33: The 10.3 cm long celt is pale green with a coarse grain size and a sugary texture. 
It is homogenous on a rock scale but displays a mottled fabric on cm-scale. Major 
phases are jadeite and omphacite (with jad > omp). Additionally, the rock consists of 
approximately 5% Fe-oxides and -sulfides which have a reddish - brownish weathering 
appearance on the surface, and less than 1% of mafic minerals. The rock can be classified 
as jade to jadeite s.l..

CPH14: The 3.3 cm long celt fragment is dark green with reddish and translucent 
porphyroblasts (probably titanite). It is coarse grained and features a sugary texture. The 
rock is mainly composed of jadeite and omphacite, followed by white mica, and minor 
Fe-oxides and -sulfides. The rock can be classified as jadeite – and omphacite – rich jade.

CPH16: The 7.8 cm long celt fragment is green and shows a weak foliation. Major phases 
are jadeite and omphacite with later blueschist overprint. Blueschist veins are cross-
cutting the rock. The rock can be classified as jade with blueschist overprint.

CPH19: The 9.1 cm long celt is dark green with an intermediate grain size and a sugary 
texture. It is homogenous on a rock scale and no obvious fabric is visible. The rock is 
mainly composed of jadeite and omphacite (with jad > omp), 1-2 % of white mica, and 
1 – 2 % of Fe-oxides and – sulfides. The rock can be classified as jade.

CPH12: The 5.9 cm long celt is dark green, heterogenous with an intermediate grain size. 
The rock is mainly composed of jadeite and omphacite with a mottled texture. Accessory 
Fe-oxides and -sulfides show a reddish - brownish weathering appearance on the surface. 
The rock can be classified as jadeite – and omphacite – rich jade.

CPH13: The 5.0 cm long celt fragment is pale green and coarse grained with a sugary 
texture and shows foliation. It is mainly composed of jadeite and whitish deformed 
minerals   which could be feldspar, lawsonite and quartz, and accessory Fe – oxides and 
– sulfides. In addition, omphacite is present as a banded dark green texture. The rock 
can be classified as (lawsonite) jade.
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CPH15: The 3.5 cm long celt fragment is dark green with an intermediate grain size and a 
sugary texture. The major phases are jadeite and omphacite (with jad < omp), and minor 
Fe – oxides and – sulfides which show a reddish - brownish weathering appearance on the 
surface. The rock features a mottled texture but is also banded due to omphacite veins 
that are cross cutting the jadeite. The rock can be classified as jadeite – and omphacite 
– rich jade.

CPH24: The 6.7 cm long highly polished celt is pale green with an intermediate grain 
size and a sugary texture. It mainly consists of jadeite and omphacite (with jad > omp) 
displaying a mottled texture and accessory Fe - oxides and – sulfides. It features a bilious 
green mineral that might be kosmochlor or another chromium – rich mineral phase 
[64,65]. Kosmochlor is only found in jades from Guatemala [66,67], whereas chromium 
– rich mineral phases are present in omphacitites from Cuba [19]. Consequently, those 
minerals are source discriminant. The rock can be classified as jadeite – and omphacite 
– rich jade.

CPH30: The 18.0 cm long celt is dark green, homogenous and coarse grained with a 
sugary texture. It is composed of jadeite and omphacite (with jad << omp), jadeite rich 
veins, a few % of Fe – oxides and - sulfides, and 1% mafic minerals. Jadeite rich veins are 
cross-cutting the rock. The rock can be classified as omphacite jade.

St. Thomas
CPH02: The 11.1 cm long celt is pale green, homogenous and coarse grained with a, 
sugary texture. The rock is composed of jadeite and omphacite (with jad >> omp) and 
features a yellowish weathered surface, without any obvious opaque minerals. The rock 
can be classified as as jadeitite s.l. to jadeitite s.str.

CPH03: The 2.5 cm butt end of a petaloid celt is pale green, homogenous and coarse 
grained with a sugary texture. The rock is composed of jadeite and omphacite (with jad 
>> omp). The rock can be classified as jadeite – and omphacite – rich jade to jadeitite s.l..

St. John
CPH04: The 18 cm long celt is pale green, heterogenous with a sugary texture. It consists 
of jadeite and omphacite (with jad > omp), and accessory Fe -  oxides and – sulfides. It 
features a metasomtaic texture and relicts of the precursor rock are visible as bands. The 
rock can be classified as jadeitite s.l..

CPH05: The 5.8 cm long celt is pale green and heterogenous. The rock is composed 
of jadeite and omphacite (with omp > jad), with lots of Fe – oxides and – sulfides in 
bands. Most probably plagioclase is present. The rock can be classified as jadeite – and 
omphacite – rich jade.
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CPH25: The 11.8 cm long celt is pale green with dark green spots and features an 
intermediate grain size with a sugary texture. It is composed of jadeite and omphacite, 
and approximately 5% of Fe – oxides and -sulfides which have a reddish - brownish 
weathering appearance on the surface. The rock has a mottled texture and lots of grey 
surface deposits. The rock can be classified as jadeite – and omphacite – rich jade.

CPH06: The 4.2 cm long celt fragment is pale green with a sugary texture. It is quite 
homogenous but exhibits a patchy appearance. The rock is mainly composed of jadeite 
and omphacite (with jad >> omp) and some minor mafic minerals. Some spots are more 
omphacite rich. The rock can be classified as jadeitite s.str..

CPH07: The 5.2 cm long celt fragment is dark green, coarse grained with a sugary texture 
and quite homogenous. Major phases are jadeite and omphacite, with accessory Fe – 
oxides and – sulfides which have a reddish - brownish weathering appearance on the 
surface. The rock can be classified as jadeite – and omphacite – rich jade.

CPH23: The 5.3 cm long celt fragment is pale green, homogenous on a rock scale, 
and coarse grained with a sugary texture. The rock is mainly composed of jadeite and 
omphacite (with jad > omp), featuring dark green spots which are omphacite rich, and a 
few % of Fe – oxides and -sulfides. It exhibits a mottled texture. The rock can be classified 
as jadeite – and omphacite – rich jade to jadeitite s.l..

St. Croix or St. Thomas
CPH17: The 7.2 cm long highly polished celt is dark green, homogenous and fine grained 
and shows a weak foliation. It is mainly composed of jadeite and omphacite, with minor Fe 
– oxides and – sulfides. The rock can be classified as jadeite – and omphacite – rich jade.

West Indies
CPH18: The 4.8 cm long celt fragment is dark green with a pale green foliation and 
homogenous on a rock scale. It features a fine to intermediate grain size and a sugary 
texture. It is mainly composed of jadeite and omphacite, with minor Fe – oxides and – 
sulphides. The rock can be classified as jadeite – and omphacite – rich jade.

St. Vincent
CPH35: The 7.0 cm long celt is dark green with a coarse grain size and a sugary texture. It 
is composed of jadeite and omphacite and contains relict garnets. Metasomatic reactions 
are visible and a banded fabric pointing towards an eclogitic parent rock. The rock can 
be classified a “jadetized” eclogite or garnet bearing jadeite – and omphacite – rich jade.
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Dominican Republic
CPH20: The 2.8 cm long celt fragment is pale green and homogenous with no obvious 
fabric. It is composed of jadeite and omphacite (with jad >> omp) and a few % of Fe – 
oxides and – sulphides. The rock can be classified as jadeitite s.l. to jadeitite s.str.

CPH21: The 5.7 cm long celt is dark green, homogenous, fine grained and has a sugary 
texture. It is mainly composed of jadeite and omphacite, with < 1% Fe – oxides and 
– sulphides. There is no obvious fabric. The rock can be classified as jadeite – and 
omphacite – rich jade.

Cuba
CPH22: The 19.5 cm long celt is pale green, coarse grained and exhibits a sugary texture. 
It is composed of jadeite and omphacite displaying a mottled texture, a few % of Fe – 
oxides and – sulphides. It features approximately 1% of a bilious green mineral that maybe 
kosmochlor [64,65] or another chromium – rich mineral phase. Kosmochlor is only found 
in jades from Guatemala [66,67], whereas chromium – rich mineral phases are present 
in omphacitites from Cuba [19]. Consequently, those minerals are source discriminant. 
The rock can be classified as jadeite – and omphacite – rich jade.
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Appendix C
Evaluation of the ablated USGS BHVO-2G, a homogeneous basaltic glass standard.

Table 6: Representative trace element ratios and relative standard deviation of samples ablated 
from BHVO-2G compared to recommended USGS values.

Fig.9: Trace element ratio reproducibility and 2SD (which may be smaller than symbols) of 3 la-
ser-ablated BHVO-2G standards, sampled after approximately every 10 artefact samples to monitor 
mass fractionation. Trace element ratios of laser-ablated BHVO-2G compared to ratios calculated 
from recommended BHVO-2G USGS values. Grey coloured rectangles display propagated error of 
the USGS ratios. Note no error is available for USGS Y and Gd data.
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Appendix D
Predictive modelling
A statistical predictive technique was applied to determine the provenance of jade 
artefacts in this study. Specifically, we trained a logistic regression model on jadeite – 
and omphacite jade source rocks from Cuba, Dominican Republic, and Guatemala [36] 
and predicted the sources for the studied Caribbean artefacts. The methodology for 
training the classification model is similar to the approach presented in Knaf et al. [36]. 
One hundred-one jade source rocks with known provenance are used for training: CU 
(n=17), DR (n=28), GM, north of the Motagua Fault Zone (NMFZ, n=33), and GM, south 
of the Motagua Fault Zone (SMFZ, n=23). Trace element ratios that include elements 
for which the whole rock composition is potentially dominated by the minor phases 
such as zircon and titanites [100] are not integrated in the study (Zr, Hf, Nb, Ta). Here 
we used two modifications of the model presented in Knaf et al. [36], i.e. for aliquoted 
and not aliquoted artefact samples. In the first model (aliquoted samples) we employed 
a hierarchical or stacked approach of building successive models by using subsets of TE 
ratios, starting from the most generally discriminating ones for the CU/DR and Guatemala 
regions to finer discrimination between CU versus DR and NMFZ versus SMFZ. Whereas 
in the second model we build a single multiclass logistic regression model to split the 
samples into the four regions in a single model.

For the aliquoted sample batch (CPH02-CPH07, CPH17, CPH18, CPH20-CPH25, CPH28, 
CPH30, CPH35, CPH36), eight TE ratios (features) are used for separating the samples 
from the four sources, i.e. La/Th, Y/Th, Er/Yb, Sm/Nd, Ce/Gd, Ba/Rb, La/Sm, and Dy/Y 
(Fig. 7). This model is inspired by ensemble learning techniques where multiple simple 
regression models are stacked to form a final model that is used for prediction. The 
multiple training models are essentially “weak” learners, i.e. these models are built on 
subsets of samples or features and hence independently may not be very powerful 
classifiers but when combined together they result in a robust classification model. 
Variants of this approach are applied in statistical learning classification techniques [101]. 
The approach was specifically reviewed for logistic regression in Friedman et al. [102], 
including the underlying classification method used here.  One significant departure from 
the practice of ensemble learning techniques that we applied is that instead of using 
one final model for prediction we use all the models for prediction of provenance of the 
unknown samples. Three binary regression models are built in a hierarchical manner 
from the most general model that is biased to most specialized, i.e. high variance  trace 
element ratios. The initial model started with a simple general model that used a selected 
subset of TE ratios, La/Th and Y/Th (Fig. 7A), to separate samples from the CU/DR regions 
from GM as best as possible. The trained model achieved 93 % accuracy with only one 
sample from Guatemala misclassified as from the CU/DR region and six samples from 
DR misclassified as coming from GM. Prediction results of this initial model are then fed 
into two independent binary classifiers with independent subsets of TE ratios not used 
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in the building the first classifier. These next two classifiers separate the CU samples from  
DR samples and NMFZ samples from SMFZ samples using Er/Yb, Ba/Rb (Fig. 7B) and La/
Sm (Fig. 7C), Ce/Gd (Fig. 7D), Sm/Nd, and Dy/Y, respectively.  Lastly, we do not discard 
the misclassified samples in the training of the first model, rather we use those samples 
in the second level of models for further refined classification. The second model was 
trained on 17 samples from CU, 22 from DR and one misclassified sample from GM from 
the previous classification model. The model achieved an accuracy of 76 %, classifying 
13 CU and 17 DR samples correctly. Five samples from DR were mislabelled as from CU, 
whereas four of 17 Cuban samples were falsely assigned to DR. The one sample from GM 
fell in the CU class. The third model resulted in 85 % accuracy, five of the NMFZ samples 
are misclassified as SMFZ and three of SMFZ are misclassified as NMFZ. Furthermore, 
three of the DR samples are predicted as NMFZ, two as SMFZ and one sample was 
correctly reassigned to the DR source. The above models were used for predicting the 
provenance of the 35 artefact samples from the Hatt Collection mainly recovered from 
the Virgin Islands. In summary, > 90 % accuracy is expected in assigning samples to the 
distant (3000 km) GM source and > 75 % accuracy in distinguishing the more local DR (> 
400 km) and CU (> 1000 km) sources using the hierarchical binary classification. 

A single multiclass logistic regression model was employed for samples of the first batch, 
which were not aliquoted for TE and IC analyses (CPH08-CPH16, CPH19, CPH26, CPH27, 
CPH31-CPH34). In statistics, multiclass classification, also known as multinomial logistic 
regression, is a classification method that generalizes logistic regression to multiclass 
problems, i.e. with more than two possible discrete outcomes That is, it is a model that 
is used to predict the probabilities of the different possible outcomes of a categorically 
distributed dependent variable, given a set of independent variables (which may be real-
valued, binary-valued, categorical-valued, etc.). For this model we built one classification 
model based on a pre-selected set of eight TE ratios, i.e. La/Sm, Ba/Rb, Dy/Yb, Er/Yb, Ce/
Gd, Dy/Y, Sm/Yb, Gd/Yb, as independent variables to predict one of the four possible 
source regions for the sample data. Elemental ratios featuring Th were disregarded as 
a consequence of the underrepresented yields after column chromatography. The four 
source classification of the training data resulted in 74 % correct assignment to the 
individual jade sources. In summary, four out of 17 samples from CU were classified as 
DR, 20 correctly assigned DR source rocks and eight misclassified samples (3 CU, 2 NMFZ, 
3 SMFZ), 26 accurately discriminated NMFZ samples and seven falsely predicated as one 
from CU, three from DR, and three from SMFZ.  Finally 16 source rocks were correctly 
assigned to SMFZ plus seven mislabelled as one from CU, two from DR, and four from 
NMFZ. Most importantly however, the model is able to discriminate between jade samples 
from the DR/CU source in close proximity to the Virgin Islands from the long distant GM 
sources with an > 88 % accuracy.
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Table 7: Values of TE ratios of artefact samples used for predictive modelling, i.e. an iterative mul-
ticlass regression model for aliquoted samples and a single multiclass logisitic regression model 
for not aliquoted samples. List of samples with corresponding TE ratios showing which TE ratios 
were replaced by a zero value for provenance predictive modelling. Provenance prediction of 
CPH28 not feasible as elemental abundance relevant for discriminative TE ratios are below limit of 
quantification or blank level, respectively. 
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