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Abstract 

Jade and greenstone objects have been held in high regard by many cultures stemming from their limited geological 
availability and their unique optical and mechanical properties. Jade and greenstone objects symbolized life, fertility, 
and eternity to early Mesoamerican people. In recent years, scientific studies on jade and greenstone objects have 
been performed to establish provenance and usage, identify composition, and verify the presence of a particular 
material. These studies of jade and greenstone objects are generally divided geographically, with considerable interest 
in China and Central America. Most studies are focused on objects from one particular archaeological site; however, 
a few studies have focused on collections from a range of sites. The use of multiple complimentary analytical tech-
niques has been shown to be the most effective method for characterizing and understanding the technical informa-
tion obtained from cultural heritage objects. In our study, we examine a set of Mesoamerican jade and greenstone 
objects from the collection at the Dallas Museum of Art using multiple non-destructive techniques, including scan-
ning electron microscopy with energy dispersive spectroscopy, Raman spectroscopy, X-ray diffraction, and handheld 
X-ray fluorescence spectroscopy. We briefly discuss the advantages and disadvantages of each technique. Lastly, we 
present the results from our study and discuss them in their archaeological and historical context.
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Introduction
Jade and greenstone objects are of particular interest due 
to their prehistorical and historical cultural value which 
stems from their limited geological availability and their 
unique optical and mechanical properties. For exam-
ple, Mesoamerican peoples held greenstone materials in 

high regard as their hardness, workability, and color were 
considered symbols of life, fertility, and eternity [1–7]. 
Scientific characterization of these objects can provide 
valuable cultural heritage information to museum cura-
tors, conservation scientists, and archaeologists [8, 9]. For 
example, in recent years, studies on jade and greenstone 
objects have been performed to establish provenance and 
usage [10], to identify composition [11], and to verify 
the presence of a particular material [12]. These stud-
ies of jade and greenstone objects are generally divided 
geographically, with considerable interest in China [13–
21] and Central America [4, 7, 10, 12, 22–26]. Most of 
these studies are focused on objects from one particular 
archaeological site; however, a few studies, including the 
current one, focus on collections from a range of sites 
[23, 24, 27, 28]. Scientific studies on greenstones typically 

*Correspondence:
Willow Knight
willowknight@my.unt.edu
1 Department of Materials Science and Engineering, University of North 
Texas, 1155 Union Circle, Denton, TX 76203, USA
2 Department of Anthropology, University of Central Florida, 4000 Central 
Florida Blvd. Howard Phillips Hall 309, Orlando, FL 32816, USA
3 Department of Anthropology, Southern Methodist University, 3112 
Daniel Hall, Dallas, TX 75275, USA
4 Dallas Museum of Art, 1717 N Harwood St., Dallas, TX 75201, USA

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-023-01128-7&domain=pdf


Page 2 of 23Knight et al. Heritage Science           (2024) 12:42 

involve at least one characterization technique to iden-
tify the minerals present as well as the determination of 
elemental composition. Characterization of greenstones, 
especially when their origin is known, can provide infor-
mation on the development of social complexity and 
influence of leaders [10, 29], trade patterns [10, 29, 30], 
and/or significance of buildings, locations, and peo-
ple [10, 22, 29, 31]. This cultural information allows for 
a better understanding of the greenstones and provides 
the ability to reconstruct trade routes and relationships 
between groups in the past. Before discussing the scien-
tific context, it is necessary to give some historical con-
text for jade and greenstone objects.

Historical context and background
The Spanish colonial term for many Mesoamerican 
greenstones was piedra de yjada, interpreted as “colic 
stone” [32], but more literally meaning “side” or “flank” 
after the Aztecs claimed the stone had curative properties 
on the kidneys, liver, and spleen [33]. Yjada eventually 
transformed into the word “jade”, which is internationally 
present under the name jade. Ethnohistoric studies from 
Mesoamerica found that indigenous populations made 
distinctions between varied types of greenstone [34, 35]. 
The change in terms would describe the color, transpar-
ency, quality, and use of the greenstone. For example, 
Quetzalchalchihuitl, (“Quetzal greenstone”) translates to 
be a transparent, “precious” stone with minimum imper-
fections, and Chalchihuites (or more properly xalxihuitli, 
meaning “herb-colored jewels” in Nahuatl, the language 
of the Aztecs and other Nahua peoples) are known as a 
good-quality opaque green stone. The differentiation 
between greenstones suggests that the Aztec and other 
Mesoamerican cultures viewed each stone type as hold-
ing different value [24, 25].

Jade is a general name for mineralogical stones that 
commonly have a green appearance and can include two 
minerals called jadeite and nephrite. Ancient Mesoamer-
ican cultures had more interest in jadeite [26, 36]. Jadeite 
is extremely rare due to the conditions required for its 
formation. The Motagua River Valley in Guatemala is the 
only known jadeite sources in Mesoamerica [25]. Jadeite 
is a monoclinic pyroxene mineral with a structural for-
mula of (NaAlSi2O6). The addition of other elements to 
the jadeite composition results in a variety of colors, such 
as blue, white, black, lavender or the highly valued green, 
based on elemental substitutions [36]. For example, the 
elemental presence of nickel and chromium result in a 
darker green color [25]. The differentiation between the 
types of jadeites and other pyroxene minerals is a result 
of coupled substitution, for example, omphacite forms 
where sodium and aluminum are replaced by calcium 
and magnesium. Jadeite can breakdown further in wet 

environments to form analcime or albite [37]. Many Mes-
oamerican artifacts are a mixture of jadeite and related 
minerals, like albite, omphacite, diopside, etc., and can be 
characterized as less than 90% pure jadeite [25, 36, 37]. 
This study supports these conclusions.

The application of the term “jade” to non-jadeite green-
stones has been described as “social jade” [32]. Male 
burials at the Maya site of Cuello, Belize often contained 
jadeite while others contained “social jade,” suggesting 
that the ancient Maya could differentiate between jade-
ite and other greenstones [37], possibly by using basic 
hardness tests that are still sometimes employed today. 
Other greenstones worked by ancient crafters are often 
confused with jadeite by modern scholars, as noted 
by Hammond and earlier researchers [32]. Many non-
jadeite greenstones are deemed inferior for their differ-
ent workability and luster properties. The hardness of 
jadeite is very high (6.5–7.0 on the Mohs scale), whereas 
some of the non-jadeite greenstones such as soapstone 
or serpentine include much softer minerals (2.5–3.5 and 
1.0, respectively). Thus, the most prized properties of 
jadeite consist of a combination of the stone’s hardness, 
workability, toughness, and lustrous appearance when 
polished. Some of the other common non-jadeite green-
stones include agate, amazonite, muscovite, and jasper 
[24]. Non-jadeite greenstones have been found in royal 
tombs, and ceramic beads painted to look like jade at the 
site of Piedras Negras suggest that the color and symbol-
ism of jade was so desirable that imitations were created 
and used [24]. These observations have led archaeolo-
gists and museum conservators to examine the miner-
alogical composition more thoroughly. Distinguishing 
between jadeite and associated greenstones often 
requires complimentary characterization techniques due 
to their similar elemental compositions. For example, 
the differences between jadeite (NaAlSi2O6) and albite 
(NaAlSi3O8) are nearly indistinguishable with elemental 
techniques such as XRF spectroscopy and EDS, while 
structural techniques such as XRD and Raman spectros-
copy are more telling. However, the differences between 
jadeite (NaAlSi2O6) and omphacite ((CaNa)(MgFe2+Al)
Si2O6) are more easily distinguishable with elemental 
techniques due to the presence of other elements, while 
structural techniques are less clear since the phases are 
nearly identical structurally. Furthermore, the choice of 
analytical technique must also consider the preservation 
of the cultural heritage object [38, 39]. For example, an 
ideal analytical technique would meet the following cri-
teria: (1) non-invasive or non-destructive (i.e. minimal 
or no sample preparation, e.g. no pulverization, which 
is commonly used for powder X-ray diffraction), (2) fast 
for study of a large number of objects, (3) universal (i.e. 
also minimal or no sample preparation, again for a study 
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of a large number of objects), instrument cost must not 
be prohibitive, or, for example, the object or the instru-
ment must be transportable or the object must be able 
to fit within the experimental chamber and accommo-
date the instrument requirements, (4) versatile (e.g. able 
to collect both local and average properties, (5) sensitive 
(i.e. the measurement must have high enough resolution 
to be able to distinguish between elements or phase), 
and (6) multi-elemental/able to examine multiple phases 
(i.e. able to collect information on multiple elements or 
phases with a single measurement) [38, 39]. Careful con-
sideration of each technique and its requirements is nec-
essary to determine which techniques can be coupled to 
best address these challenges. Ultimately, multiple com-
plementary analytical techniques in which both phase 
and elemental compositions are obtained, is truly the 
only way to clearly differentiate and characterize these 
minerals and greenstones.

Scientific context
A key goal of many scientific studies on greenstones is to 
identify the different minerals present, so the objects can 
be properly categorized and to increase general data on 
greenstones in Mesoamerica. For example, Gendron et al. 
[22] verified and quantified the presence of jade in cer-
emonial axes at an Olmec archaeological site in Mexico. 
These scientific studies also provide information about 
the provenance of greenstone objects in Mesoamerica 
[10, 12, 29, 31]. Better determination of source and prov-
enance of jade in Mesoamerica could be achieved with 
more research on greenstone geological deposits and 
associated archaeological sites [31, 40]. Much of the 
knowledge of mining sources for greenstones in Mesoa-
merica was lost to history due to European colonization 
and their disinterest in the stones [12, 41]. It was previ-
ously thought that greenstone objects in Mesoamerica 
originated from China, but it has since been accepted 
that there must have been some local sources for green-
stones found in Mesoamerica. For example, Gendron 
et  al. [12] used Raman spectroscopy to identify a river 
pebble from Guatemala as a petrological kind of jade not 
found in China.

Different geological studies determined that jadeite 
in serpentinite mélanges in the North and South Mota-
gua Fault System Guatemala Suture Zone were result-
ant of geological collision events and formed during 
subduction [42–45]. For jadeite found in the Chuacus 
complex in Guatemala, the case is similar [46]. Jadeite 
is found in high pressure—low temperature areas in the 
serpentinite mélanges [42, 44]. It is predicted that jade-
ite formed in serpentinite as a result of precipitation of 
and/or metasomatism by aqueous fluid from subduc-
tion-zones [43–45]. Compositions of the isotopes of 

Mg and Li can be used to differentiate between samples 
and their potential sources as well as give insight into 
geological events [47, 48].

Non-invasive techniques are preferred for greenstone 
objects to maintain the integrity of historically and cul-
turally significant objects [23, 41] and these techniques 
provide sufficient information to characterize green-
stones [23]. Some of these techniques include Raman 
spectroscopy, Fourier-transform infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), X-ray fluorescence 
spectroscopy (XRF), and scanning electron microscopy 
(SEM) with energy dispersive X-ray spectroscopy (EDS) 
[10, 12, 22, 23, 29, 31, 41]. Like our study, often a vari-
ety of the previously mentioned non-invasive techniques 
are used in combination to study greenstone objects and 
their performance is compared [23, 31, 41]. While many 
techniques are suitable for characterizing greenstone 
objects, portable devices are especially useful as they 
offer the possibility of in situ analysis without relocating 
the object [22, 29]. Manrique-Ortega et al. [29] proposed 
a method of non-destructive analysis of jadeite-jade and 
evaluated a number of techniques. The study showed 
that FTIR, Raman, and XRF spectroscopies were capable 
of rapid analysis and provided sufficient information for 
characterization, with Raman and FTIR providing min-
eral identification and XRF providing elemental compo-
sition information [29]. These techniques proved to be 
acceptable alternatives to specific gravity measurements, 
an invasive petrography technique, and SEM–EDS [29]. 
The study also showed that particle-induced X-ray emis-
sion (PIXE) was another viable non-invasive technique 
to find elemental composition although it is not portable 
and has other limitations. In evaluating the techniques, 
they did point out that Raman spectroscopy, used in the 
current study, can have drawbacks like high lumines-
cence background, and relatively low resolution and effi-
ciency [23]. Another disadvantage of Raman is that there 
is not an abundance of reference data or a comprehensive 
library for mineral spectra, which makes identification 
more difficult [49]. Advantages of Raman spectroscopy, 
especially for mineralogical studies, include portabil-
ity for out-of-lab analysis and sample preparation is not 
required for analysis [49]. However, high surface rough-
ness can affect spectroscopic characterization by caus-
ing spectral changes, so using smooth areas of an object 
is recommended to avoid these changes [50]. More than 
just for the sake of comparison, it is often necessary to 
use a combination of techniques to extract all the nec-
essary information from greenstones. For example, 
Aguilar-Melo et  al. [31] performed XRD and XRF on 
greenstone objects that had mineral composition mix-
tures that could not be easily determined using FTIR and 
Raman spectroscopies.
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In addition to the identification of minerals, quanti-
fication of the at% jadeite-jade is also of interest when 
conducting greenstone characterization studies [22, 51]. 
Gendron et  al. [22] derived an equation to find the at% 
Jd in an object to verify the presence of and then quan-
tify the jade in ceremonial axes from the Olmec culture; 
this equation was adapted and used in a previous study 
by Kovacevich et al. [28] and our study presented here.

In our current study, we present results from a variety 
of analytical techniques such as Raman spectroscopy, 
XRD, handheld XRF (HHRXF), and SEM with EDS to 
characterize an array of greenstone objects that belong 
to various Mesoamerican cultures and are from collec-
tions at the Dallas Museum of Art (DMA), thus provid-
ing historical and archeological context for the results 
and providing scientific details on selected objects from 
our previous study [28]. We also provide an overview and 
comparison of the analytical techniques used here.

Handheld XRF spectrometry
The major advantage of using a handheld X-ray fluo-
rescence or HHXRF spectrometer is that it is a non-
destructive, portable characterization technique that can 
be used in the field and at museums with no size restric-
tions, and it is relatively cost-effective in that the device 
is often less expensive than other stationary devices. 
It allows in-house analysis for curators, conservators, 
and staff to collect data without having to transport the 
objects. While HHXRF spectrometry has many advan-
tages over other analytical techniques, some limitations 
do exist [52–61], although most of them can be mitigated 
to some degree. The main limitation of the HHXRF spec-
trometer is the need for elemental reference standards 
and a reliable database of similar materials, in this case 
jadeite and other greenstone materials, to compare with 
experimental HHXRF measurements. In this study, we 
did use some elemental reference standards, but did not 
create a database for comparison or a calibration dataset 
that could convert the results to comparable parts per 
million (ppm) measurements. Therefore, our HHXRF 
spectrometry data has some limitations in quantifica-
tion and is only semi-quantitative but is compared and 
verified with other quantitative techniques. Addition-
ally, HHXRF spectrometry is a surface technique probing 
only a few hundred microns, meaning that surface treat-
ments can affect the measurements [61, 62], although not 
always [63, 64]. Moreover, cleaning the surface of jadeite 
or greenstone objects can lead to removal of materials, as 
well as removal of residue deposits, which is not desired 
in many archaeological and museum collections as it may 
preclude other analyses. It is also unknown if any ancient 
or modern surface treatments were previously applied 
and some of the objects have traces of surface paints or 

residues which also change the composition at the sur-
face. Therefore, in our study, we selected surfaces which 
already appear relatively clean showing only the stone 
surface and requiring no cleaning for measurements 
using HHXRF spectrometry. No surface contamination 
of results was noted in this study. Another limitation of 
HHXRF spectrometry is that the test surface itself should 
be relatively flat, otherwise the signal can be weak and 
result in poor scattering. The solution to this is to find 
the flattest surface which is also relatively clean and rep-
resentative of the jadeite or greenstone. Furthermore, 
HHXRF spectrometry is limited to elemental informa-
tion only, due to the fact that it is used to measure the 
characteristic elemental wavelength of a particular fluo-
rescing X-ray. XRF can only infer information about the 
electronic, chemical, or atomic arrangement. This limita-
tion can be overcome when coupled with other analytical 
techniques like Raman spectroscopy or XRD, which do 
provide information on electronic, chemical, and atomic 
arrangement. For example, Raman spectroscopy provides 
chemical information about the molecular bonding and 
symmetry based on vibrational and rotational energies 
associated with the various compounds within an object, 
while XRD provides information about the phases pre-
sent which indicates the atomic arrangement of each 
individual compound in the object. Thus, coupling these 
techniques allows for identifying the elements present 
from HHXRF and then determining their chemical and 
crystallographic arrangement based on Raman spectros-
copy and XRD. Lastly, the HHXRF is ineffective at detect-
ing lighter elements, such as Na and Mg which are crucial 
elements in the analysis of jadeite and other greenstone 
objects as they can differentiate closely related minerals 
like jadeite and serpentine. This limitation can be over-
come by adjusting the HHXRF setup to windowless in a 
vacuum or helium environment. In this study, a helium 
flow meter was used to overcome this limitation and to 
detect the lighter elements present in jadeite and other 
greenstone objects. This technique allowed for the meas-
urement of 67 objects with the HHXRF spectrometer 
within two and a half days [28]. Here, we present eight 
of these objects which were further characterized using 
complementary analytical techniques.

Complementary techniques to HHXRF spectroscopy
The use of multiple complimentary analytical techniques 
has been shown to be the most effective in characterizing 
and understanding the technical information for cultural 
heritage objects [39, 65–70]. Techniques such as SEM to 
examine an object’s surface topography and microstruc-
ture, Raman spectroscopy to obtain chemical informa-
tion at a molecular level, XRD to determine the crystal 
structure and phase present, and HHXRF and EDS to 
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identify elemental composition of the objects, are com-
mon for cultural heritage research and share a few attrib-
utes important for the study of cultural heritage objects; 
they are non-destructive, are capable of simultaneously 
examining multiple phases/elements, require minimal 
sample preparation, collect data quickly, and are highly 
adaptable and sensitive [39]. This combination of tech-
niques allows for very thorough characterization and 
exhibits the usefulness of applying diverse methods to a 
common goal.

Since these objects are irreplaceable, they were scien-
tifically analyzed using the same principles as art conser-
vators, that is mainly: (1) non-destructive/non-invasive 
handling and analysis, (2) reversibility if treated and pos-
sible, and (3) recording/documentation of all basic data. 
Additionally, some of the techniques involve microscopic 
measurements which are visually undetectable. There-
fore, with this aim, only non-destructive or non-invasive 
sample preparation was performed on any of the objects 
and a majority of the object handling was performed by 
representatives from the DMA to ensure that safe prac-
tices were followed throughout the duration of the data 
collection. Due to the unusual size and shape of the 
objects, relative to the samples typically analyzed with 
scientific methods, some objects were unable to be exam-
ined using certain techniques and thus no data could be 
obtained. In addition, before data collection began on 
objects from collections at the DMA, several pieces of 
greenstone jewelry of varying shapes and sizes were pur-
chased and used to demonstrate safe practice and deter-
mine basic settings for experimental conditions. It was 
found that all the methods used would have no detect-
able effect on the structure, color, or integrity of the 
greenstones as long as proper handling procedures were 
followed.

Experimental methods
In our initial study, we examined 67 greenstone objects 
from the collections at the DMA using only HHXRF, as 
shown in Table 1 [28]. Table 1 indicates the identification 
of each object based on HHXRF, as jadeite (Jd), predomi-
nantly jadeite with omphacite (Jd-Om), predominantly 
omphacite with jadeite (Om-Jd), omphacite (Om), ser-
pentine (Serp), or inconclusive results (Inc), and also 
indicates with a “✓” which additional analytical method 
was performed for each object. In this study, we further 
analyzed eight of the initial 67 Mesoamerican greenstone 
objects currently in the collections at the DMA using 
additional characterization methods including Raman 
spectroscopy, SEM/EDS, and XRD (see Additional 
file 1:  Supplemental Table 1: Description of Eight Green-
stone Objects studied here from the Collections at the 
Dallas Museum of Art) to gain a deeper understanding 

of objects. The origin of the objects ranges from south-
ern Mexico, in the modern state of Guerrero, to El Sal-
vador. These objects have been acquired over a period of 
40 years from a variety of donors, some anonymous, and 
vary significantly in size, shape, color, and time period, 
between approximately 1000 BCE to 300 BCE.

Additional file 1 : Supplemental Table 1 includes a table 
with the description of eight greenstone objects studied 
here from ancient Mesoamerica in the collections at the 
DMA, including accession number, object name, culture, 
time period, object dimensions, and analytical method, 
which includes HHXRF spectroscopy (major, minor, and 
trace elements and result based on the elements present), 
Raman spectroscopy, SEM, EDS (major, minor, and trace 
elements and result based on the elements present), and 
XRD. Note: "Am", "Ant", "Aug", Jd", and "Om" represent 
the minerals amazonite, anorthite, augite, jadeite, and 
omphacite, respectively.

Handheld XRF spectrometry
All greenstone materials from the DMA collections were 
analyzed using a Bruker Tracer III SD HHXRF Spectrom-
eter [71]. The HHXRF spectrometer was attached to a 
helium tank via a helium regulator. Helium allows for the 
analysis of lighter elements, like sodium (Na) and mag-
nesium (Mg), which are necessary for the identification 
of jadeite and to distinguish it from other greenstones 
[71, 72]. The use of helium, which also makes elements 
such as aluminum (Al) and silicon (Si) more detectable, 
requires the removal of the prolene window over the 
aperture of the HHXRF spectrometer allowing for the 
helium to cover the distance between the beam and the 
object itself while preventing the blockage of lighter ele-
ments. The HHXRF spectrometer was placed on a metal 
stand that allowed it to be moved horizontally and ver-
tically, as well as at different angles to better sample the 
pieces, which vary in size and shape. This also allowed 
for the HHXRF spectrometer to be placed with the nose/
aperture down for the safety of the machine itself when 
running helium through it. The helium tank with a 
helium regulator was connected at the vacuum port. The 
regulator flow rate was set to 0.3LPM prior to connec-
tion to the tracer through the vacuum port nozzle. Unlike 
when analyzing materials without helium and with the 
prolene window cover, it is not necessary to make sure 
that the sample is exactly flush or flat against the aper-
ture. Rather, it is better to leave a small 1mm gap between 
the surface of the object and the aperture to allow for 
the helium to escape the aperture [71]. All samples were 
recorded at 15 keV, 25μA, and without a filter in place. 
XRF spectra were collected for 90 s from each sample 
measurement, photographs were taken to indicate the 
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Table 1  Description of sixty-seven greenstone objects studied from the collections at the Dallas Museum of Art

Accession # Object name Culture Time period HHXRF Raman SEM/EDS XRD

1976.W.248 Pair of ear rods Cocle 700–1100 CE Om-Jd

1973.54 Face effigy Colima 100 BCE-250 CE Jd-Om

2000.238.FA Crouching male figure Colima 300 BCE-150 CE Inc

1973.55 Hunched seated figure Colima 100 BCE-200 CE Om-Jd

1973.57 Mask with coffee bean shaped eyes Colima 100 BCE-250 CE Jd-Om

1971.42 Pendant: anthropomorphic celt Greater Nicoya 1–500 CE Inc

1973.23 Mask Guerrero 1200–400 BC Jd-Om

2000.236.FA Monkey Guerrero 500 BCE-150 CE Serp

1973.34 Jade Pendant Depicting a Man’s Head Maya 550–250 CE Jd ✓ ✓ ✓
1973.37 Pendant depicting head of ruler Maya 550–800 CE Jd ✓ ✓
2008.82.4 Bead depicting jaguar head Maya 600–900 CE Jd ✓
2008.79 Plaque fragment with a human head in profile Maya 600–900 CE Om-Jd ✓ ✓ ✓
1973.41 Pendant depicting an enthroned lord Maya 600–900 CE Jd

2008.78 Bead: figure of acrobat or bound prisoner Maya 600–900 CE Jd-Om

1973.42 Jade pendant: contortionist Maya 250–550 CE Jd

2008.81.2 Spherical bead with circles Maya 600–900 CE Jd-Om

2008.76 Pendant: Macaw head profile Maya 600–900 CE Jd-Om

2008.9 Spherical bead with four glyphs Maya 200–800 CE Jd-Om

2008.82.1 Frontal face pendant Maya 600–900 CE Jd-Om

2008.16 Earflare with incised image of principal bird deity Maya 250–500 BCE Jd-Om

1983.W.2 Royal belt ornament Maya 500–700 CE Jd-Om

1973.36 Pendant: head of ruler Maya 550–800 CE Jd

1968.5 Pectoral: supplicant figure Maya 650–900 CE Jd-Om

1973.77 Seated figurine Mezcala 300 BCE–500 CE Serp

1967.11 Standing figurine Mezcala 500 BC-AD 900 Serp

1973.44 Seated figure with crossed arms Mixtec 1100–1500 CE Serp

1991.355 Celt Olmec 1000–300 BCE Serp ✓
2000.230.FA Spoon pendant Olmec 900–500 BCE Jd-Om ✓
2000.232FA Cylindrical bead depicting a serpent Olmec 900–500 BCE Jd-Om ✓ ✓ ✓
1969.18 Handle for Awl Olmec 800–400 BCE Jd-Om ✓
2000.233FA Pendant depicting a coiled serpent Olmec 900–500 BCE Jd-Om

2008.86 Bead: monkey profile Olmec 500–200 BCE Om-Jd

1973.75 Pendant: depicting a crocodile Olmec 900–500 BCE Jd-Om

1973.2 Mythological animal Olmec 900–500 BCE Jd-Om

1968.3 Concave pectoral Olmec 1200–400 BCE Jd-Om

2008.81.1 Duck head pendant Olmec 400–200 BCE Jd-Om

1968.16.FA Hummingbird pendant Olmec 800–400 BCE Jd-Om

1969.5 Pendant: bearded man Olmec 1200–400 BCE Jd-Om

1968.17.FA Miniature mask Olmec 800–400 BCE Jd-Om

2008.89 Head-form pendant Olmec 900–500 BCE Inc

1969.11 Anthropomorphic plaque, possibly the fire serpent Olmec 800–400 BCE Serp

1973.27 Standing figure with were-jaguar face Olmec 1200–400 BCE Jd-Om

1973.29 Spirit axe Olmec 900–500 BCE Serp

1971.41 Celt Olmec 900–300 BCE Jd-Om

1968.32 Celt with incised plant motif Olmec 900–500 BCE Serp

1973.25 Standing figure Olmec 900–500 BCE Serp

1970.18 Celt with incised masked figure Olmec 900–500 BCE Jd-Om

1968.2 Kneeling male figure Olmec 800–400 BCE Serp

1973.17 Mask Olmec 900–500 BCE Jd-Om
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areas where data was collected, and if possible, at least 
two different locations were sampled for each object.

Statistical analyses of XRF spectra
Greenstone objects have not been extensively analyzed 
with a HHXRF spectrometer. Due to this lack of previ-
ous analysis and the absence of a calibration curve for 
the transformation of photon counts to parts per mil-
lion (ppm), the vast majority of quantitative approaches 
utilized when analyzing other material systems, like 
obsidian [73–75], cannot be completed on greenstone. 
However, unlike with obsidian, our objective was not 
to determine the chemical source of the greenstone, 
instead this technique was utilized with the intention of 
differentiating jadeite from serpentine, and if possible, 
jadeite from omphacite and other similar rocks or min-
erals. Therefore, several qualitative and semi-quantitative 
analyses were employed to test for possible clustering of 
certain elements in order to differentiate between types 
of greenstones. The three major analyses were Bayes-
ian deconvolution, region of interest (ROI), and spectral 
peak analysis, which will be discussed in the next three 
sections, respectively.

Bayesian deconvolution of XRF spectra
Bayesian deconvolution was completed with ARTAX 
software available from Bruker. Through ARTAX, XRF 

spectra can be corrected through Bayesian deconvolu-
tion. By matching spectra with the Bayesian deconvolu-
tion curve, spectra can be edited and corrected, allowing 
for a rigorous qualitative analysis. The results are then 
analyzed through ARTAX and semi-quantitative data 
created in the form of net count rates for each element in 
each spectrum. These net count rates can then be com-
pared between elements for the entire sample to look for 
statistical relationships between specific elements. In this 
case, the focus was primarily on elements associated with 
jadeite, omphacite, and serpentine; specifically, Na, Al, 
Mg, and Ca.

Region of interest analysis on XRF spectra
ROI is another technique that, while qualitative, pro-
duces semi-quantitative results. ROI analysis can reduce 
variation between peaks and allow for the exclusion of 
interferences. For ROI analysis, all spectra are uploaded 
into ARTAX and used to identify elemental peaks which 
are then labeled. The region of interest is selected for 
each elemental peak through ARTAX, the peak is high-
lighted, and the photon counts recorded. This ROI tech-
nique can be subjective, resulting in data which can vary 
slightly between individual measurements, because the 
region of interest is manually selected. One way to mini-
mize this issue is to have only one person collect the data 
and interpret all measurements (which was done in this 

Table 1  (continued)

Accession # Object name Culture Time period HHXRF Raman SEM/EDS XRD

1983.5 Seated ruler in ritual pose Olmec 900–500 BCE Serp

1973.18 Pendant: Spoon with incised motif in bowl Olmec 900–500 BCE Jd-Om

1973.21 Pendant: reclining figure Olmec 1200–400 BCE Jd-Om

1969.3 Earflare Olmec 1200–400 BCE Jd-Om

1971.73 Earspool Olmec 1200–400 BCE Serp

2008.74 Bead depicting human head Olmec Style 900–500 BC X ✓
1973.26 Standing figure Teotihuacan 200 BCE-100 CE Serp

1973.48 Standing figure Teotihuacan 100–250 CE Om-Jd

1973.5 Face panel Teotihuacan 250–650 CE Om-Jd

1969.4 Double figure Unknown 600–300 BCE Serp

1969.23 Figure Unknown 600–300 BCE Jd-Om ✓ ✓
2000.241FA Profile bird head figure Unknown 1–500 CE Jd

2000.240FA Bird-celt pendant Unknown 1–500 CE Inc

1973.46 Pendant: ruler with jaguar headdress Unknown 550–800 CE Inc

1977.2 Celt Unknown 1000–1500 CE Jd

2004.53 Profile figure holding staff with bird Unknown 300–700 CE Jadeite

2000.234.FA Standing figure Unknown 500 BCE-150 CE Serp

2000.235 Standing stone figure Unknown 500 BCE–150 CE Om-Jd

1977.3 Tubular bead Unknown 1000–1500 CE Om

In this table includes accession number, object name, culture, time period, and analytical method, which includes handheld XRF spectroscopy, Raman spectroscopy, 
SEM, and XRD. Note: "Jd", "Om", and "Serp" represent the minerals jadeite, omphacite, and serpentine, respectively. "Inc" represent inconclusive results. "✓" indicates 
that the object was studied using a specific analytical technique
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case). ROI analysis provides gross photon count, net 
photon count, and background photon count. The net 
photon count is the difference between the gross count 
minus the background photon count and counts associ-
ated with interfering peaks, determined by the ARTAX 
software. This data was then run through different statis-
tical programs including JMP and Excel, with a focus on 
gross photon count for specific elements.

Using the statistical program JMP Pro, bivariate plots 
were created for the ROI results of the spectra from the 
DMA greenstone HHXRF analysis. Gross photon counts 
were used in this analysis. Bivariate plots were first cre-
ated of different elements in comparison to silicon (Si). 
Clusters were identified when possible and greenstone 
types assigned based on Mg and Si, Na and Si, Fe and Si, 
and Ca and Si. The average of these identifications was 
recorded as the most likely mineral assignment. These 
results were compared to the averaged mineral assign-
ment from the bivariate cluster assignments of Na, Mg, 
and Fe as compared to Si.

Spectral peak analysis on XRF spectra
Spectral peak analysis does not require the use of the pro-
gram ARTAX but is performed through Excel. PDZ files 
of the spectra are imported into an existing Excel spread-
sheet, in this case the University of Missouri Research 
Reactor Center (MURR) Database for obsidian provided 
with the Bruker programs, and then gross photon counts 
for each element in the spectra are imported. The pho-
ton counts can then be analyzed semi-quantitatively as 
long as all of the spectra in question were collected with 
the same energy, current, filter, time, and atmosphere. 
Groups and clusters were then created by comparing the 
photon counts of different elements to try to differentiate 
between various greenstone types.

Raman spectroscopy
Raman spectroscopy peaks, which appear in the meas-
ured spectra, represent a high amount of scattering at a 
certain wavelength and thus can be correlated to stand-
ard samples to make both quantitative and qualitative 
conclusions about the molecular structure of the object. 
Raman spectroscopy is a “fingerprint” based technique in 
which standard samples must be measured under similar 
conditions and then compared to experimental spectra to 
make conclusions about the unknown object, therefore it 
is imperative that some information is known about the 
objects prior to analysis. In this study, Raman spectra 
were recorded using a Thermo Fisher Scientific Nicolet 
Almega XR tabletop Raman microscope equipped with 
two excitation lasers, 532 nm and 780 nm. The major-
ity of the spectra were collected using the 532 nm laser, 
as it generally produces a more intense Raman signal, 

at varying powers between 25 and 100% of the 150 mW 
maximum power to produce the best possible spectra 
during data collection. Care was taken to ensure that 
these conditions would not damage the objects (see Addi-
tional file 2: Raw Data from Raman Spectroscopy includ-
ing a Note about Non-destructive Testing). Spectra 
were obtained in the 200–2000 cm−1 spectral range for 
an acquisition time of 2–5 s/frame for 5 or 10 frames. A 
25 mm pinhole aperture was also used to reduce spec-
tral noise and provide the best possible spatial resolu-
tion without sacrificing acquisition times and intensity. It 
should be noted that, in addition to the tabletop Raman 
microscope, a portable Raman system equipped with 
a 532 nm laser was also used to acquire data; however, 
it failed to measure enough Raman scattering from the 
objects to produce a discernable spectrum and there-
fore these results are not included. Reference spectra 
for jadeite, omphacite, muscovite, amazonite, nephrite, 
albite, augite, aegirine, and quartz were obtained from 
the RRUFF project website [76] and used for comparison 
with our experimental results.

X‑ray diffraction
XRD measurements allow for the non-destructive char-
acterization of crystalline phases by the coherent scat-
tering produce in the atomic planes of the repeating 
structure, offering a non-destructive way to distinctively 
identify the phase of the material or, in this case, the min-
eral. Unlike Raman spectroscopy, XRD patterns can be 
theoretically simulated by modeling the atomic geom-
etry of the mineral and the experimental conditions, 
thus allowing for identification of the patterns without 
the need for standard samples. However, this analysis 
requires a relatively flat surface and generally only probes 
the top layer, i.e., hundreds of microns, of the material 
when using reflection geometry, thus surface alterations, 
i.e., corrosion or protective finishes, can be misleading 
when trying to characterize the bulk of the object. In this 
study, XRD patterns were obtained using a Rigaku Ultima 
III X-ray diffractometer in reflection mode. A Cu Kα 
X-ray tube was used, producing an incident wavelength 
of 1.541 Å, at 40kV and 44mA and data was collected 
over a 2θ range of 20°–80° at a scan rate of 2 degrees/min-
ute with a step size of 0.02°. XRD patterns were analyzed 
using commercial software, Jade crystal software [77], for 
qualitative identification of the greenstones. Upon analy-
sis, only large and higher d-spacing peaks were labeled 
due to peak overlapping at lower d-spacing, making accu-
rate labeling difficult.
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Scanning electron microscopy with energy dispersive X‑ray 
spectroscopy
SEM allows for microstructural imaging of the surface 
due to atomic density differences. In addition, SEM allows 
for high magnification imaging not possible with light 
microscopy methods. Another valuable tool in electron 
microscopy is the direct coupling of EDS. Similar to XRF 
spectroscopy, EDS is a spatially-dependent elemental 
surface measurement, but allows high-resolution chemi-
cal composition identification through the detection of 
characteristic X-rays produced by the interaction of the 
incident electron beam and the object’s chemical struc-
ture at the surface. Thus, overall chemical composition 
or any elemental segregation of particular elements can 
be directly observed and quantified using this technique; 
however, due to the limited chamber size, 70 × 70 × 50 
mm3, seven of the eight objects could be analyzed using 
this method. For this study, a Hitachi TM3030Plus SEM 
equipped with an Oxford mics F + x-stream-2 EDS detec-
tor system was used for imaging and compositional anal-
ysis, respectively. Quantitative element compositions 
were analyzed using Oxford AZtec software. The SEM 
was operated using 15kV voltage under low vacuum at a 
working distance ranging between 7.5 and 13.6 mm with 
scan image dwell times and EDS map dwell times of 5 µs 
and 100 µs, respectively.

Results
Additional file  1: Supplemental Table  1  summarizes the 
data collected for each object that was studied using 
additional analytical methods other than HHXRF spec-
troscopy, while Figs.  2, 3, 4, 5, 6, 7, 8 and 9 show these 
objects and corresponding data collected using addi-
tional techniques.

Handheld X‑ray fluorescence spectrometry
Nearly every Mesoamerican greenstone object in the 
DMA collection (N = 67; Table  1)  (see also Additional 
file  3: Artax2 Raw Data from HHXRF Spectroscopy) 
was characterized by HHXRF as it is a relatively quick, 
non-destructive process that does not have sample 
size restrictions. The readings can be taken within the 
museum and there was no need to remove the objects 
from display because the device is small and portable. 
HHXRF was used initially to differentiate between ser-
pentine and jadeite/omphacite; this technique does not 
have the sensitivity to identify different members of the 
serpentine family (i.e., antigorite, lizardite, chrysotile). 
Of the 8 objects selected for further analysis and dis-
cussion in this article, none were identified as serpen-
tine. Another item from the museum collection, Celt 
(1991.355), underwent further analysis and was identi-
fied by HHRXF as serpentine, though results of further 

analyses for the object were inconclusive and need fur-
ther study; see discussion in [28]. Nevertheless, differen-
tiation of jadeite and other minerals like omphacite was 
productive and HHRXF shows promise for differentiat-
ing different types of greenstone. Objects were compared 
to known samples of jadeite, omphacite, and serpentine, 
but certain elements were more diagnostic than others in 
the bivariate plots used to determine group membership, 
as shown in Fig. 1. For example, jadeite (NaAlSi2O6) can 
be indicated by the presence of sodium with less magne-
sium, calcium, or iron. In contrast, omphacite ((CaNa)
(MgFe2+Al)Si2O6) includes sodium, with higher levels 
of magnesium, calcium, and iron as primary identifiers, 
whereas the minerals in the serpentine group, which 
are magnesium silicates, lack sodium and calcium but 
include higher levels of magnesium. Our results show 
that the overwhelming majority of these objects are com-
posed of a mixture of jadeite and omphacite, with more 
jadeite than omphacite (n = 30). The second most repre-
sented group was serpentine (n = 15), followed by jadeite 
(n = 9), omphacite/jadeite with omphacite as the primary 
mineral (n = 7), and one object appearing to be primarily 
omphacite. Five objects were not classified and found to 
have inconclusive results as they did not cluster with any 
of the groups and may have been a mineral or compound 
for which we did not have a known sample for compari-
son. These identifications may not have been possible 
without the addition of a helium flow meter to amplify 
the presence of lighter elements like sodium and calcium.

Of the total HHXRF sample set (N = 67), nine of the 
objects identified as pertaining to Maya culture were a 
combination of jadeite and omphacite, while six Maya 
objects were found to be primarily jadeite. Of the objects 
identified as being from the Olmec culture, 18 were some 
combination of omphacite and jadeite, while eight were 
identified as serpentine. Two objects were identified as 
being from Guerrero, one was jadeite/omphacite and the 
other was serpentine. Colima objects were a combina-
tion of omphacite and jadeite (n = 3) with one inconclu-
sive (n = 1), while objects from Teotihuacan were both 
jadeite/omphacite (n = 2) and serpentine (n = 1). Other 
cultures represented were Cocle (serpentine, n = 1), 
Mixtec (serpentine, n = 1), Mezcala (serpentine, n = 2), 
Greater Nicoya (inconclusive, n = 1). Five objects were of 
unknown provenance and were a combination of ompha-
cite/jadeite (n = 2), jadeite (n = 2), and serpentine (n = 1).

While these HHXRF results were promising, again, 
they were only semi-quantitative, in that a calibration 
dataset was not developed to compare the DMA objects 
to known samples and quantify the elemental composi-
tions in parts per million (ppm) measurements. Based 
on this HHXRF study, we chose 8 objects (see Additional 
file  1: Supplemental Table  1  and object descriptions in 
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the “Discussion” section) for further analysis to compare 
and possibly confirm our HHXRF results. Generally, our 
findings were supported by additional characterization 
techniques, showing that using HHXRF for mineralogical 
identification of greenstones is possible, but strengthened 
with the use of additional techniques. With the creation 
of a calibration dataset and use of reference standards 
with known compositions, HHXRF could be even more 
reliable and effective.

Tabletop Raman spectroscopy
Size constraints in the Z-direction of the microscope 
stage only allowed for examination of four of the eight 
objects using the tabletop Raman microscope, which 
includes objects 1973.34, 2008.79, 2000.230.FA, and 
2000.232.FA. Raman data for each object was back-
ground corrected and compared with reference spectrum 

such as jadeite and omphacite. Objects 2008.79 (Fig. 2c), 
1973.34 (Fig.  3c), 2000.232.FA (Fig.  4c), and 2000.230.
FA (Fig.  5b) were collected using the 532 nm laser and 
show similar Raman spectra with major peaks centered 
at approximately 369, 430, 522, 575, 695, 984, and 1036 
cm−1. However, the peak intensity and minor positions 
shifts are observed between the sample and do repre-
sent important structural and chemical changes in the 
objects. Qualitatively, the data can be described by the 
following peak “groups”: (1) a triplet group in the range 
of 280–350 cm−1, (2) an intense peak followed by either 
a low intensity single peak or doublet at 370–440 cm−1, 
(3) the major peak around 695 ± 10 cm−1, and (4) a dou-
blet of varying intensity at 980–1040 cm−1. Physically, 
these peak groups can be quantified by their scattering 
source and therefore lead to important structural knowl-
edge of the mineral that can be used for definite evidence 

Fig. 1  Bivariate fit of handheld XRF photon counts for all 67 objects in the DMA collections of a gross Na by gross Si, b gross Mg by gross Si, and c 
gross Fe by gross Si, all after ROI analysis. Ellipses indicate mineral clusters with serpentine in blue, omphacite in orange, and jadeite in green. The 
“+” symbol indicates the objects that were additionally studied with other techniques presented here. Ellipses are drawn at 95% confidence. Images 
reproduced courtesy of the Dallas Museum of Art Catalogue Article
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for material identification. Specifically, when discuss-
ing clinopyroxenes (NaPx), minerals, such as jadeite and 
omphacite, the Raman bands outlined above are related 
to: (1) lattice mode vibrations involving metal–oxy-
gen interactions and possibly O–Si–O bending, 50–400 
cm−1, (2) O–Si–O bending modes of the SiO4 tetrahe-
dron, 400–630 cm−1, (3) vibrations within the silicate 
chains of Si–Obridging–Si, or bridging O atoms, 630–800 
cm−1, (4) and lastly the stretching of Si–O bonds in SiO4 
tetrahedrons, 800–1200 cm−1 [78]. Knowing this infor-
mation, it is sometimes possible to semi-quantitatively 
identify chemical structures based on the position of 
the peak groups. The application of this analysis will be 
addressed in the “Discussion” section later in this article.

Laboratory X‑ray diffraction (XRD)
Limited availability and size/shape constraints allowed 
for XRD analysis of five of the eight objects including 
objects 2008.79 (Fig.  2b), 1973.34 (Fig.  3b), 2000.232.
FA (Fig. 4b), 1973.37 (Fig. 6b), and 1969.23 (Fig. 9b) (for 
raw data, see Additional file 4: Raw Data from X-ray Dif-
fraction Measurements).  XRD patterns for each object 
were normalized and compared with reference spectrum 

such as jadeite and omphacite. Similar XRD patterns 
were observed for objects 2008.79 (Fig. 2b) and 1973.34 
(Fig.  3b) with the main reflections coming from the 
peak doublet between the range of 2.8–3.0 Å. The rela-
tive intensity of the two peaks is slightly different but this 
could be because of crystallographic orientation effects 
within the objects or compositional variance. An impor-
tant difference in the patterns is seen in the range of 
2.4–2.6 Å. In the diffraction pattern for object 2008.79, a 
distinct triplet peak group is not readily visible in object 
1973.34 (Fig.  3b). This triplet peak group helps to illus-
trate the slight difference within the samples regarding 
structural composition. It is apparent that crystal struc-
tures between the two greenstone phases are closely 
related and therefore difficult to distinguish; however, 
in the range of 2.4–2.6 Å, omphacite produces a shifted 
set of reflections with moderate intensity. Therefore, it 
is hypothesized that both objects 2008.79 (Fig.  2b) and 
1973.34 (Fig.  3b) display some amount of both ompha-
cite and jadeite within the sampled volume and in addi-
tion, it is likely that the fraction of omphacite is higher in 
object 2008.79 (Fig. 2b), since an observable middle peak 
exist in the d-spacing range of 2.4–2.6 Å, specifically at 

Fig. 2  a Photograph of Plaque fragment with Human Head in Profile (2008.79) with detailed SEM image (blue box) and more detailed SEM image 
(orange box) with elemental mapping of O, Na, Mg, Al, Si, Ca, C, and Fe, respectively, b XRD pattern, and c Raman spectrum
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2.46 Å. It should be noted that there also exists a peak 
doublet at the high d-spacing range, around 4.3 Å, that 
can help distinguish between the two minerals, but these 
are of lower intensity and not conclusive in our study. 
Object 2000.232.FA (Fig. 4b) produces a slightly different 
but related XRD pattern. The peak doublet at the high 
d-spacing range is a clear indication of jadeite, although 
it is observed that there is also some fraction of ompha-
cite based on the triplet group in range of 2.4–2.6 Å that 
would not appear if the sample were pure jadeite. How-
ever, the phase fraction of omphacite in object 2000.232.
FA (Fig. 4b) is less than the phase fraction in both objects 
2008.79 and 1973.34 (Fig. 3b).

Scanning electron microscopy and energy dispersive 
spectroscopy
Due to the limited size of the analysis chamber, SEM 
with EDS was only able to be performed on seven of 
the objects, including objects 2008.79 (Fig.  2a), 1973.34 
(Fig.  3a) (mapping not performed due to the EDS not 
working at the time of collection), 2000.232.FA (Fig. 4a), 
1973.37 (Fig.  6a), 2008.82.4 (Fig.  7a), 2008.74 (Fig.  8a), 
and 1969.23 (Fig.  9a). The surface of object 2008.79 
(Fig. 2a) is smooth with large, faceted crystals of slightly 
varying brightness in a basically bimodal distribution 
attributed to minor composition differences within the 

sample. In addition, large pores are evident across the 
surface. Object 1973.34 (Fig. 3a) shows a similar surface 
as object 2008.79 (Fig.  2a) with a bimodal distribution. 
The surface exhibits a finer textured, mini faceted sur-
face from the crystal growth with many apparent pores 
of varying sizes but in general smaller than those seen 
in Object 2008.79 (Fig. 2a). Object 2000.232.FA (Fig. 4a) 
does not display a bimodal distribution like on the sur-
face of objects 2008.79 (Fig. 2a) and 1973.34 (Fig. 3a), but 
rather consist of a general matrix phase with large inclu-
sion (approximately 50 microns) present throughout. The 
surface morphology appears slightly rougher than objects 
2008.79 (Fig. 2a) and 1973.34 (Fig. 3a) with large, jagged 
crystals evident. The surface of object 1973.37 (Fig.  6a) 
shows a homogeneous and fine mixture of two phases. 
Object 2008.82.4 (Fig.  7a) shows a similar smooth sur-
face to object 1973.37 (Fig. 6a), with some kind of surface 
contamination present. Object 2008.74 (Fig.  8a) shows 
a smooth surface without pores and a coarse mixture of 
two phases, whereas object 1969.23 (Fig. 9a) shows a fine 
and more faceted mixture of two phases.

Table  2 presents compositional measurements using 
EDS during SEM imaging on seven of the eight objects. 
A point of interest is that objects 2008.79 (Fig.  2a) and 
1973.34 (Fig.  3a) display noticeably higher Ca and Mg 
contents with slightly lower amounts of Na and Al when 

Fig. 3  a Photograph of Jade Pendant Depicting a Man’s Head (1973.34) with detailed SEM image (blue box), b XRD pattern, and c Raman spectrum
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compared to object 2000.232.FA. The change in Si, C, 
and O between the samples is most likely due to surface 
contaminations, such as organic treatments, residues, 
or cleaning solutions, which obscure the analysis of the 
technique and should be taken with caution, especially 
with the case of 2008.74, which is displaying high frac-
tions of C. C, Si, and O are present in Table 2, but were 
not considered in the qualitative analysis of the green-
stone mineral constituents. Calculations (using the 
equation in “Plaque fragment with a human head in pro-
file (2008.79)” section) show objects 2000.232.FA and 
1973.37 to be the highest percent jadeite, while object 
1969.23 shows the lowest percent jadeite.

Discussion
Scientific analysis and summary of results
As previously described, Additional file 1: Supplemental 
Table 1 summarizes the experimental data collected with 
each technique for each of the eight greenstone objects. 
It is now of interest to discuss each object individually 
based on the analytical information acquired.

Fig. 4  a Photograph of Cylindrical Bead Depicting a Serpent (2000.232.FA) with detailed SEM image (blue box) and more detailed SEM image (orange 
box) with elemental mapping of O, Na, Mg, Al, Si, Ca, C, and Fe, respectively, b XRD pattern, and c Raman spectrum

Fig. 5  a Photograph of Spoon Pendant (2000.230.FA) with and b 
Raman spectrum
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Plaque fragment with a human head in profile (2008.79)
As illustrated in Fig.  2, the relatively small size and flat 
shape of the Plaque Fragment with a Human Head in 
Profile (2008.79) allowed for the collection of experimen-
tal data using all techniques.

Based on the HHXRF data of the Plaque Fragment 
with a Human Head in Profile, the object is identified 
as jadeite with a relatively large amount of omphacite 
as indicated by spectral peaks with large photon counts 
of calcium and iron (present in omphacite, (CaNa)
(MgFe2+Al)Si2O6) and magnesium (Additional file  1: 
Supplemental Table 1). As illustrated in Fig. 1, the Region 
of Interest (ROI) analysis groups the object as having 
magnesium and iron readings representative of jadeite, 
but sodium readings that group it with omphacite [28].

Fig. 6  a Photograph of Pendant depicting head of ruler (1973.37) with detailed SEM image (blue box) and more detailed SEM image (orange box) 
with elemental mapping of O, Na, Mg, Al, Si, Ca, C, and Fe, respectively and b XRD pattern

Fig. 7  Photograph of Bead Depicting Jaguar Head (2008.82.4), 
an alternate angle of the object with detailed SEM image (blue box) 
and more detailed SEM image (orange box) with elemental mapping 
of O, Na, Mg, Al, Si, Ca, C, and Fe, respectively

Fig. 8  Photograph of Bead Depicting Human Head (2008.74) 
with detailed SEM image (blue box) and more detailed SEM image 
(orange box) with elemental mapping of O, Na, Mg, Al, Si, Ca, C, 
and Fe, respectively



Page 15 of 23Knight et al. Heritage Science           (2024) 12:42 	

The Raman spectra is characterized by a single peak at 
204, a doublet peak at 372 and 413 cm−1, a doublet at 521 
and 573 cm−1, a main peak at 686 cm−1, and finally a dou-
blet at 989 and 1023 cm−1 (Fig. 2c). The Raman signature 
for the plaque fragment does not match either jadeite 
or omphacite completely and most likely is a mixture of 
the two mineral structures. The strong scattering inten-
sity at 204 cm−1 is due to the presence of jadeite within 
the object and matches the reference sample; however, 
as we move into the 350–600 cm−1 range, deviations 
from the reference jadeite arise. The omphacite (Om) 
and jadeite (Jd) reference patterns show distinct scatter-
ing peaks at 375 (Jd and Om), 410 (Om), and 434 (Jd) 

cm−1, which is relatively close to the 372 and 413 cm−1 
peaks in the plaque fragment and represents a chemical 
deviation from the pure structures, e.g. a mixture of the 
two clinopyroxenes minerals within the sampled volume. 
By far, the main Raman band used for the identification 
and quantification of jadeite and other greenstones, in 
the clinopyroxene family, is the strong scattering signal 
between 600 and 800 cm−1, or the symmetric stretching 
of the Si–Obridging-Si vibration bands within the mineral 
[22, 51, 76]. In the pure jadeite reference, this peak is cen-
tered at 701 cm−1 while omphacite and nephrite show a 
scattering signal at 678 and 673 cm−1, respectively. The 
reason for this shift can be explained by the substitution 

Fig. 9  Figure (1969.23), a image of the object with detailed SEM image (blue box) and more detailed SEM image (orange box) with elemental 
mapping of O, Na, Mg, Al, Si, Ca, C, and Fe, respectively, and its b XRD pattern

Table 2  Elemental compositions from EDS measurements

The equation used for the %Jd calculation is described in “Plaque fragment with a human head in profile (2008.79)” section

Accession # at% %JdEDS

O Na Mg Al Si Ca C Fe K

1973.34 52.0 (4.3) 4.6 (0.6) 3.1 (0.5) 4.7 (0.5) 16.9 (2.3) 3.6 (0.5) 18.0 (3.4) 0.6 (0.1) 55.5

1973.37 42.0 (1.2) 4.6 (0.2) 0.5 (0.01) 4.8 (0.3) 10.2 (0.7) 0.4 (0.03) 36.9 (0.03) 0.1 (0.03) 0.4 (0.1) 90.1

2008.82.4 51.0 (1.5) 6.0 (0.3) 1.2 (0.3) 5.4 (0.3) 12.8 (0.7) 1.0 (0.3) 22.3 (2.9) 0.21 (0.03) 0.05 (0.02) 83.2

2008.79 46.2 (2.3) 4.0 (0.5) 1.9 (0.2) 4.2 (0.3) 11.8 (1.4) 2.1 (0.4) 29.1 (5.0) 0.6 (0.1) 64.3

2008.74 24.1 (4.6) 1.6 (0.5) 0.3 (0.1) 1.5 (0.6) 4.5 (1.6) 0.3 (0.1) 67.2 (7.3) 0.12 (0.04) 0.1 (0.02) 81.8

2000.232.FA 44.9 (0.7) 5.1 (0.2) 0.4 (0.1) 5.2 (0.2) 11.3 (0.4) 0.4 (0.1) 32.0 (0.6) 0.4 (0.1) 0.1 (0.03) 91.6

1969.23 37.1 (2.8) 0.4 (1.3) 2.0 (1.2) 4.7 (2.4) 8.0 (0.2) 4.8 (1.2) 41.9 (4.5) 0.5 (0.2) 0.2 (0.1) 41.1
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of the tetrahedron cation species (Fe2+, Fe3+, Mg2+, Na+, 
or Ca2+) in the Si–Obridging–Si structure, which produces 
a shift in the Raman signature [22, 51]. It is apparent that 
the peak lies between the reference samples and there-
fore this implies that the object is neither pure jadeite 
nor omphacite. In previous Raman greenstone studies, it 
has been shown with reasonable accuracy that the at% of 
jadeite-to-omphacite can be given by the following equa-
tion since the two structures can exhibit a solid solution 
[12, 22, 51]:

where W is the wavenumber in cm−1 for the Si–Obridging–
Si peak. Applying this equation to the plaque fragment 
yields a result of approximately 57% Jd in the sampled 
area. It should be noted that this is a mere estimation and 
only semi-quantitative but none-the-less, still provides 
meaningful information in the composition and structure 
of the object. This large deviation in peak position, and 
therefore lower jadeite percentage, implies that ompha-
cite is a significant constituent. The final peaks present in 
the Raman signature also lean more towards an ompha-
cite composition as the stretching of the Si–O bonds in 
the SiO4 tetrahedron are pushing closer together and 
producing one scattering signal rather than two distinct 
peaks as seen in the jadeite reference. XRD for object 
2008.79 in Fig.  2b. also supports the position that the 
object is a mixture of jadeite and omphacite. The crys-
tallographic structural difference between jadeite and 
omphacite is slight, but meaningful. As omphacite cati-
ons (Mg, Fe, Ca) are added to the pure jadeite, they begin 
to replace the Na and Al create a change in the crystal 
symmetry [78]. Therefore, the reflections are shifted and, 
in some cases, spilt into pairs or not observed. The low 
intensity, sample orientation, and difficult experimen-
tal setup make absolute measurement of the crystal lat-
tice and phase fraction difficult and, therefore, will not 
be presented here. However, a qualitative understanding 
of the object can be gained. It is clear that only a single 
peak exists in the high d-spacing range, which supports 
but does not verify the absence of jadeite entirely from 
the sample. Solidification and processing methods play 
an important role in the observed intensity of certain 
reflections in XRD experiments and can lead to distorted 
information if not properly accounted for during analy-
sis. Therefore, peaks must be analyzed in groups and 
the XRD pattern for the plaque fragment shows possi-
ble reflections for both omphacite and jadeite, most vis-
ible in the range of 2–3.5 Å. This leads to and supports 
the hypothesis from the Raman analysis that the object 
is likely a mixture of omphacite and jadeite. As illus-
trated in Fig. 2a, the SEM image of the surface shows a 
bimodal distribution in the brightness of the matrix 

Jd% ≈ 100− {[703−W ]× 2.5}

phase in the plaque fragment. This can be attributed to 
segregation of specific elements, although not quanti-
fied in this report. The brighter facets visible indicate a 
higher atomic density within that region, i.e. the brighter 
facets contain higher atomic weight elements. Consider-
ing the compositions of jadeite, NaAlSi2O6, with respect 
to omphacite, (Ca, Mg, Fe)Si2O6, the substitution of Ca, 
Fe, and Mg cations for the original Na and Al cations 
would cause a higher amount of backscattered electrons 
and therefore create a brighter region in the SEM image. 
This is directly observed in Fig. 3a for object 2008.79 with 
brighter regions representing the omphacite phase and 
darker regions representing the jadeite phase. This con-
trast difference has been reported by other researchers as 
well and attributed to the same phases [23, 41]. Quantita-
tive EDS measurements of the surface region show that 
there is an appreciable amount of Mg and Ca within the 
material (Table  2). In order to show a qualitative rela-
tionship between jadeite and omphacite, the following 
equation was developed based on the ideal compositions 
NaAlSi2O6 and (Ca, Mg, Fe)Si2O6:

This leads to an estimation of 64% Jd from the plaque 
surface, which is in decent agreement with the Raman 
estimation. Which is in the area of approximately 60% 
Jd–40% Om. Based on the criteria set by Gendron 
et  al. [12, 22], the object is classified as an omphacite-
jade gemstone, which is in general agreement with the 
HHXRF readings.

Jade pendant depicting a man’s head (1973.34)
As illustrated in Fig.  3, the Jade Pendant Depicting a 
Man’s Head (1973.34), also allowed for extensive exami-
nation due to its small size and relatively flat shape.

Based on the HHXRF data and photon counts of the 
Jade Pendant Depicting a Man’s Head, the presence of 
calcium, iron, and traces of sodium suggests the object 
contains a mixture of mostly omphacite with some jade-
ite (Table 2), while the ROI analysis shows the presence 
of magnesium, sodium, and iron suggesting the object 
primarily consists of jadeite. These two results indicate 
that the object is likely a mixture of jadeite and ompha-
cite, with jadeite as the major component. Raman spec-
troscopy produced a clear Raman signal with peaks at 
204, 256, 309, 328, 373, 428, 523, 696, 988, and 1036 cm−1 
(Fig.  3c) The pattern clearly identifies with the clinopy-
roxene minerals and shares many peaks with the jadeite 
reference sample; however, the peaks are slightly shifted 
to a lower wavenumber emphasizing again the substitu-
tion of the Al and Na cation species for Fe, Mg, and Ca. 
Employing the same methods as above it is predicted by 
the peak at 696 cm−1 that the mineral is approximately 

%JdEDS = (Na+ Al)/(Ca+Mg+ Fe+ Al+Na)
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83% Jd–17% Om. XRD pattern in Fig. 3b shows a mixture 
of both omphacite and jadeite, which is incidentally simi-
lar to the XRD pattern of Plaque Fragment with a Human 
Head in Profile (2008.79) (Fig.  2b). Although important 
differences are observed, mainly in the relative intensity 
of the peaks between 2.5 and 3 Å. Examining the refer-
ence patterns, it is observed that the symmetry caused by 
the omphacite phases creates a split peak opposed to a 
single peak at 2.8 Å and therefore lowering the observed 
intensity of the doublet. Comparing the XRD pattern 
from object 2008.79 to the pattern in object 1973.34, it 
is clear that some asymmetry exists in the peak at 2.8 Å 
and related to a shoulder peak resulting in a high fraction 
of omphacite with respect to jadeite. This asymmetry is 
not clearly apparent in the XRD pattern for Jade Pendant 
Depicting a Man’s Head and therefore it is hypothesized 
that the percentage of omphacite is less in the pendant 
than in the plaque fragment. This position is also sup-
ported by the Raman data as already discussed. SEM 
imaging of the surface shows two regions, a lighter region 
and a darker region, the latter likely consisting of organics 
on the surface which were used as colorants. The lighter 
region shows a bimodal distribution related to pockets 
of segregation from the omphacite type cations (Fig. 3a). 
The segregation is not as clear in the pendant as in the 
plaque fragment, but still of noticeable levels. EDS meas-
urements again show some amount of Ca and Mg adding 
to the conclusion that omphacite is present in the object 
(Table 2); however, using the % JdEDS equation a large dis-
crepancy exists between the Raman estimation and the 
EDS measurements. The qualitative EDS equation yields 
approximately 56% Jd–44% Om. Since the EDS estima-
tion is untested and Raman is known to predict accurate 
results within 5 at% [12, 22], the Raman measurements 
should be taken with higher confidence. Thus, based 
on the analysis, the Jade pendant is approximately 80% 
Jd–20% Om and has jadeite as a major component.

Cylindrical bead depicting a serpent (2000.232.FA)
As illustrated in Fig.  4, the Cylindrical Bead Depicting 
a Serpent (2000.232.FA) allowed for all experimental 
techniques to be used due to its small size, although the 
curved shape is not ideal.

The HHXRF spectra from the Cylindrical Bead Depict-
ing a Serpent object indicated that the object primarily 
consists of iron, with traces of sodium and magnesium 
(Additional file 1: Supplemental  Table 1), thus ROI anal-
ysis points to predominantly jadeite with some ompha-
cite [28]. Raman spectroscopy shows defined peaks 
at 204, 256, 311, 328, 374, 428, 521, 574, 699, 778, 984, 
and 1038 cm−1 correlating with the pure jadeite patterns 
and minor lowered wavelength shifts in the primary 
peaks (Fig.  4c). The % Jd based on the 699 cm−1 peak 

is approximately 90% Jd–10% Om. XRD pattern indi-
cates mostly jadeite but with a minor shift in peak posi-
tions likely due to substitutional atoms within the crystal 
structure (Fig. 4b). The XRD pattern displays the correct 
symmetry group for jadeite rather than omphacite, but 
reflections that are not cohesive with pure jadeite ref-
erences are observed to be related to some amount of 
omphacite, which is supported by the Raman signature. 
The surface observed with SEM looks relatively homoge-
nous with respect to the matrix phase and no micro-seg-
regation was observed (Fig. 4a). However, a small number 
of large inclusions with appreciable amounts of Ti and 
Zr were observed, but not representative of the sample, 
so they are not present in the EDS results presented in 
Table 2. EDS compositions show only minor amounts of 
Ca, Mg, and Fe and % JdEDS was estimated to be approxi-
mately 90% Jd–10% Om, in good agreement with Raman 
estimations (Table 2). Although still predominantly jade-
ite with omphacite, the HHXRF results indicate that 
omphacite has a more significant representation, as com-
pared to all other analysis. This demonstrates the limita-
tions of using the HHXRF alone. Aside from HHXRF, all 
other techniques, i.e., Raman spectroscopy, XRD, SEM, 
and EDS, indicate that this object consists predominantly 
of jadeite (e.g. ~ 90% jadeite for both Raman spectroscopy 
and EDS) with a small amount of omphacite. Again, the 
results of the HHXRF and other techniques generally 
agree, although the additional techniques provide more 
quantitative and detailed results.

Spoon pendant (2000.230.FA)
As illustrated in Fig.  5, the Spoon Pendant was large in 
length (Fig. 5a), which led to difficulty in using SEM and 
XRD for analysis. Therefore, only HHXRF and Raman 
data were obtained in this case.

The HHXRF analysis of the Spoon Pendant suggests 
the presence of omphacite due to iron serving as a major 
element, with a minor amount of calcium and traces of 
sodium (Additional file 1: Supplemental Table 1). In con-
trast, the ROI analysis points to predominantly jadeite 
with some omphacite due to the high amount of mag-
nesium and iron with only a small amount of sodium, 
respectively [28]. The Spoon Pendant produced a clear 
Raman signature of a clinopyroxene mineral with peaks 
being observed at 204, 290, 306, 374, 425, 521, 695, 989, 
and 1035 cm−1 (Fig.  5b). The pattern closely identifies 
with the jadeite structure with minor peaks shift to lower 
wavenumbers, like those observed in objects 2008.79, 
1973.34 and 2000.232.FA. The % Jd is estimated to 80% 
Jd–20% Om (Table 2). Thus, the object is a lower purity 
jadeite and can possibly be classified as an omphacite-
jadeite greenstone.
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Pendant depicting head of ruler (1973.37)
As illustrated in Fig.  6, the Pendant Depicting Head of 
Ruler (1973.37) was examined using HHXRF, SEM, and 
XRD.

Two HHXRF tests were run on this object. HHXRF 
spectral data shows Ca, Fe, and Al as minor compo-
nents, and trace amounts of Na and Mg, suggesting 
some omphacite present (Additional file  1: Supplemen-
tal  Table  1). Additionally, potassium (K) showed up as 
minor component, with one of the tests reporting the 
most amount of K out of all of the objects. The com-
paratively large amounts of K reported by the HHXRF 
suggest the presence of amazonite (KAlSi3O3) or mus-
covite (KAl2(AlSi3O10)(OH)). One analysis shows nearly 
equal amounts of Al and K; the near equal amounts 
make determining between which K containing mineral 
is present difficult, highlighting the importance of com-
plementary techniques. Because of the trace amount of 
Na measured, the HHXRF analysis would indicate small 
amounts of jadeite. ROI analysis, however, grouped the 
object as jadeite for the Mg, Na, and Fe for both runs. 
The EDS elemental mapping (Fig. 6a) shows an even dis-
tribution of Fe and some phase separation between an 
Na–Al phase and an Mg–Ca phase, though Na, Al, Mg 
and Ca all are distributed throughout the map. The Na–
Al heavier phase could be jadeite, and the Mg–Ca heavier 
phase could be omphacite. EDS composition measure-
ments show nearly equal amounts of Na and Al (support-
ing the presence of jadeite), with traces of Mg, Ca, Fe, and 
K (Table 2). On EDS as well, object 1973.37 reported the 
highest percentage of K when compared to other objects. 
Amazonite is known to have twinning, which is not pre-
sent in the SEM images [79]. From the EDS composi-
tion measurements, the % Jd equation predicts 90.12% Jd 
(Table 2), and the remaining amount is likely omphacite 
and the K rich mineral, given the other element percent-
ages. This ratio of omphacite to jadeite estimated by EDS 
is contrary to the estimation made by HHXRF, with the 
HHXRF elemental analysis suggesting majority ompha-
cite, but supported by ROI grouping. The EDS percent-
age does not match the XRF elemental percentages likely 
because the SEM/EDS analyzes a much smaller spot size 
than the XRF. Analyzing the XRD data in Fig. 6b, there 
is strong agreement of the 1973.37 pattern with ompha-
cite, seen most prominently in the single peak at high 
d-spacing. There is matching for jadeite around 2.8–3.2, 
but this matching is mostly localized to that range, so the 
intensity of the peaks here likely does not suggest high 
jadeite content but reflect orientation effects which could 
cause these peaks to be more intense. In comparing the 
amazonite and muscovite patterns to the 1973.37 pat-
tern there is good matching with muscovite, which helps 
determine that the K containing mineral that is present 

in the object is most likely muscovite. Looking at the 
macroscopic image (Fig.  6a), there is a clear distinction 
between a greyish color and the main green color. The 
gray appears to make up less of the object, so it could 
be the muscovite, and the green is likely a combination 
of jadeite and omphacite. Both XRD and HHXRF sug-
gest majority omphacite composition, while EDS predicts 
majority jadeite. Due to the small spot size of EDS col-
lection, the HHXRF and XRD data are likely more repre-
sentative of the object as a whole, so it is concluded that 
the object is likely closer to an omphacite-jadeite classifi-
cation with some muscovite present.

Bead depicting jaguar head (2008.82.4)
As illustrated in Fig. 7, the Bead Depicting Jaguar Head 
(2008.82.4) allowed for HHXRF and SEM analysis.

Two HHXRF tests were run on this object. Both of 
the HHXRF spectral data show Fe as major components 
and Al and Ca as minor components, with Na and Mg in 
trace amounts (Additional file 1: Supplemental Table 1). 
Of the two tests run, one showed minor components 
of K while the other showed trace amounts, with them 
averaging to be a minor component. This small amount 
of K could indicate the presence of amazonite or musco-
vite, but because of the inconsistent results, more testing 
is needed to support the relative amount present. Hav-
ing Ca, Fe and Al as the largest components and trace 
Na suggests the presence of mostly omphacite with some 
jadeite. However, the ROI groups the object as jadeite 
for all included minerals. Similarly, the EDS composi-
tional results show roughly equal parts Na and Al, sug-
gesting jadeite (Table 2). Mg and Ca are present in minor 
amounts as well though, so EDS supports the presence 
of omphacite too. There are also trace amounts of Fe 
and even smaller amounts of K. The % Jd equation esti-
mates 83.2% Jd (Table 2). The elemental mapping image 
does not show phase separation, just some carbon-rich 
area, which is likely some kind of organic matter on the 
object, as they were not cleaned before testing (Fig.  7). 
Again, the EDS only captures a small spot of the object 
and the HHXRF, which measures a larger area, did not 
measure the same area, which is why they may not agree. 
The elemental percent from the HHXRF did not agree 
with the ROI either. Because of this, it would be informa-
tive to take more EDS and HHXRF measurements from 
even more spots on the bead to be sure to collect from 
the different phases that are present. The elemental 
HHXRF information would suggest majority omphacite, 
though ROI and EDS suggest jadeite. From this, it can be 
concluded that this object is likely some combination of 
jadeite and omphacite. There is likely slightly less jade-
ite than predicted by the EDS (less than 80%), given the 
HHXRF information, so this object is determined to be 
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an omphacite-jadeite stone by the standards set by Gend-
ron et al. [22] There is also likely some K containing min-
eral, either muscovite or amazonite, also present since K 
was found in varying amounts across EDS and HHXRF.

Bead depicting human head (2008.74)
As illustrated in Fig.  8 and Table  2, the Bead Depicting 
Human Head (2008.74) was only able to be analyzed with 
SEM/EDS.

The elemental map images show phase separation 
between a Na–Al phase, which could be jadeite and a 
phase with more Ca, likely omphacite. Fe appears evenly 
dispersed and not preferential to either phase. The ele-
mental composition data shows roughly equal amounts 
of Na and Al, suggesting the presence of jadeite. However, 
there are trace amounts of Mg, Ca, and Fe, indicating the 
presence of omphacite is likely, probably being the other 
phase seen in the SEM image. From the % Jd equation, 
the object is estimated to be 81.8% Jd and the remaining 
is likely omphacite. Additionally, the elemental composi-
tion is similar to that of 2008.82.4, which was determined 
to be jadeite and omphacite. Therefore, this object is 
determined to be low purity jadeite with omphacite.

Figure (1969.23)
As illustrated in Fig. 9 and Table 2, the Figure (1969.23) 
was analyzed with the HHXRF, SEM, and XRD, due to its 
relatively small size.

HHXRF spectral data shows Ca as the largest major 
component, and Fe and Al as minor components. It also 
shows Mg and K in trace amounts and Na in nearly trace 
amounts. These fractions of Ca, Fe and Al would sug-
gest omphacite as a dominant mineral type (Additional 
file  1: Supplemental  Table  1). The near trace amounts 
of Na would suggest some small amount of jadeite. The 
trace amounts of K could indicate a small amount of 
amazonite or muscovite; it is likely amazonite due to the 
matching peaks in the XRD discussed below. ROI groups 
this object as jadeite for Mg and Fe, and omphacite for 
Na. The SEM image shows two defined phases, one com-
posed of more Al–Ca which is likely an anorthite phase 
and one with more Mg–Fe–Na, which is likely an ompha-
cite phase (Fig.  9a). Elemental compositions from EDS 
showed that the object has a low percentage of Na, which 
rules out it being majority jadeite based on EDS; the % 
Jd equation estimation supports this by yielding 41.07% 
Jd, the lowest amount of jadeite seen across all of the 
selected objects (Table  2). Ca is reported to be a minor 
component and the amount of Ca is roughly equal to that 
of Al. The presence of Mg and Fe in combination with 
Ca as major components would indicate the presence of 
omphacite. The high percentage of Ca and the ratio to 
Al would indicate the presence of another Ca containing 

minerals like anorthite. Lastly, the trace K would indicate 
presence of amazonite. From Gendron et al. [22], because 
the % Jd is between 20 and 80, the mineral type is consid-
ered to be omphacite based on EDS analysis.

Because of the curvature, the XRD peaks were shifted 
to the right by roughly 0.25 Å. After this shift, the pat-
tern appears to match with many different minerals, with 
omphacite and jadeite peaks having relatively high inten-
sity in the 2.8–3 Å range (Fig. 9b). The more prominent 
single peak, rather than two, at high d-spacing, suggests 
more omphacite present in this object than jadeite. The 
noise in this pattern made matching peaks more diffi-
cult, but there was matching of sufficiently high inten-
sity peaks with amazonite, augite and anorthite between 
roughly 3–4.25 Å. As a result of the curvature, interpre-
tation of the XRD spectra likely has error. Nonetheless, 
the XRD spectra indicates a mixture of omphacite, jade-
ite, anorthite, amazonite, and augite. Therefore, from 
all of the collected data, we determine this object to be 
majority omphacite with components of jadeite, anor-
thite, augite, and amazonite. Because of the variety of 
minerals that could be present, it would be beneficial to 
reanalyze the object, especially the XRD, on a flatter area 
of the object.

Need for multiple complimentary techniques
The use of multiple techniques for the identification of 
Mesoamerican greenstones has been successful in many 
other recent studies [29–31, 80] and was again productive 
in this study. Raman spectroscopy provided clear indica-
tions of the structural configuration and allowed for a 
rough quantification of the amount of jadeite and ompha-
cite for the individual objects. In some cases, however, 
Raman spectra were difficult to interpret due to a num-
ber of factors including surface curvature and possible 
surface contamination. SEM with EDS provided a good 
overall impression of the surface microstructure and a 
good approximation of the elemental distribution of the 
phases, respectively, although these techniques were only 
possible for objects that met the size constraints of the 
sample chamber. The major advantage of SEM with EDS 
is that they could be used simultaneously allowing for 
an excellent understanding of the local microstructure, 
elemental distribution of the phases, including major and 
minoramounts of detectable elements present on object’s 
surface, and a rough approximation of the amount of 
jadeite and omphacite present. XRD provided insight 
into the phases present and also allowed to a lesser 
extent than other techniques, the ability to approximate 
the amount of jadeite and omphacite present. The initial 
larger study [28] was aimed at testing the possibility of 
using HHXRF for mineralogical identification of various 
greenstones in museum and archaeological collections 
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with the use of a helium-flow meter to detect the lighter 
elements that are present in many of these stones (espe-
cially sodium and calcium). HHXRF, while cost effective 
and portable, does have limitations, especially in this case 
with the lack of a calibration that would produce parts 
per million (ppm) measurements for elemental composi-
tion that could then be compared to known and meas-
ured reference samples. But even with this limitation, our 
semi-quantitative results seem to support the findings 
of other techniques and show promise for future stud-
ies. HHXRF is not as precise as other techniques, but 
even using the methods in this study it can give general 
ideas about composition and also allow a more refined 
sampling strategy for more inaccessible characterization 
methods of a sample of objects. In summary, the collec-
tion of this data from the various complimentary tech-
niques can assist in contributing to the development of 
databases and calibration curves for a broader under-
standing of jade and greenstone objects from Mesoamer-
ican cultures and beyond, as these techniques continue to 
grow in the field of greenstone analysis.

Contextual interpretation
The only known source of jadeite in Mesoamerica is 
the Motagua valley of Guatemala [37, 81, 82], which is 
located within the Maya cultural region. Serpentine is 
more widely distributed in other parts of Mesoamerica 
(e.g., [83]) in addition to outcrops of serpentine in the 
Motagua valley where it occurs alongside jadeite deposits 
as they can form together [37]. It is not surprising then 
that the artifacts in the DMA collection that are identified 
as belonging to the Maya region show the highest num-
bers of jadeite objects as this cultural region is closest 
to the source of jadeite. While the Olmec heartland was 
located in the modern states of Veracruz and Tabasco in 
Mexico [6] Olmec influence during the Formative period 
was extensive [84] and contacts with the Maya region 
have been documented (e.g., [85–87]). The objects iden-
tified as Olmec or having Olmec influence in the DMA 
collection contain both jadeite and serpentine, further 
demonstrating this widespread influence and connection. 
Objects from cultures in Mexico somewhat further from 
the Maya region (i.e., Mixtec and Mezcala) were exclu-
sively serpentine in this collection, although the sample 
size is small and it is known that both cultures worked a 
variety of greenstones (e.g., [88]). Also, while many have 
not been mineralogically characterized, Blomster [88] 
argues that serpentine and andesite were favored mate-
rials for Mezcala greenstone objects. Sourcing efforts for 
jadeite are complicated and tying artifacts to a specific 
location within the Motagua valley is not always possible 
due to extreme heterogeneity of trace elements in source 
outcrops [81]. This work is able to demonstrate that 

multiple methods can be used at least to differentiate var-
ious types of greenstones, which has recently been done 
for other museum collections (i.e., for the Dumbarton 
Oaks Collection [82]) and is valuable in terms of conser-
vation and interpretation efforts for greenstone objects 
from around the world.

Conclusions
In this study, we examined a set of Mesoamerican jade 
and greenstone objects from the collection at the Dal-
las Museum of Art using multiple non-destructive tech-
niques, including scanning electron microscopy with 
energy dispersive spectroscopy, Raman spectroscopy, 
X-ray diffraction, and handheld X-ray fluorescence 
spectroscopy. We briefly evaluated and discussed the 
advantages and disadvantages of each technique in the 
archaeological and historical context. Based on the 
results, most of the objects were identified to be a com-
bination of jadeite and omphacite, while a few objects 
were determined to be in the serpentine family due to the 
higher presence of magnesium and sodium. These results 
further support the larger HHXRF study [28], which indi-
cated that the DMA collections from the Maya, Olmec, 
and other Mesoamerican cultures often share jadeite and 
omphacite components, thus highlighting possible dif-
ficulties in attaining pure jadeite since omphacite and 
related minerals have similar color, hardness and lus-
ter properties and these minerals tend to form together 
and under similar conditions. Although the sample size 
is small, some regional patterns of resource use and pro-
curement may be apparent. These patterns may be based 
on locational availability and regional spheres of influ-
ence, although more research is necessary. And while 
source attribution was not the goal of this study and is 
not possible at this time, using complementary scien-
tific techniques for the differentiation of greenstones is 
worthwhile for museum conservation efforts, as well as 
aiding efforts of archaeological interpretation. These 
complementary methods are applicable for Mesoameri-
can contexts but can also be applied around the world.
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