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Abstract

Greenstone is commonly used to produce culturally significant items across Mesoamerica, including axes, earspools, figurines,
and beads. This research characterizes the mineralogy of greenstone materials recovered from sites in the Jovel Valley, Chiapas,
Mexico, to document the range of green minerals utilized by the inhabitants. Our analysis of the objects suggests that the Late
Classic and Early Postclassic Maya of the Jovel Valley had access to a variety of greenstone minerals, including serpentinites,
green micas, grossular, and jadeite. X-ray diffraction and X-ray fluorescence spectrometry characterization of reference mate-
rials suggests procurement of greenstone resources from the well-documented sources of the Motagua–Polochic Fault Zone, and
also potentially from sources in the Chalchihuitán–Chenalhó area of Chiapas, Mexico. The Jovel Valley had access to materials
over long distances through historically documented trade routes that allowed the movement of greenstone materials west from
the Motagua River Valley into highland Chiapas or south from the Chalchihuitán–Chenalhó area.

For the ancient Maya, green represented the color of life;
the color of ripe vegetation; the color of water in rivers
and lakes; the color of unripe corn; the color of the resplen-
dent quetzal; the color whose very name “yax” meant “pre-
cious” (Houston et al. 2009; Pendergast 1998). From the
Early Formative period and beyond, we see archaeological
evidence for the use of greenstone as a precious material
at Maya sites (Hammond et al. 1977:41), and also more
broadly throughout the early Mesoamerican world (Diehl
2005; Garber et al. 1993; Ortiz and Rodríguez 2000).
Greenstone was used to produce culturally significant
items such as beads, figurines, earspools, and other personal
adornments, although in rare instances it was also used to
create sculptures and monuments, such as the serpentine
pavements of Middle Formative period La Venta (Clark
and Coleman 2014; Drucker et al. 1959), or the carved jade
sculpture of Sun God’s head at Classic period Altun Ha
(Pendergast 1982). These items were often used for wealth
accumulation, adornment, status symbols, and precious
offerings in caches and funerary contexts (Kovacevich and
Callaghan 2019).

Many green minerals and rocks were used in
Mesoamerica to make objects and ornaments; for this rea-
son, many Mesoamericanists use the terms “greenstone”
or “social jade” rather than “jade” (Powis et al. 2016;
Tremain 2014). The majority of jade deposits are highly het-
erogeneous and are frequently associated with other miner-
als, many of which are also green in color (Bishop et al.
1985; Bishop et al. 1993a, Bishop et al. 1993b). Many scholars
have noted cultural preferences for certain colors and char-
acteristics concerning the social value of different green-
stones, including Olmec preferences for blue-green hues
and Late Classic period Maya rulers’ preferences for apple-
green colors (Seitz et al. 2001; Taube et al. 2004).
Pendergast (1998:4) argues that some utilitarian items,
such as woodworking axes, favored dark greenish-black
materials.

In this paper, we present the analysis of greenstone arti-
facts recovered from Late Classic to Early Postclassic sites in
the Jovel Valley, Chiapas, Mexico. These objects were exca-
vated during the “Proyecto Económico de los Altos de
Chiapas” and “Proyecto Interacción Entre Reinos en los
Altos de Chiapas,” both directed by Dr. Elizabeth Paris and
Dr. Roberto López Bravo, and were exported to MIT with
permission from the Consejo de Arqueología del INAH,
Mexico. We present new mineralogical and compositional
analysis of these artifacts using X-ray diffraction (XRD)
and X-ray fluorescence spectrometry (XRF), and our
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findings indicate that Jovel Valley residents were utilizing a
wide variety of greenstones, including both jadeites and
“social jades” in both everyday and ritual practice.
We also characterize the mineralogy of comparative green-
stone samples from sources in highland Guatemala and
highland Chiapas attributed to the Chalchihuitán area to
evaluate the range of greenstone materials available at
Jovel Valley sites, and hopefully provide comparative data
for further investigations. Our results indicate that Jovel
Valley residents used a wide variety of valuable green min-
erals in addition to jadeites, including micaceous stones,
quartz, albite, and serpentinite.

Background

Known greenstone deposits in Mesoamerica

Mineralogists recognize two minerals, one amphibole and one
pyroxene, as true “jade.” The amphibole jade, called nephrite,
is not present in Mesoamerican geological deposits, and
has not been identified to date in any of the known
Mesoamerican sources (Hammond et al. 1977:41). Jadeite is
a pyroxene group mineral, and is often found in solid solution
with other pyroxene group minerals. Pyroxene-based jades
are traditionally classified according to the relative propor-
tions of their three principal components: jadeite
(NaAlSi2O6), diopside (CaMgSi2O6) and aegirine (NaFe+3Si2O6).
Rocks that consist almost entirely of jadeite are called jadeitite

(with less than 20 percent diopside+aegirine), while a solid
solution of jadeite and diopside with less than 20 percent
aegirine is called “omphacite jade.” Chloromelanite is a type
of iron-rich jade with more than 20 percent aegirine
(Hammond et al. 1977:41), and often ranges in color from
dark green to black (Foshag 1957:23). More recently, Franz
and others (2014) have proposed a new system of classification
for jades, with the three principal minerals jadeite, diopside,
and kosmochlor (NaCrSi2O6). Complicating geological sourc-
ing, jadeite is commonly found near associated minerals
that can also have a green color, such as serpentinite, kosmo-
chlor, and clinoamphiboles.

The best-known deposits of jadeite in Mesoamerica are
located in the Motagua River Valley in Guatemala
(Figure 1); these are thought to have provided most of the
jadeite artifacts from Mesoamerican sites, although specific
source locations are often a closely guarded secret
(Hammond et al. 1977). The Motagua–Polochic Fault System
extends over 200 km along the Motagua River from its trib-
utaries in the western Guatemalan highlands, east to Lake
Izabal, with a range of jadeite and serpentinite-bearing loca-
tions to both north and south of the river (Gendron et al.
2002; Harlow et al. 2011; Mora et al. 2007; Smith 2005).
Many of the explored jadeite deposits are concentrated on
the north bank in the region surrounding San Agustín
Acasaguastlán and San Cristóbal Acasaguastlán (Becquelin
and Bosc 1973; Bosc 1971; Harlow et al. 1993; Taube et al.

Figure 1. Map of Mesoamerica with sites and greenstone-bearing areas described in the text. Sites emphasized in the text are highlighted in

red. Drafted by Elizabeth Paris, from base map by Wikimedia Commons (Sémhur / Wikimedia Commons / CC-BY-4.0), with reference to

Powis et al. 2016:Figure 2.
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2004), along the western edge of the Sierra de las Minas
range. On the south bank, explorations have been concen-
trated in the Río El Tambor district between Carrizal
Grande and La Ensenada (Gendron et al. 2002; Harlow et
al. 1993; Harlow et al. 2011). Realistically, jadeite and
other associated raw materials likely came from several dif-
ferent sources in the Upper and Middle Motagua regions of
Guatemala (Harlow et al. 2011; Hruby 2015; Rochette 2009;
Taube and Ishihara-Brito 2012:138–140). Within the
Motagua–Polochic Fault System jadeite occurs in small
areas, typically extending no more than a few hundred
meters, commonly distributed as boulders and cobbles of
a dismembered larger body sitting on (and in) serpentinite,
where they are identified and mined from near-surface
deposits (Harlow et al. 2011:366).

The metamorphic deposits of the Motagua–Polochic
Fault System are geologically diverse, where jadeite formed
in association with other green minerals. Muscovite
((K2Al4[Si6Al2O20])(OH, F)4) is a potassium-rich mica, and
can be pale green with a flaky, foliated habit; paragonite
(NaAl2(AlSi3O10)(OH)2) has a similar structure, with sodium
in place of potassium (see also Harlow et al. 2011:369).
Paragonite is characteristic of metamorphic zones
with schists and eclogites, which is a geology similar to
zones where jadeite tends to form. Ephesite (NaLiAl2
(Si2Al2)O10(OH)2) is a rare mica that is typically associated
with chlorite, muscovite, and corundite (Smith 1851).
Other green minerals include chlorite (Mg, Al,
Fe)12[(SiAl)8O20](OH)16); soapstone (Mg6[Si8O20](OH)4); ser-
pentine (Mg6[Si4O10](OH)8) and other minerals in the ser-
pentine subgroup; albite (NaAlSi3O8); green chalcedony
(SiO2); and green marble (metamorphosed limestone
(CaCO3) or dolomite (CaMg(CO3)2) (Hammond et al.
1977:41). Another mineral that may be green is olivine, a
ferric silicate rich in magnesium ((Mg2+, Fe2+)2SiO4) that
weathers rapidly at the surface, and the broader olivine
group that includes tephroite (Mn2Si O4), monticellite
(CaMgSiO4) and kirschsteinite (CaFeSiO4). The
Motagua–Polochic Fault System deposits also contains gros-
sular (Ca3Al2[SiO4]3), a rare, green variety of garnet, which
occurs both north of the fault, and also south of it in the
region around La Ensenada (Harlow et al. 2011:376).

Harlow and others (2011:365) argue that there are some
significant differences between the geologies of the north
and south sides of the Motagua–Polochic Fault. To the
north the serpentinite deposits contain a variety of miner-
als including garnet amphibolite, omphacite-taramite
metabasite, jadeitite, albitite, and altered clinozoisite-
amphibole-eclogite on the western edge; while to the
south, assemblages feature lawsonite, eclogite, blueschist,
and jadeitite (see also Becquelin and Bosc 1973; Gendron
et al. 2002; Smith 2005). Greenstone in the deposits north
of the Motagua Fault predominantly features paragonite
mica, while deposits to the south lack paragonite and con-
tain abundant muscovite deposits (Harlow et al. 2011:384).
Finally, Harlow and others (2011:380–381) argue that none
of the jadeitites to the north of the Motagua Fault contain
quartz, either as inclusions in jadeite or in veins, but all con-
tain albite, mica, and usually analcime; jadeites from south

of the Motagua Fault, in contrast, frequently present quartz
inclusions in jadeitite.

Several other regions in Mesoamerica bear slightly
different ranges of metamorphic geological materials
that appear green, many of which were exploited in
pre-Columbian times; however, they are not known to con-
tain jadeite (Figure 1). The Acatlán Complex extends across
areas centered principally within the modern state of
Guerrero. As observed also in the Motagua–Polochic Fault
System, many of these deposits include grossular
(Ca3Al2[SiO4]3), which is also relatively common in north-
ern Mexico. Powis and others (2016:69) suggest that
some of the basalts and kyanite-bearing metamorphic tri-
angulate stones found at Middle Preclassic sites in Belize
can be attributed to the Acatlán Complex. Serpentinite
(antigorite) deposits have been identified at the
Tehuitzingo quarry in southern Puebla, and Cuicatlan
quarry in northwest Oaxaca, supplying some of the celts
recovered from the Olmec sites of La Merced and La
Venta (Jaime-Riverón et al. 2009). Smith and Gendron
(1997) also document the use of eclogite in greenstone
axes at Cozumel Island, eclogite being a rare, dense
high-P metamorphic rock composed largely of red [pyrope
+ almandine]-rich garnet and green [ jadeite + diopside]-rich
clinopyroxene, but in which other minerals may be
extremely variable in quantity and in chemical composi-
tion; they note that eclogite minerals are present in both
the Motagua–Polochic Fault System and the Acatlán
Complex. The Maya Mountains of central Belize (Bladen
Formation) also contain kyanite-bearing schists and other
medium- to high-grade metamorphic rocks including dark-
green metamorphosed basalts comprised principally of
chlorite (ClO–

2; Powis et al. 2016:63).
Other minerals that exhibit green or blue coloring, which

can be detected due to the presence of copper, include mala-
chite (Cu2(CO3)(OH)2), azurite (Cu3(CO3)2(OH)2), veszelyite ((Cu,
Zn) 2ZnPO4(OH)3•2(H2O)) and turquoise (CuAl₆(PO₄)4(OH)₈ •
4H₂O). While the principal sources of copper ores are located
in West and Central Mexico (Hosler 1994), small pockets of
malachite, azurite, and chalcopyrite are located at several
locations in the Maya area, including the western Teapa
Valley (Santa Fe mine area) of southern Tabasco
(Manrique-Ortega et al. 2020b), Las Chicharras (Pacific
Coastal Chiapas; González Cruz 2011:206) as well as some
locations in Guatemala in a west–east band along the north-
ern edge of the Cuchumatanes and Sierra Madre mountain
ranges (Weeks 2013:121). To date, the only Maya site with
published evidence for pre-Hispanic copper ore processing
and smelting is that of El Coyote in Honduras (Urban
et al. 2013), with evidence of copper remelting and casting
at Late Postclassic cities such as K’umarkaj (Utatlán;
Weeks 2013), Mayapan (Meanwell et al. 2013; Meanwell
et al. 2020; Paris 2008; Paris et al. 2022) and Lamanai
(Simmons et al. 2009; Simmons and Shugar 2013a, 2013b).
However, copper-based minerals such as malachite were
occasionally used for funerary masks (González Cruz 2011;
Manrique-Ortega et al. 2020a) and pigments used on murals
and ceramic vessels (Cheung et al. 2015; Houston et al. 2009;
Hurst 2009; Magaloni et al. 1995; Miller et al. 2013).
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The cultural importance of greenstone in Ancient Mesoamerica

Greenstone objects have a very long history as precious
objects in Mesoamerica. The use of greenstone offerings,
including celt caches, dates back to the Early Formative
period Olmec sites such as San Lorenzo and El Manatí
(Clark and Coleman 2014; Jaime-Riverón 2010; Ortiz and
Rodríguez 2000), and proliferated through early political
centers of southeastern Mesoamerica including La Venta
(Clark and Coleman 2014; Diehl 2005; Drucker et al. 1959),
Chiapa de Corzo (Bachand 2013; Gallaga Murrieta and
Lowe 2018), Cascajal (Englehardt et al. 2020); Aguada Fénix
(Inomata et al. 2020), Ceibal (Inomata et al. 2013), the
Belize Valley (Powis et al. 2016) and many others, including
monumental serpentine pavements and celt caches.
Meanwhile, at small Middle Formative villages, jade beads
were incorporated into the material culture of ordinary
households as personal ornaments and funerary objects
(Hammond et al. 1977:41, 1991). Greenstone beads were
often placed in the mouth of deceased individuals, a practice
linked to the cycle of death and rebirth (Hammond 1991;
Hruby 2015). From the Late Formative through the Classic
period, they were increasingly incorporated into dedicatory
caches and the royal regalia of dynastic rulers, which ranged
from beads, pectorals, earspools, and carved plaques to elab-
orate diadems, carved sculptures, and funerary masks
(Aguilar-Melo et al. 2019; Filoy Nadal 2010; Freidel et al.
2002; González Cruz 2011; Hammond et al. 1977:41;
Juárez-Rodríguez et al. 2018; Manrique-Ortega et al. 2020a;
Manrique-Ortega et al. 2020b). By Spanish Contact, green-
stone beads were commonly used as currency items
(Landa and Gaspar Antonio Chi [1581] in Tozzer
1941:94–96, 231) and objects forming part of imperial tax
payments (Berdan and Anawalt 1992) as well as personal
ornaments and ritual objects, with the former practice
potentially dating back to the Late Formative period in
the Maya Lowlands (Freidel et al. 2002). Masson and
Freidel (2012:476) suggest that greenstone objects formed
a continuum of value from small beads to polished jade
celts, where items such as beads and serpentine axes were
accessible to households across the socioeconomic spectrum
(see also Freidel and Reilly 2010; Lesure 1999). Greenstone
beads and objects were frequently given to the Spanish dur-
ing attempts at early diplomatic relations (see summary in
Foshag 1957:10–11).

Jade objects were produced through extensive carving,
drilling and polishing techniques (Hruby 2015; Kovacevich
2006, 2013; Kovacevich and Callaghan 2019; Pendergast 1998;
Rochette 2009). Evidence for concentrated lapidary productive
activities has been identified through the presence of produc-
tion debitage such as percussion flakes, sawn fragments,
blanks, and tools such as abrader/polishers (Kovacevich
2006; Kovacevich and Callaghan 2019; Rochette 2009). These
items are present at multiple sites in the Middle Motagua
Valley in the San Agustín Acasaguastlán area (Smith and
Kidder 1943; Rochette 2009) as well as at the site of
Cancuen, a monumental zone strategically situated along
the important south–north trade corridor that included the
Río Pasión (Andrieu et al. 2014; Kovacevich 2006).

By the Late Postclassic period, greenstone was called chal-
chihuitl by Nahuatl-speaking peoples (Berdan and Anawalt
1992; Melgar Tísoc et al. 2018), specified as being the property
of nobles, with particularly fine examples bearing the name of
quetzalitztli (Sahagún 1963, Book 11:221–223). Book 11 of the
Florentine Codex also lists a number of related stones, includ-
ing quetzalitzepyollotli (a type of greenish-white jade; highly
esteemed), tlilayotic chalchihuitl (greenish black; very expen-
sive), iztac chalchihuitl (white jade with green and light-blue
spots), and mixtecatetl (a mixture of white, black, and green,
not esteemed; “the last of the green stones”) suggesting that
the Aztecs had an extremely strong understanding of the
range of color variation in jadeite and related minerals,
which they ranked in value according to their characteristics
(Sahagún 1963, Book 11:226). Book 9 of the Florentine Codex
lists chalchihuitl and quetzalitztli as high-value commodities
traded by the pochteca from the time of the second ruler,
Tlacateotl, together with quetzal feathers, also a Maya high-
landproduct (Sahagún 1959, Book 9:1). Someof the greenstone
obtained by the Aztec Empire was likely from the Gulf Coast,
obtained through the tradingmissions of vanguardmerchants
to the Gulf Coast. These missions are described in some detail,
mentioning that the Aztec merchants specifically visited the
cities of Xicalanco, Cimatlan [Cimatán] and Coatzaqualco,
and the rulers who governed them, and received “the large
green stones, round, green, like tomatoes; the cylindrical
green stones; then the green stones cut on a bias; the well-
colored precious green stone which we call today the finest
emerald-green jade; and fine bottle-green jadeite, and tur-
quoise mosaic shields, and stones with green pyrites in their
midst” (Sahagún 1959, Book 9:19). Other greenstone objects
were obtained directly from outlying provinces through tax/
tribute payments. Chalchihuitl was among the goods taken in
tax payments from the imperial provinces of Soconusco
(Pacific Coastal Chiapas) aswell as a numberof other provinces
with which greenstone was exchanged including areas within
the present states of Puebla, Guerrero, Oaxaca, and Veracruz
(Berdan and Anawalt 1992; Nuttall 1901:229; Smith
1996:147). Additionally, Carmack (1981:142) suggests that the
highland Guatemalan Maya political capital of K’umarkaj
(Utatlán) formed a tributary relationship and marriage alli-
ance with the Aztec Empire in 1510, where the rulers of
K’umarkaj paid the Mexica in quetzal feathers, gold, precious
stones (likely jade), cacao, and cloth. Notably, as Taube and col-
leagues (2004:205) observe, both the traded pieces from
Xicalanco and the taxed goods from the provinces represent
finished carved objects, mostly beads and plaques, rather
than freshly quarried material. However, a small number of
partially worked jade plaques and mosaic pieces recovered
from the Templo Mayor (Melgar Tísoc et al. 2018) suggest
that some jade ornaments were exchanged as preforms,
blanks, or nodules, and worked into their final form in cities
such as Tenochtitlan, as described in historical accounts of
skilled lapidaries by Sahagún (1959:80–81).

The potential for greenstone sources in highland Chiapas

As early as 1901, Zelia Nuttall hypothesized that jadeite sources
could be located in highland Chiapas (1901:228–229). She noted
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that the Florentine Codex describes the native prospecting and
mining of jade in its natural setting in significant detail
(Sahagún 1963, Book 11:221–222), and noted the significance
of the name of the modern/historic Chiapas town of
Chalchihuitán, a Nahuatl toponym that translates as “The
Land of Chalchihuitl [greenstone]” (Nuttall 1901:232).
Recently, Taladoire (2016:15) reports several personal commu-
nications with scholars hypothesizing possible sources in this
area. He notes the relative scarcity of jadeite objects at
Tonina compared to Palenque, Yaxchilan, and Cancuen,
hypothesizing the latter sites had greater access to Motagua
jade via trade along the Usumacinta River, prompting Tonina
to seek greenstone resources within thewestern Chiapas high-
lands (Taladoire 2016:15).

The modern town of Chalchihuitán sits within a broader
regional system of left-lateral reverse and strike-slip faults
known as Chiapas Fold and Thrust Belt, which runs roughly
parallel to the Motagua–Polochic Fault System (Hernández-
Vergara et al. 2021; Mora et al. 2007). This regional fault system
extends from the Isthmus of Tehuantepec into central and
northwest Chiapas, and is responsible for the creation of the
Chiapanecan Volcanic Arc that punctuates the Central
Highlands as far as El Chichonal Volcano in northwest
Chiapas (Hernández-Vergara et al. 2021; Mora et al. 2007).
The town of Chalchihuitán sits on the southern edge of the
Tecpatán–Ocosingo fault, one of the principal east–west
reverse faults of the system (Hernández-Vergara et al. 2021;
Mora et al. 2007). Although this region has been minimally
studied,wehypothesize that this fault could plausibly have cre-
ated geological conditions similar to those of the
Motagua–Polochic Fault System. The fault zone immediately
to the south, the Telestaquín–San Cristóbal Fault, contains a
segment that runs west–east from just north of San Cristóbal
de Las Casas, through the town of Huixtán, to the town of
Altamirano (Hernández-Vergara et al. 2021).

In 2017 and 2018, we visited local jewelers and market ven-
dors in San Cristóbal de Las Casas, Chiapas, who reported to us
that the greenstone objects that they sold were obtained from
northwest Chiapas in the municipalities of Chalchihuitán and
Chenalhó. Unfortunately, local armed conflicts during this
time dispossessed large numbers of families from their
homes, and also prevented us from traveling to these loca-
tions. Instead, we purchased small commercial samples from
a number of vendors, asking them for the general provenience
of each sample, and obtaining as much information as possi-
ble. In all cases where we purchased samples, the vendors
told us that they obtained the raw materials second-hand,
rather than quarrying or mining the materials themselves.
A separate sample was collected from a road cut near the
town of Huixtán, located approximately 30 km to the east of
San Cristóbal de Las Casas. Below, we provide new mineralog-
ical data on samples attributed to these source locations.

Materials

Archaeological samples

A total of 21 greenstone objects were identified from two
sites in the Jovel Valley of highland Chiapas, Moxviquil

and CV-38, by the Proyecto Económico de Los Altos de
Chiapas, directed by Paris and López Bravo. These sites rep-
resent the two largest monumental centers in the Jovel
Valley (Figure 2); they were constructed principally during
the Late Classic period, and remained occupied during the
Early Postclassic period (Paris 2012). Moxviquil is located
on the northern edge of the valley, and Cerro Ecatepec/
CV-38 is located on its southwest corner. Cerro Ecatepec is
positioned atop a steep limestone escarpment that includes
linear mounds and masonry tombs (Culbert 1965). San
Pedro y Pablo, or CV-38, is located on the valley floor
below the escarpment, and included an I-shaped ballcourt
and a concentration of public and residential architectural
mounds (Aguilar 2005; Culbert 1965). Our excavations in
2009, 2015, and 2016 targeted residential architecture at
both sites.

The sample of greenstone artifacts from these sites
included beads in discoidal, tubular, and sculpted forms;
ornament fragments; miniature manos; miniature axes;
and a miniature effigy axe (Table 1; Figure 3). The objects
range significantly in hue, including pale green, apple
green, blueish green, and very dark green. Many of these
objects, particularly the beads and ornaments, but also
one of the miniature axe fragments (P7), were recovered
from a funerary cave (Operation 7) located just below one
of the residential hilltop zones in Moxviquil (Operation 4),
where they likely served as funerary offerings and/or orna-
ments of the interred individuals. Most of the greenstone
artifacts were recovered from contexts at the rear of the
cave, and their original position may have been shifted
due to the high level of post-depositional movement of
remains and offerings, together with extensive modern
looting and archaeological visitation by Frans Blom in the
1950s; we interpret them as offerings interred with the
deceased individuals when they were placed in the cave
(see Paris et al. 2020).

A number of other greenstone objects were recovered
from both Moxviquil and CV-38. A small mano fragment
(P20), two of the miniature axes (P17 and P19), and the
effigy miniature axe (P18), were found in the Moxviquil
Operation 4 residential zone (Paris et al. 2020). A fourth
greenstone axe was found at CV-38 (P15). The three minia-
ture axes are all between 5.0 and 6.1 cm in length, with
damage to their distal ends suggestive of use, possibly in
woodworking (P15, P17, and P19). Miniature axe P15 was
recovered from a residential structure (Structure 10,
Operation 3) at CV-38, and presents a flaring, convex bit
with one corner heavily damaged from impact and stria-
tions on the tapered proximal end suggestive of hafting.
Miniature axe P19 also exhibited significant usewear (micro-
chipping and striations) on its convex distal edge, and was
broken across the midsection. The axe was recovered from
the lower levels of residential terrace fill adjacent to the
remains of a domestic structure (Structure 8) together
with ceramics and other objects dating to the Early
Postclassic period (Paris et al. 2020). A second miniature
greenstone axe (P17) was recovered from a nearby context
associated with the structure fill of Structure 9, and also
had significant damage on one corner, likely from use.
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However, the effigy miniature axe (P18), was too small to
have actually been hafted, and analysis under a Dino-lite
digital microscope indicated no evidence of usewear, sug-
gesting that it was an effigy rather than utilitarian.
We hypothesize that it was used as a type of currency
(Paris and López Bravo 2021b). The effigy miniature axe
was recovered from the western edge of the terrace that sup-
ported Structure 9 (Paris et al. 2020). The Moxviquil funerary
cave and the CV-38 residence had occupations spanning the
Late Classic and Early Postclassic periods, while the occupa-
tion at the Operation 4 residences was likely established in
the Early Postclassic period (Paris et al. 2020).

Comparative samples

For comparative purposes, we collected 19 greenstone sam-
ples from local commercial vendors in both highland
Chiapas and highland Guatemala, as well as an additional
sample from a road cut near the town of Huixtán
(Table 2, Figure 4). As mentioned above, due to local milita-
rized conflicts during the study period, we were not able to
collect greenstone samples from Chalchihuitán and
Chenalhó in person. Samples were purchased from five loca-
tions: a local jeweler in San Cristóbal de Las Casas, an artisan
market in San Cristóbal de Las Casas, a jeweler in Antigua,
an artisan market in Guatemala City, and the local vendors
at the Zona Arqueológica de Iximche to the west of Antigua.
We conducted interviews with local jewelers and vendors to

determine the provenience of the sources to the best of
their knowledge. The sources of the samples from San
Cristóbal de Las Casas (SCLC) were consistently attributed
to the neighboring municipalities of Chenalhó (SCLC artisan
market) and Chalchihuitán (SCLC jeweler) in northwest
Chiapas. The sources of the samples from the jeweler in
Antigua were attributed to the Río Motagua while the
vendors at the artisan markets in the Antigua and
Guatemala City did not attribute their products to a
specific source, though that would very likely also be
somewhere in the Motagua Fault Zone. We intentionally
purchased a range of colors, including everything from
the apple-green color favored by the Classic period Maya,
to the blueish-green color favored by the Olmec, as well
as white, light green, mint green, dark green, and dark
greenish black.

Methods

A number of methods have been used to characterize the
composition and mineralogy of Mesoamerican greenstone
in other studies. These include:

1) Detailed macroscopic minerology (Foshag 1957;
Jaime-Riverón 2010; Manrique-Ortega et al. 2019;
Manrique-Ortega et al. 2020b; Powis et al. 2016);

2) Petrography (Jaime-Riverón 2010; Jaime-Riverón et al.
2009; Lin et al. 2020; Powis et al. 2016);

Figure 2. Map of the Jovel Valley. Drafted by Roberto López Bravo from Geodatos E15E52 and E15D62, INEGI.
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Table 1. Jovel Valley greenstone archaeological specimens analyzed in the present study.

Specimen Site Opa Cuadrob Lot Level Capac Type

Length

(mm)

Width

(mm)

Thickness

(mm)

Major

elements,

XRFd Minerals, XRDe

P-1 Moxviquil 7 6-D 358 4 II tubular bead 20 8 7 Al, Si, K, Ca,

Fe

Paragonite (mica);

maghemite

P-2 Moxviquil 7 6-C 357 3 I discoidal bead 11 11 7 Al, Si, Ca, Fe Jadeite

P-3 Moxviquil 7 6-C 357 3 I carved bead 14 9 5 Al, Si, K, Ca Jadeite

P-4 Moxviquil 7 6-D 352 3 I tubular bead 18 8 7 Al, Si, K Muscovite (mica)

P-5 Moxviquil 7 7-D 365 1 I tubular bead 25 7 7 Al, Si, Ca, Fe Omphacite

P-6 Moxviquil 7 5-C 363 1 I tubular bead 14 6 6 Al, Si, K Paragonite (mica);

muscovite (mica)

P-7 Moxviquil 7 5-B 377 1 I miniature axe 11* 19 7 Al, Si, Ca, Fe Calcite; quartz;

hematite

P-8 Moxviquil 7 6-D 349 2 I discoidal bead 4 8 8 Al, Si, K, Ca,

Fe

Muscovite (mica)

P-9 Moxviquil 7 5-B 383 1 I tubular bead 16 7 7 Al, Si, K, Ca Paragonite (mica)

P-10 Moxviquil 7 5-C 363 1 I tubular bead 15 6 5 Al, Si, K, Ca Ephesite; albite

P-11 Moxviquil 7 3-B 393 1 I tubular bead 36 9 9 Al, Si, Ca, Fe Omphacite

P-12 Moxviquil 7 7-D 367 3 II discoidal bead 5 7 7 Al, Si, K, Ca Diopside; calcite;

grossular

P-13 Moxviquil 7 7-E 381 2 I curved element 14 7 6 Al, Si, P, S, K,

Ca

Anhydrite; alunite;

kaolinite

P-14a Moxviquil 7 6-C 357 3 I asymmetrical

bead

11 8 8 Al, Si, Ca, Fe Jadeite; albite

P-14b Moxviquil 7 6-C 357 3 I tubular bead,

short

9 7 7 Al, Si, K, Ca,

Fe

Quartz; hedenbergite

(pyroxene)

P-14c Moxviquil 7 6-C 357 3 I tubular bead,

short

10 6 6 Al, Si, K, Ca,

Fe

Grossular

P-15 CV-38 3 B-2 2 1 I miniature axe 61 28* 16 Al, Si, Ca, Fe Albite; quartz

P-17 Moxviquil 4 3-E 168 2 II miniature axe 6 3.6 1.4 Al, Si, Ca, Fe Jadeite, quartz; albite

P-18 Moxviquil 4 3-F 175 1 I miniature effigy

axe

24 24 11 Al, Si, Ca, Fe Jadeite; omphacite

P-19 Moxviquil 4 19 254 4 I miniature axe 55 29 25 Al, Si, Ca, Fe Quartz; albite

P-20 Moxviquil 4 17 243 2 I rectangular

mano

*66 *46 *14 Al, Si, Ca, Fe Quartz; albite

aop = operation; b cuadro = unit; c capa = cultural level; d XRF = X-ray fluorescence spectrometry; e XRD = X-ray diffraction; * = measurement of damaged or broken artifact.
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3) XRF (Aguilar et al. 2019; Aguilar-Melo et al. 2019; Delgado
Robles et al. 2015; Englehardt et al. 2020; Hauff 1993;
Hernández-Murillo et al. 2022; Juárez-Rodríguez et al.
2018; Knight et al. 2024; Manrique-Ortega et al. 2014;
Manrique-Ortega et al. 2019; Manrique-Ortega et al.
2020b; Melgar et al. 2012; Ruvalcaba et al. 2011);

4) μ-XRF mapping (Lin et al. 2020);
5) XRD (Aguilar et al. 2019; Aguilar-Melo et al. 2019;

Bishop et al. 1993b; Foshag 1957; Harlow et al.
2011:369; Hauff 1993; Jaime-Riverón et al. 2009; Knight
et al. 2024; Lin et al. 2020; Manrique-Ortega et al.
2020b; Ruvalcaba et al. 2011);

6) Scanning Electron Microscopy with Energy Dispersive
Spectroscopy (SEM/EDS) (Harlow et al. 2011:369; Jaime-
Riverón et al. 2009; Knight et al. 2024; Manrique-Ortega

et al. 2019; Manrique-Ortega et al. 2020b; Melgar Tísoc
et al. 2018);

7) Electron probe microanalysis (Lin et al. 2020);
8) Inductively Coupled Plasma Mass Spectrometry (ICP-

MS) (Healy et al. 2018; Kovacevich et al. 2005);
9) Neutron Activation Analysis (NAA) (Bishop et al. 1985;

Bishop et al. 1993a; Bishop et al. 1993b, Hammond
et al. 1977; Jaime-Riverón et al. 2009);

10) Particle-Induced X-ray Emission (PIXE) (Jaime-Riverón
et al. 2009; Manrique-Ortega et al. 2019; Ruvalcaba
et al. 2008; Ruvalcaba et al. 2011);

11) Raman Spectroscopy (Aguilar-Melo et al. 2019; Bernard
et al. 2022; Delgado Robles et al. 2015; Gendron et al.
2002; Hernández-Murillo et al. 2022; Knight et al.
2024; Lin et al. 2020; Manrique-Ortega et al. 2014;

Figure 3. Jovel Valley greenstone archaeological specimens analyzed in the present study. Photos by Elizabeth Paris.
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Manrique-Ortega et al. 2019; Manrique-Ortega et al.
2020b; Melgar et al. 2012; Melgar Tísoc et al. 2018;
Ruvalcaba et al. 2011; Smith 2005; Smith and Gendron
1997);

12) Fourier Transform-Infrared Spectroscopy (FT-IR)
(Aguilar-Melo et al. 2019; Delgado Robles et al. 2015;
Hernández-Murillo et al. 2022; Manrique-Ortega et al.
2014; Manrique-Ortega et al. 2020b);

13) Visible and Near-Infrared Spectroscopy (VNIR) (Curtiss
1993; Hauff 1993);

14) Cathodoluminescence (Lin et al. 2020);

As described below, our study uses a combination of XRF
and XRD techniques. XRF is measured in weight-percent
to 10 significant digits for the Bruker Tracer IV-SD calibra-
tions used, so is not as sensitive as some other techniques
such as ICP-MS and INAA, which typically measure in ppb
or even up to 0.1 ppt; however, the advantages of XRF and
XRD include the fact that they can be carried out both non-
destructively and relatively rapidly (see Aguilar et al. 2019).
When combined, they permit the consideration of both ele-
mental and mineralogical composition (Aguilar et al. 2019;
Aguilar-Melo et al. 2019; Lutterotti et al. 2016; Mendoza

Table 2. XRD analysis results for comparative specimens from highland Chiapas and Guatemala.

Sample Purchase location

Attributed

source Munsell Color Mineralogy

J1 Jeweler, SCLC Chalchihuitán 5BG 5/2 Grayish blue green Omphacite

J2 Jeweler, SCLC Chalchihuitán 5 G 6/1 Greenish gray Jadeite; quartz

J3 Jeweler, SCLC Chalchihuitán 5 G 6/1 Greenish gray Jadeite

J4 Artisan market,

SCLC

Chenalhó 5 G 3/2, 5BG 5/2 Dusky green, grayish

blue green

Antigorite

(serpentinite); hematite

J5 Artisan market,

Antigua

Motagua RV 5BG 3/2 Dusky blue green Omphacite; diopside

J6 Artisan market,

Guatemala City

Motagua RV 5 G 5/2, 10 G 6/2 Grayish green, pale

green

Jadeite; albite

J7 Artisan market,

Guatemala City

Motagua RV 10 G 6/2, 5 G 6/1 Pale green, greenish

gray

Jadeite; quartz

J8 Artisan market,

Guatemala City

Motagua RV 5 G 2/1 Greenish black Jadeite; omphacite

J9 Artisan market,

Guatemala City

Motagua RV 5 G 2/1 Greenish black Jadeite

J10 Jeweler, Antigua Motagua RV N7, N8 Very light gray, light

gray

Jadeite; hematite;

quartz

J11 Jeweler, Antigua Motagua RV 5 G 5/2, 10 G 6/2 Grayish green, pale

green

Omphacite; dolomite;

maghemite

J12 Jeweler, Antigua Motagua RV 5 G 5/2 Grayish green Jadeite; quartz;

hematite

J13 Jeweler, Antigua Motagua RV 5 G 3/2, 5BG 5/2 Dusky green, grayish

blue green

Omphacite

J14 Jeweler, Antigua Motagua RV 5BG 3/2 Dusky blue green Jadeite

J15 Jeweler, Antigua Motagua RV N3 Dark gray Omphacite; quartz;

hornblende?

J17 Artisan Market,

Iximche

Motagua RV 5 G 2/1 Greenish black Omphacite;

kosmochlor(?)

J20 Road cut Huixtán 10 GY 5/2, 5 G 5/

2, 5 BG 5/2

Grayish green, grayish

blue green

Lizardite (serpentinite);

hematite

Chenalhó

round

Artisan market,

SCLC

Chenalhó 5GY 3/2 Dusky green Antigorite

(serpentinite)

Chenalhó

square

Artisan market,

SCLC

Chenalhó 5GY 5/2, 5GY 3/2 Dusky yellow green,

grayish olive green

Antigorite

(serpentinite); hematite

Chenalhó

teardrop

Artisan market,

SCLC

Chenalhó 10 G 4/2, 5 G 3/2 Grayish green, dusky

green

Antigorite

(serpentinite)

Notes: XRD =X-ray diffraction; SCLC = San Cristóbal de Las Casas; RV = River Valley. For mottled samples, the dominant color is listed first.
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Cuevas and Velázquez Maldonado 2015). As many scholars
have noted, many “jade” objects are heterogeneous, with
internally variable composition and with multiple minerals
within a solid-state matrix (Bishop 2014:259; Manrique-
Ortega et al. 2020b; Ruvalcaba et al. 2011). Techniques tar-
geting minerology, such as XRD and Raman Spectroscopy,
are critical for assessing greenstone object composition,
and may be complimented by elemental techniques such
as XRF, PIXE, INAA, ICP-MS, or SEM/EDS.

X-ray fluorescence

The chemical analysis was conducted by Paris at the
University of Calgary, using a Bruker Tracer IV-SD
(EDXRF) portable X-ray fluorescence spectrometer, with a
silicon drift detector (SDD), Rhodium (Rh) target X-ray
tube, a 3 x 4 mm x 7.5 μm beryllium window, and detection
at rates of up to 200,000 ct/s. Instrument calibration was
verified using the standard sample for the instrument pro-
vided by Bruker. Each sample location was analyzed twice:
once using the Major Elements setting (15 kV, 35 μA, no fil-
ter, 180 s) and once using the Trace Elements setting (40 kV,
16.5 μA, Filter 1, 60 s). The empirical calibrations for these
settings were developed by Bruker specifically to analyze

geological materials of uncertain and variable composition
such as sedimentary rocks or ceramics (the full list of ele-
ments is specified in Supplemental Tables S2.1 and S2.2).
Trace-element settings using Filter 1 (an Al/Ti alloy of
300 μm/25 μm) and higher voltage allow for a more accu-
rate quantification of higher-Z elements, with an automated
timer and with a tabletop stand to allow for precise mea-
surements. The results were interpreted using the analytical
software provided for the instrument, using the empirical
calibrations for these settings developed by Bruker, dis-
played in weight-percent (wt%). Each sample was placed
on the sample window in order to maximize accuracy,
using flat facets, smooth surfaces, and full contact where
possible to minimize reflectance (see Hernández-Murillo
et al. 2022). Bruker’s documentation for the instrument
states that the limit of detection (LOD, defined as the level
of concentration at which the presence of an element in a
sample can be detected above background) is 3σ as mea-
sured on a test blank.

As noted previously, the samples were analyzed using XRF
spectrometry of unmodified artifact surfaces. Elemental con-
centrations represent bulk chemistry measurements within
the approximately 3 x 4 mm spot area, with depth of

Figure 4. Comparative greenstone specimens analyzed in the present study. Photos by Elizabeth Paris.
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penetration varying for measured elements as a function of
photon energy and material density. As previously men-
tioned, many “jade” objects are heterogeneous, with inter-
nally variable composition, and multiple minerals within a
solid-state matrix (Bishop 2014:259; Manrique-Ortega et al.
2020b; Ruvalcaba et al. 2011); thus, depending on the sample
location, any given XRF measurement may represent multi-
ple mineral grains, and internal variation within samples is
expected. For the Chenalhó square sample, 10 locations
were analyzed in a quincunx formation on both sides of
the sample; the results suggests relatively low variation in
trace-element concentrations, and slightly greater variation
in major element concentrations of Mg, Si, and Fe, although
even for these elements, the coefficient of variation remained
under 2 (Supplemental Table S1.1, Supplemental Figure S1.1).
Mg and Si are two of the principal elements in serpentinite
(Mg6[Si4O10](OH)8), suggesting that this variation is due to
variation in beam placement with respect to individual min-
eral grains. Heterogeneous composition can be partially off-
set by using a larger spot size, and by pairing XRF with
other nondestructive techniques such as XRD or elemental
surface mapping to identify heterogeneous mineralogy
within individual samples.

The exterior surfaces and edges of the objects were
also examined and imaged using a Dino-lite digital
microscope at 40x.

X-ray diffraction

The greenstone pieces were also analyzed by Meanwell at
the Massachusetts Institute of Technology by XRD. XRD
uses X-rays to detect the reflections of specific crystal
planes within the sample. This technique allows for the
identification of crystalline mineral phases, which is not
always possible through chemistry alone, particularly
when multiple minerals are present in the same sample.
Most of the smaller artifacts and reference specimens
were analyzed in the Bruker D8 with a General Area
Detector Diffraction System (GADDS) using a Cobalt (Co)
Kα X-ray source (λ = 1.7190 Å) at 35 kV and 40 μA and a two-
dimensional (2-D) detector. The Co source is particularly
useful for analyzing samples that contain iron, like many
of the greenstone samples, because the wavelength of Co
incident X-rays does not cause fluorescence from iron unlike
a Cu X-ray source (Henry et al. 2022). The 2-D detector mea-
sures a portion of the Debye ring which can then be ana-
lyzed for inhomogeneities that result from oriented
crystal grains in a sample, such as is the case for many poly-
crystalline geological samples (Flemming 2007). The diffrac-
tion patterns can also be examined for oval rings that
indicate that the crystallites are stressed (He et al. 2002).
The samples were scanned through a 2-theta angle range
of 15° to 80° in three frames with 120 s exposure time per
frame, and the samples were also continually oscillated dur-
ing the scan so that an approximately 1 mm2 area of the
sample was exposed to the radiation, thus hopefully avoid-
ing sampling only one mineral grain.

Two of the greenstone pieces (P19–20) were too thick to
be placed in the Bruker D8 instrument, which requires a

certain distance between the X-ray source and the sample.
These pieces were instead analyzed in the Rigaku SmartLab
XRD using a Cu Kα X-ray source. These were scanned through
a 2-theta range of 0° to 90°. This machine is not equipped
with a moving stage, so only a small spot was analyzed,
although the broadest beam focus was used to attempt to
analyze as large an area as possible. The Huixtán roadcut
specimen (J-20) and reference sample J-15 were also analyzed
in a different instrument, the PANalytical X’Pert with a Mo
X-ray source, due to instrument availability.

After the data was collected, the diffraction patterns
were integrated across the area of the 2-D results and the
resultant peaks were imported to HighScore Plus to com-
plete the phase identification. For each sample the back-
ground was removed and peaks were automatically
detected and refined by hand. These peaks were compared
to reference patterns of various minerals. In most cases,
one to three mineral phases were clearly present, and occa-
sionally one or more peaks were left unidentified. These
peaks cannot be linked definitively to a specific mineral
phase without additional peaks from that mineral.

Results

Jovel Valley specimens

In general terms, the archaeological greenstone specimens
can be separated into a jadeite group (N = 8), a micaceous
group (N = 7), and specimens that have a unique mineralogy
within the sampled specimens (N = 6; Table 1, Figures 5 and
6, Supplemental Tables S2.1 and S2.2, Supplemental Figures
S1.9–50, S1.134–154). Specimens in the jadeite group con-
tained at least one of the jade-associated pyroxene minerals,
including jadeite, omphacite, and diopside, along with
potential accessory minerals. These included a diverse
range of objects, including one of the miniature axes
(P17), miniature effigy axe (P18), tubular beads (P5, P11),
discoidal beads (P2), asymmetrical beads (P14a), and a
bead carved in a shape that may be the stylized head of a
feline (P3, see Figure 5a). Comparisons between the
XRF (Supplemental Figures S1.9–S1.133) and XRD
(Supplemental Figures S1.134–154) results indicated that
the majority of the jadeite specimens lack potassium
(Supplemental Table S2.1), which is commonly characteris-
tic of muscovite mica. The only specimen within the jadeite
group with a high potassium signal was the sample of diop-
side also containing calcite and grossular (green garnet;
P12). The pyroxene minerals are significantly harder and
denser than micas, which makes them harder to shape
into the desired form, but results in finished objects that
are significantly more durable. The identification of miner-
als frequently associated with jadeite deposits (albite,
quartz) is unsurprising due to the metamorphic environ-
ment in which jadeite is formed. Notably, the XRF results
indicated an absence of magnesium despite high calcium
peaks (Supplemental Table S2.1) although significant mag-
nesium concentrations were noted in the comparative
Chenalhó samples, suggesting it is not a detection issue.
This is unexpected because both elements are typically
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present in diopsides and many of the other materials found
in the metamorphic environments associated with jadeite
deposits, such as chlorite, soapstone, serpentine, dolomite,
olivine, and monticellite.

Several different types of micas were identified within
the micaceous group, principally muscovite, paragonite,
and ephesite. All of these objects were beads from the
Moxviquil funerary cave, and they were often visually

Figure 5. Selected XRD diffraction patterns showing: (a) a jadeite group sample (artifact P-3), with the reference spectrum for jadeite; (b) a

micaceous group sample (P-8), with the reference peaks for muscovite mica; and (c) the sample containing grossular (P-14c) with the ref-

erence peaks for grossular showing excellent agreement.
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distinctive from the jadeite group, with a sparkly luster;
some specimens also displayed a foliated crystal habit that
is often characteristic of micas. Several of the samples iden-
tified through XRD as muscovite also had high potassium
values as observed in XRF results (Supplemental
Table S2.1). Artifacts containing muscovite mica included
tubular beads (P4, P6, see Figure 5b) and discoidal beads
(P8), while samples containing paragonite mica included
tubular beads (P1, P6, and P9). Only one tubular bead con-
tained ephesite (P10). Some of the samples from the mica-
ceous group also contained other minerals, such as
maghemite ((Fe3+0.67◻0.33)Fe

3+
2 O4), P1), green quartz (SiO2;

P14b), and albite (Na(AlSi3O8); P10).
The last group of samples contained a range of other

green minerals. One of the small tubular beads (P14c) was
produced from a dark greenish-blue grossular, a type of
green garnet (Figure 5c); this mineral was also found in dis-
coidal bead P12, together with diopside and calcite. The
miniature axe fragment from the funerary cave (P7) was a
mixture of dolomite, quartz, and hematite, and was a dark
greenish black in color. Notably, it was not classified as
chloromelanite as per other archaeological specimens of a
similar color (e.g. Foshag 1957:23). The small, irregular,
projection-like sample (P13) has a highly distinctive compo-
sition which includes aragonite (CaCO3), calcium sulfate
(CaSO4) and alunite (KAl3(SO4)2(OH)6). The XRF spectrum
for this sample also contains sulfur; it the only sample

that has sulfur as one of the major elements, which is con-
sistent with this mineralogy (Supplemental Tables S2.1 and
S2.2). Sample P13 also has a very fine granular texture,
which was different from the other green stones analyzed.
Finally, one of the miniature axes (P19) and the miniature
rectangular mano fragment (P20) contained quartz and
albite feldspar (see Table 1). As mentioned above, albite is
a common sodium feldspar that occurs in association with
micaceous and jadeite samples. It generally has a grayish
or whitish tone, but may appear greenish with iron impuri-
ties; Sample P20 appears mint green in color.

Finally, the absence of copper in XRF or XRD diffraction
patterns of copper minerals confirms that that the archaeo-
logical specimens do not contain malachite, turquoise, or
other copper-based minerals.

Comparative specimens

In general terms, the comparative greenstone samples con-
tain a range of minerals that include minerals from the jade-
ite group (N = 15), antigorite/lizardite (serpentinite; N = 5)
(see Table 2; Supplemental Tables S1.4, S1.5, S2.3, S2.4,
Supplemental Figures S1.2, S1.3, S1.51–133, S1.155–S1.174).
All three specimens attributed to Chalchihuitán were charac-
terized as jadeite/omphacite. The four specimens attributed
to Chenalhó were all characterized as serpentinite (antigor-
ite), with a high wt% Fe in the XRF results (Supplemental

Figure 6. Principal components analysis (PCA) of Jovel Valley greenstone specimens (majors and traces), classified by mineral group. Jadeite

group includes jadeite, omphacite, and diopside minerals; see Table 1. Paragonite mica (P_mica), muscovite mica (M_mica) and ephesite mica

(E_mica) are differentiated. See Supplemental Tables S1.2, S1.3.
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Table S2.1; Supplemental Figure S1.4). The high iron may be
partially due to included hematite, which was seen in at least
one of the XRD diffraction patterns. Notably, the jadeite sam-
ples attributed to Chalchihuitán included a range of colors,
which we classified as forest green, mint green, and light
green; while the Chenalhó specimens included a narrower
range of colors including normal green and dark green. The
roadcut specimen from near the town of Huixtán is very sim-
ilar to the Chenalhó specimens, and is lizardite (serpentinite).

The commercial specimens purchased in highland
Guatemala were predominantly jadeite, and also included
commonly associated minerals such as diopside, omphacite,
albite, and quartz. Jadeite/omphacite samples presented a
variety of colors, from white, to light green to apple green,
to blueish green, to dark greenish black. These findings rein-
force the need for compositional analysis in assessing miner-
ology, as a reliance on color can be highly misleading.

XRF analysis suggests that there are some small trace-
element compositional differences between Chiapas and
Guatemala jadeite samples. For these tests, only trace ele-
ments were used to prevent duplication of sorting by min-
eralogy. MANOVA (multivariate analysis of variance;
specifically Pillai’s trace) was used to compare multivariate
means of Guatemala and Chalchihuitán jadeite samples by
group, performed on trace elements (CoKa1, NiKa1, CuKa1,
ZnKa1, AsKa1, PbLa1, ThLa1, RbKa1, U.La1, SrKa1, Y.Ka1,
ZrKa1, NbKa1, MoKa1, SnKa1, SbKa1) after eliminating one
outlier identified through the principal components analy-
sis (PCA) (J3.3). Pillai’s trace statistic was 0.64382, with a

p-value of 0.0569, suggesting compositional overlap between
the two groups, and a lack of statistical significance in the
differences between the trace-element composition, but is
only just above a significant probability value
(Supplemental Table S1.6). Follow-up analysis examining
the summary of the analysis of variance models for each
element indicates that while concentrations of most ele-
ments are not significantly different, trace elements with
significant p-values (below 0.05) include Zn, Sr, Nb, and
Sb; however, there is still significant overlap in the distribu-
tions of the raw concentration values between the two
groups (Figure 7; Supplemental Figures S1.5, S1.6, S1.7, and
S1.8). The lack of significance in Pillai’s trace and the over-
lap in the distributions does not currently allow us to assign
geographical provenance to Jovel Valley archaeological
specimens, whether composed of jadeite or of other miner-
als (Figure 8). While XRF and XRD are useful in providing a
relatively detailed characterization of the specimens in our
sample, we speculate that other methods are needed to dif-
ferentiate between sources. Techniques that can measure
heavier trace elements at ppb or ppt, such as INAA or
ICP-MS, may be able to identify discriminating factors.

Discussion and conclusion

The Jovel Valley greenstone assemblage included green
objects with a wide variety of mineralogies, which were
often surprising with respect to their macroscopic charac-
teristics such as color, texture, and luster. The artifacts

Figure 7. Scatterplot matrix of elemental concentrations for Nb, Sb, Sr, and Zn for jadeite comparative samples, by provenance group.

Concentration ellipses are 0.95.
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included a jadeite group that contained a variety of pyrox-
ene minerals, such as jadeite, omphacite, and diopside; a
micaceous group, which included paragonite, muscovite,
and ephesite; and a variety of other green minerals.
Certain associations between form and mineralogy were
noted; for example, the miniature axes and the mano
were made out of quartz/albite. However, axes P17 and
P18 also contained jadeite minerals, so this vague associa-
tion is not statistically significant, given the sample size.
Tubular and discoidal beads were made out of a wide
range of materials, with similar dimensions, and all recov-
ered from the Moxviquil funerary cave context. While jade-
ite is more valued today, we can speculate that the
micaceous, grossular, and quartz beads may have come
from the same deposit areas, and may have also been valued
by Jovel Valley for their range of jadeite-like green colors.
The limited number of greenstone artifacts recovered
from Jovel Valley sites suggests that it was relatively rare
and valuable. However, the fact that the miniature axes
show evidence of usewear (with the exception of the effigy,
P18), and were found in non-elite household midden con-
texts, suggests that high-value raw materials could also
have utilitarian uses and were relatively accessible across
the socioeconomic spectrum. The selection of mineral
resources used for the axes may also be related to the fact
that the axes appear to have been used, because quartz,
albite, and jadeite/pyroxene are harder than micas.
Grossular, however, is in the same hardness range as quartz.

If we assume (perhaps incorrectly) that many of the Jovel
Valley greenstone items were imported from the Motagua
rather than Chalchihuitán, our findings suggest a range of
raw material sources, as would be expected for items
received through long-distance exchange. For example,
Harlow and others (2011:380), argue that none of the

jadeitites to the north of the Motagua Fault contain quartz,
either as inclusions in jadeite or in veins, but all contain
albite, mica, and usually analcime; while jadeites from
south of the Motagua Fault frequently present quartz inclu-
sions in jadeitite. However, many of the Jovel Valley speci-
mens contain both albite and quartz, suggesting an
unidentified source, either in the Motagua or elsewhere.
Furthermore, the Jovel Valley micaceous specimens include
both paragonite and muscovite, and specimen P6 includes
both types, although paragonite is characteristic of the
north Motagua and muscovite is more common in the
south Motagua deposits. Minimally, we consider it very
unlikely that a single location in the Motagua Valley sup-
plied all of the greenstone items consumed by Jovel Valley
sites.

Working towards a general assessment of a potential
Chalchihuitán jadeite source, the mineralogy appears to
have expected characteristics wherein jadeite specimens
(attributed to Chalchihuitán) were recovered in close prox-
imity to green antigorite (serpentinite) deposits (attributed
to Chenalhó). Materials of both mineralogies displayed a
range of colors, a characteristic also noted for the compar-
ative Motagua samples. This suggests that as with the
Motagua–Polochic Fault System, the proposed source loca-
tions in northwest Chiapas contain a range of minerals
that includes both jadeites and serpentinites, likely with a
small degree of geographic separation with respect to the
locations of modern mining activity. At Chiapa de Corzo,
Tomb 1 is one of the earliest elite funerary contexts in
the region (750–700 B.C.), and contained 2,700 greenstone
beads, including jadeite, antigorite, green quartz, and one
turquoise specimen (Manrique-Ortega et al. 2014).
Greenstone assemblages at large Classic period monumental
zones in northeast Chiapas contain a diverse range of

Figure 8. Principal components analysis (PCA) of trace elements of comparative and Jovel Valley jadeite specimens, classified by provenance.

Concentration ellipses are 0.95. See Supplemental Tables S1.4 and S1.5.
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minerals: offerings at Bonampak include jadeite, omphacite,
diopside, albite, grossular, quartz, amazonite, dolomite, ser-
pentine, and others (Aguilar-Melo et al. 2019:1081), while
offerings at Palenque contain jadeite, omphacite, amazonite,
albite, muscovite and green quartz (Delgado Robles et al.
2015). The current sample of Jovel Valley archaeological
samples contains specimens that could potentially be con-
sistent with the Chalchihuitán jadeite samples, but are not
consistent with the current sample of serpentinite samples
from Chenalhó or Huixtán. We currently lack sufficient
evidence for other types of other minerals that could plau-
sibly be associated with the Chalchihuitán/Chenalhó depos-
its. We can speculate that they may include albite, quartz,
and/or various types of mica if they bear similarity to the
Motagua Fault Zone formations, but more work is needed
in order to properly characterize these deposits.

The Jovel Valley most likely received Motagua jade and
other greenstone (along with El Chayal obsidian; see Paris
and López Bravo 2021a) through a variety of historically

documented routes (Figure 9; see Adams 1978; Feldman
1978; Navarrete 1978). Numerous scholars have argued
that a principal north–south trade route (termed the
Great Western Trade Route by Demarest et al. 2014) existed
between Kaminaljuyu in the central Guatemala highlands,
and the central Peten region (Adams 1978; Andrieu et al.
2014; Arnauld 1990; Bassie-Sweet 2021:244; Demarest et al.
2014; Feldman 1978; Hammond 1972; Woodfill and Andrieu
2012). Overland mountain routes linked highland obsidian
sources near Kaminaljuyu (the El Chayal source) with the
cloud forest quetzal habitat in Alta Verapaz, and the jade
sources of the Motagua, to the Cobán Plateau (Bassie-
Sweet 2021; Feldman 1978). From there, goods could be: 1)
transported downriver by canoe, via the Chixoy-Salinas,
Pasión or Usumacinta Rivers; 2) transported north along
overland routes to Lago Peten Itza; 3) transported west
across overland routes via Chinkultic to the Comitán
Plateau; or 4) transported east through the Motagua drain-
age to Lake Izabal (Bassie-Sweet 2021; Feldman 1978). Goods

Figure 9. Hypothesized and colonial period trade routes for greenstone and other commodities. Colonial routes are illustrated after Adams

1978, Feldman 1978, and Navarrete 1978; hypothesized routes are illustrated after Demarest et al. 2014:Figure 5 and Woodfill and Andrieu

2012:Figure 3.
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transported westward via Chinkultic would likely have
reached La Trinitaria (Zapaluta; Navarrete 1978), and from
there would most likely have been transported westward
across the Comitán Plateau and highland routes to the
Jovel Valley. Jade and obsidian could also have been trans-
ported from highland Guatemala south through the
Cuchumatanes Mountains via Zaculeu or Nebaj (Feldman
1978); then either north to the Comitán Plateau, or west
via canoe along the Grijalva River to port towns such as
Chiapa, Sitio Ruíz, or Acala, then to the Jovel Valley via
overland routes (Navarrete 1978).

Chalchihuitán is equally plausible as a supplier of jadeite
commodities to the Jovel Valley, via transportation routes
connecting the Jovel Valley with Gulf Coast trading colonies
in Cimatán (a Nahuatl-speaking trade colony on the Gulf
Coast). Both Bernal Díaz del Castillo and Diego de Godoy,
who took part in the 1524 siege of Chamula under Luís
Marín, mention that the Spanish armies were led by their
Zinacantán allies ( just west of the Jovel Valley) to the Gulf
Coast, by traveling north to Huitiupan (near Simojovel),
then west to Tapilula, and then north again to the town
of Ixtapangajoya in Cimatán province; Bishop Bartolomé
de Las Casas later passed along this route in reverse
(Navarrete 1978; Viqueira 2006; Viqueira Albán 1999).
Viqueira (2006) has hypothesized that parts of this route,
called “Los Zoques” in the colonial period, may have been
used by Aztec vanguard merchants for military incursions
to secure transportation routes from their trade colonies
in Cimatán, across highland Chiapas via Huixtán and
Zinacantán, to the Soconusco province, evading Chiapa de
Corzo and the portion of the Central Depression controlled
by the Chiapanecs. Few details are available for the portion
of the journeys between the Jovel Valley and Huitiupan.
Still, the pre-Hispanic route may have passed from the
Jovel Valley through Chamula, San Andrés Larrainzar, and
the polity capital of Huixtán (today Santiago El Pinar),
which is located about 8 km west of Chalchihuitán as the
crow flies (Viqueira 2006:151). A second, less-traveled
route from the Jovel Valley takes a slightly more easterly
route, passing by the site of Moxviquil itself, to Chenalhó
and Chalchihuitán, along smaller mountain roads. The end-
point of both routes is Simojovel ( just south of Huitiupan),
location of the largest amber source in Mesoamerica, which
formed part of the tribute demanded by the Aztec Empire
from towns in the Soconusco (Navarrete 1978). Additional
roads connected Tapilula north to piedmont towns such
as Ixtacomitán, Solosuchiapa, Ixtapantajoya, and Teapa in
the Colonial period (and very likely in pre-Columbian
times); Ixtacomitán was a major cacao production area
(Wasserstrom 1983:38), and the band of cloud forest habitat
between Tapilula and Teapa was well-known as quetzal
habitat (Palacios 1928; Solórzano et al. 2003). Thus, overland
trade routes connecting the Jovel Valley and Cimatán
plausibly facilitated the transport of at least four high-value
natural resources (greenstone, amber, cacao, and quetzal
feathers). At the northern ends of these routes, Nahua
merchants obtained greenstone items (particularly quetzal-
chalchihuitl) and other Maya-area resources (Spondylus
shell, tortoise shell, feathers, and animal pelts) at the

important trading centers of Xicalanco and Cimatán
(Sahagún 1959:18)

The sample of archaeological specimens from Moxviquil
and CV-38, while small, provides significant insights into
the use and importance of greenstone objects for everyday
households at the small polities that defined this region
during the Late Classic and Early Postclassic periods, as
well as new hypotheses concerning the trade routes that
supplied them. These objects were personal adornments,
funerary ornaments, currencies, and well-used tools, with
green colors that connotated preciousness and high value.
The chemical and mineralogical compositions of these
objects suggest that they were crafted from a variety of
stones, mostly available within the Motagua–Polochic
Fault System, and also possibly from newly described jadeite
sources attributed to Chalchihuitán by our local contacts.
More work is needed to characterize the range of minerals
and their composition from this location, and the degree
to which they were exploited in pre-Columbian times, and
to perhaps reconsider potential trade routes and exchange
relationships that may have connected highland Chiapas
and its high-value raw materials with the broader
Mesoamerican world.

Resumen en español

La piedra verde fue utilizada durante la época prehispánica
en Mesoámerica para producir artículos de importancia cul-
tural, como hachas, orejeras, figurillas y cuentas; objetos que
se usaban a menudo para la acumulación de riqueza, y como
adornos, símbolos de estatus y elementos preciosos en
ofrendas y contextos funerarios. Los objetos eran fabricados
de jadeíta, así como de otros minerales verdes a los que a
menudo se hace referencia como “jade social.”

La presente investigación muestra las características
mineralógicas de 21 artefactos de piedra verde recuperados
en sitios del Valle de Jovel, Chiapas, México, para documen-
tar la variedad de minerales verdes aprovechados por sus
habitantes. Los artefactos fueron recuperados por el
Proyecto Económico de Los Altos de Chiapas, dirigido por
Paris y López Bravo, durante las temporadas 2009, 2015 y
2016. Los materiales provienen de una variedad de contex-
tos; la mayoría fueron recuperados en una cueva funeraria
en el sitio de Moxviquil, y el resto provienen de contextos
domésticos en otros sitios a lo largo del valle. Los tipos de
artefactos de piedra verde incluyen cuentas de forma discoi-
dal, tubular y talladas; fragmentos de adornos; manos mini-
atura; hachas miniatura; y un hacha efigie miniatura.

El análisis composicional de los objetos sugiere que los
mayas del Valle de Jovel del período Clásico Tardío
(600–900 d.C.) y Posclásico Temprano (900–1200 d.C.)
tuvieron acceso a una variedad de minerales de piedra
verde, incluidas serpentinita, mica verde, grosularia y
jadeíta. La caracterización de los objetos por XRD y XRF ind-
ica que las cuentas estaban hechas de una variedad de mate-
riales, incluido jade/onfacita; micas como moscovita,
paragonita y efesita; y grosularia (granate verde). Las hachas
en miniatura estaban hechas de jade, dolomita y mezclas de
albita y cuarzo. La ausencia de cobre en los espectros XRF o

Ancient Mesoamerica 17

https://doi.org/10.1017/S095653612500001X
Downloaded from https://www.cambridge.org/core. IP address: 216.73.216.162, on 31 Jul 2025 at 23:05:09, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S095653612500001X
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


XRD confirma que los objetos arqueológicos no contienen
malaquita, turquesa u otros minerales a base de cobre.

Para comprender mejor las posibles sitos de origen de los
minerales, también analizamos muestras de referencia de la
zona de falla Motagua-Polochic y fuentes vinculadas al área
de Chalchihuitán-Chenalhó en Chiapas, México. Estas fuen-
tes se compraron de proveedores locales, principalmente
en la Ciudad de Guatemala, Antigua y San Cristóbal de las
Casas, a quienes se entrevistó sobre su procedencia
geográfica. Los especímenes comerciales comprados en las
tierras altas de Guatemala eran predominantemente
jadeíta y también incluían minerales comúnmente asociados
como diópsido, onfacita, albita y cuarzo. Dentro del área de
Chalchihuitán-Chenalhó, especímenes de jadeíta (atribuidos
a Chalchihuitán) parecen haber sido recuperados muy cerca
de depósitos de antigorita verde (serpentinita) atribuidos a
Chenalhó. La comparación sugiere que ambas áreas son
regiones potenciales de fuente de materia prima de piedra
verde utilizada en el Valle de Jovel, y que la asociación
entre las micas y los minerales de jade sugiere la presencia
de múltiples fuentes de materiales en la colección de
artefactos.

Planteamos que los habitantes del Valle de Jovel tuvieron
acceso a materiales intercambiados a larga distancia a través
de rutas comerciales históricamente documentadas, que
permitieron el movimiento de materiales de piedra verde
desde el Valle del Río Motagua hacia las tierras altas de
Chiapas al occidente, y posiblemente también desde el
área de Chalchihuitán-Chenalhó hacia el sur. Las rutas
comerciales terrestres que conectan el valle de Jovel con
el área de Chalchihuitán-Chenalhó y el área de Cimatán de
la costa del Golfo habrían facilitado el traslado de al
menos cuatro recursos naturales de alto valor (piedra
verde, ámbar, cacao y plumas de quetzal). Se necesita más
trabajo para caracterizar la variedad de minerales y su
composición del área de Chalchihuitán-Chenalhó, el grado
en que fueron explotados en la época precolombina y tal
vez reconsiderar posibles rutas comerciales y relaciones de
intercambio que pueden haber conectado las tierras altas
de Chiapas y sus alrededores con sus contemporáneos
mesoamericanos.
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uum, Filter 1.

Supplemental Figure S1.15. Sample P4. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.16. Sample P4. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.17. Sample P5. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.18. Sample P5. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.19. Sample P6. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.20. Sample P6. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.21. Sample P7. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.22. Sample P7. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.23. Sample P8. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.24. Sample P8. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.25. Sample P9. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.26. Sample P9. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.27. Sample P10. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.28. Sample P10. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.29. Sample P11. 15 kV, 35 μA, 180 s, no vac-
uum, no filter. Red = greenstone; green = brown coating

Supplemental Figure S1.30. Sample P11. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1. Red = greenstone; green = brown coating

Supplemental Figure S1.31. Sample P12. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.32. Sample P12. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.33. Sample P13. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.34. Sample P13. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.35. Sample P14a. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.36. Sample P14a. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.37. Sample P14b. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.38. Sample P14b. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.39. Sample P14c. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.40. Sample P14c. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.41. Sample P15. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.42. Sample P15. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.43. Sample P17. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.44. Sample P17. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.45. Sample P18. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.46. Sample P18. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.47. Sample P19. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.48. Sample P19. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.49. Sample P20. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.50. Sample P20. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.51. Sample J1.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.52. Sample J1.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.53. Sample J1.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.54. Sample J1.2. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.55. Sample J1.3. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.56. Sample J1.3. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.57. Sample J1.4. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.58. Sample J1.4. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.59. Sample J1.5. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.60. Sample J1.5. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.61. Sample J2.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.62. Sample J2.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.63. Sample J2.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.64. Sample J2.2. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.65. Sample J2.3. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.66. Sample J2.3. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.67. Sample J2.4. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.68. Sample J2.4. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.69. Sample J3.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.70. Sample J3.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.71. Sample J3.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.72. Sample J3.3. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.73. Sample J3.3. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.74. Sample J4.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.75. Sample J4.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.76. Sample J4.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.77. Sample J4.2. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.
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Supplemental Figure S1.78. Sample J5.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.79. Sample J5.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.80. Sample J5.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.81. Sample J5.2. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.82. Sample J6.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.83. Sample J6.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.84. Sample J6.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.85. Sample J6.2. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.86. Sample J7.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.87. Sample J7.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.88. Sample J7.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.89. Sample J7.2. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.90. Sample J8.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.91. Sample J8.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.92. Sample J8.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.93. Sample J8.2. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.94. Sample J9.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.95. Sample J9.1. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.96. Sample J9.2. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.97. Sample J9.2. 40 kV, 16.5 μA, 60 s, no vac-
uum, Filter 1.

Supplemental Figure S1.98. Sample J10.1. 15 kV, 35 μA, 180 s, no vac-
uum, no filter.

Supplemental Figure S1.99. Sample J10.1. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.100. Sample J10.2. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.101. Sample J10.2. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.102. Sample J10.3. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.103. Sample J10.3. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.104. Sample J11.1. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.105. Sample J11.1. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.106. Sample J11.2. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.107. Sample J11.2. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.108. Sample J12.1. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.109. Sample J12.1. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.110. Sample J12.2. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.111. Sample J12.2. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.112. Sample J13.1. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.113. Sample J13.1. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.114. Sample J13.2. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.115. Sample J13.2. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.116. Sample J14.1. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.117. Sample J14.1. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.118. Sample J14.2. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.119. Sample J14.2. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.120. Sample J15.1. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.121. Sample J15.1. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.122. Sample J15.2. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.123. Sample J15.2. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.124. Sample J20.1.1 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.125. Sample J20.1.1 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.126. Sample J20.2.1 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.127. Sample J20.2.1 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1. 128. Chenalhó round. 15 kV, 35 μA, 180 s, no
vacuum, no filter.

Supplemental Figure S1.129. Chenalhó round. 40 kV, 16.5 μA, 60 s, no
vacuum, Filter 1.

Supplemental Figure S1.130. Chenalhó square. 15 kV, 35 μA, 180 s,
no vacuum, no filter.

Supplemental Figure S1.131. Chenalhó square. 40 kV, 16.5 μA, 60 s,
no vacuum, Filter 1.

Supplemental Figure S1.132. Chenalhó teardrop. 15 kV, 35 μA, 180 s,
no vacuum, no filter.

Supplemental Figure S1.133. Chenalhó teardrop. 40 kV, 16.5 μA, 60 s,
no vacuum, Filter 1.

Supplemental Figure S1.134. X-ray diffraction pattern of P-1 with
phase identification.

Supplemental Figure S1.135. X-ray diffraction pattern of P-2 with
phase identification.

Supplemental Figure S1.136. X-ray diffraction pattern of P-3 with
phase identification.

Supplemental Figure S1.137. X-ray diffraction pattern of P-4 with
phase identification.

Supplemental Figure S1.138. X-ray diffraction pattern of P-5 with
phase identification.

Supplemental Figure S1.139. X-ray diffraction pattern of P-6 with
phase identification.

Supplemental Figure S1.140. X-ray diffraction pattern of P-7 with
phase identification.

Supplemental Figure S1.141. X-ray diffraction pattern of P-8 with
phase identification.

Supplemental Figure S1.142. X-ray diffraction pattern of P-9 with
phase identification.

Supplemental Figure S1.143. X-ray diffraction pattern of P-10 with
phase identification.

Supplemental Figure S1.144. X-ray diffraction pattern of P-11 with
phase identification.

Supplemental Figure S1.145. X-ray diffraction pattern of P-12 with
phase identification.
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Supplemental Figure S1.146. X-ray diffraction pattern of P-13 with
phase identification.

Supplemental Figure S1.147. X-ray diffraction pattern of P-14A with
phase identification.

Supplemental Figure S1.148. X-ray diffraction pattern of P-14B with
phase identification.

Supplemental Figure S1.149. X-ray diffraction pattern of P-14C with
phase identification.

Supplemental Figure S1.150. X-ray diffraction pattern of P-15 with
phase identification.

Supplemental Figure S1.151. X-ray diffraction pattern of P-17 with
phase identification.

Supplemental Figure S1.152. X-ray diffraction pattern of P-18 with
phase identification.

Supplemental Figure S1.153. X-ray diffraction pattern of P-19 with
phase identification.

Supplemental Figure S1.154. X-ray diffraction pattern of P-20 with
phase identification.

Supplemental Figure S1.155. X-ray diffraction pattern of J-1 with
phase identification.

Supplemental Figure S1.156. X-ray diffraction pattern of J-2 with
phase identification.

Supplemental Figure S1.157. X-ray diffraction pattern of J-3 with
phase identification.

Supplemental Figure S1.158. X-ray diffraction pattern of J-4 with
phase identification.

Supplemental Figure S1.159. X-ray diffraction pattern of J-5 with
phase identification.

Supplemental Figure S1.160. X-ray diffraction pattern of J-6 with
phase identification.

Supplemental Figure S1.161. X-ray diffraction pattern of J-7 with
phase identification.

Supplemental Figure S1.162. X-ray diffraction pattern of J-8 with
phase identification.

Supplemental Figure S1.163. X-ray diffraction pattern of J-9 with
phase identification.

Supplemental Figure S1.164. X-ray diffraction pattern of J-10 with
phase identification.

Supplemental Figure S1.165. X-ray diffraction pattern of J-11 with
phase identification.

Supplemental Figure S1.166. X-ray diffraction pattern of J-12 with
phase identification.

Supplemental Figure S1.167. X-ray diffraction pattern of J-13 with
phase identification.

Supplemental Figure S1.168. X-ray diffraction pattern of J-14 with
phase identification.

Supplemental Figure S1.169. X-ray diffraction pattern of J-15 with
phase identification.

Supplemental Figure S1.170. X-ray diffraction pattern of J-17 with
phase identification.

Supplemental Figure S1.171. X-ray diffraction pattern of J-20 with
phase identification.

Supplemental Figure S1.172. X-ray diffraction pattern of Chenalhó
square with phase identification.

Supplemental Figure S1.173. X-ray diffraction pattern of Chenalhó
round with phase identification.

Supplemental Figure S1.174. X-ray diffraction pattern of Chenalhó
teardrop with phase identification.
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