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Abstract

This study systematically investigates the mineralogical, spectral, and geochemical charac-
teristics of Guatemalan lavender jadeite and black omphacite to elucidate their coloration
mechanisms and genetic origins. Lavender samples are primarily composed of jadeite,
which derives its color from synergistic effects involving Mn3* and Fe?*-Ti** charge transfer
(554-614 nm). In contrast, black samples are dominated by omphacite, which owes its
dark hue to Cr®* (670 nm) and Fe?*-Fe?* charge transfer (857 nm). Chemically, lavender
jadeite exhibits higher Na,O and Al,O3, approaching the jadeite end-member composition,
whereas black omphacite is enriched in CaO, MgO, and FeO. Trace element analyses reveal
low overall abundances, with black omphacite showing synchronous LREE and HREE
depletion forming a “bulge-shaped” pattern, while lavender jadeite displays N-MORB-like
REE distributions. Guatemalan jadeites are distinguished from Myanmar counterparts by
Y enrichment. The identification of graphite and CH, and CO; fluid inclusions indicates
formation in an organic-rich reducing environment. Cathodoluminescence zoning and
abundant fluid inclusions support a direct crystallization genesis from high-pressure fluids
(P-type) in subduction zones. This study establishes key constraints for origin discrimina-
tion and genetic classification of Guatemalan lavender jadeite and black omphacite.

Keywords: Guatemalan jade; chromogenic mechanism; origin identification; lavender
jadeite; black omphacite

1. Introduction

Jadeite (NaAlSipOg) typically forms in high-pressure, low-temperature (HP-LT) en-
vironments (0.5-1.1 GPa, 150—400 °C) in the subduction process [1], serving as a crucial
record of fluid-mediated transport across channel boundaries and the tectonics of mélange
exhumation, thereby enhancing our understanding of the subduction process. Since Cole-
man [2] identified six “pure jadeite ore bodies”, 19 jadeite occurrences have been reported
within four major orogenic belts—the Caribbean, Alps—-Himalayan, Caledonian, and circum-
Pacific. These belts host jadeitite deposits formed in subduction channels during various
periods from the Late Paleozoic to the Cenozoic [3]. Jadeite in Japan is primarily found in
serpentinite bodies along the Hida-Gaien belt, which formed during the Late Paleozoic [4].
In contrast, the formation of jadeite in Myanmar is directly linked to the collision between
the Indian Plate and the Eurasian Plate, with chronological data indicating its formation
during the Mesozoic era [5]. Meanwhile, jadeite deposits in Guatemala are located at the

Crystals 2026, 16, 130

https://doi.org/10.3390/ cryst16020130


https://crossmark.crossref.org/dialog?doi=10.3390/cryst16020130&domain=pdf&date_stamp=2026-02-11
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://doi.org/10.3390/cryst16020130

Crystals 2026, 16, 130

20f21

boundary between the Caribbean Plate and the North American Plate, closely associated
with subduction processes, and formed during the Mesozoic to Cenozoic eras [6]. Among
these, Guatemalan jadeitite has attracted academic interest due to its unique geological
setting, distinct mineralization characteristics, and significant archaeological importance.
Furthermore, Guatemala is the world’s second-largest producer of jadeite.

Recent studies on Guatemalan jadeite have primarily concentrated on green and blue
varieties, encompassing gemological characterization [7], color-causing mechanisms [8],
non-destructive provenance determination [9], and detection of imitations [10]. Com-
parative studies between Guatemalan and Myanmar jadeite reveal distinct chromogenic
mechanisms and mineralogical profiles [11,12]. Current research generally believes that
green is mostly caused by Fe**. Meanwhile, Cr3* also influences the coloration—a small
amount of Cr>* leads to an emerald-green hue, while a larger amount results in a dark
green color [13]. The color origin of Guatemalan blue jadeite is primarily attributed to
crystal-field transitions dominated by Fe?*-Ti** charge transfer. Moreover, the color in-
tensity exhibits a positive correlation with the concentrations of Fe and Ti [14], while
Myanmar’s blue jadeite primarily relies on Fe?*-Fe3* charge transfer with negligible Ti con-
tent, reflecting contrasting geological formation conditions [15]. Mineralogically, blue and
green varieties of Myanmar jadeite exhibit higher relative contents of Na* and AI**, and its
chemical composition is closer to NaAlSi; Oy (Jd endmember) [8,13,16,17]. However, the
mineralogical characteristics of lavender and black varieties, which are also inherent colors,
remain insufficiently explored. Systematic comparisons with Myanmar jadeite have not yet
been conducted, and deficiencies persist in understanding the coloration mechanisms and
provenance identification of lavender jadeite. The formation models of jadeitite typically
involve two scenarios: P-type, where hydrous fluids released during the dehydration
process of subduction zones precipitate directly into the overlying mantle wedge, or R-type,
where metasomatic alteration occurs on the pre-existing igneous or sedimentary protoliths
within the mélange. It is currently believed that almost every jadeitite deposit is a mixture
of P-type and R-type [1,18], with the Guatemalan deposits predominantly being P-type.
Therefore, the mineralogical characteristics and origins of lavender and black jade require
further investigation.

This study analyzes the appearance characteristics, coloration mechanisms, mineral
composition, and chemical composition of Guatemalan lavender and black jade, and
compares them with similar jade from Myanmar. This study addresses critical gaps in
chromogenic—provenance relationships of Guatemalan lavender and black jade, establish-
ing petrogenetic evidence for primary crystallization while advancing diagnostic criteria
for origin authentication.

2. Geological Setting

The jadeitite deposits in Guatemala are primarily distributed within the Guatemala
Suture Zone (GSZ), which is a major left-lateral strike-slip boundary between the North
American Plate and the Caribbean Plate [19]. The core structures of the GSZ include three
approximately east-west trending strike-slip fault systems: the Motagua Fault, the Polochic
Fault, and the Jocotén Fault [20]. The Motagua Fault System (MFS) fully records the subduc-
tion history from the Cretaceous to the Cenozoic [21,22]. Its multi-phase tectonic activities
not only generate regional tectonic stress but also create fracture networks within serpenti-
nite bodies through shear deformation, providing critical pathways for fluid migration and
jadeite crystallization [23].

Jadeitite formation depends on high-pressure, low-temperature (HP-LT) conditions,
characteristic of subduction zones [18]. Guatemalan jadeitite deposits are closely associated
with the Motagua Fault System (Figure 1) [21,24]. These deposits are distributed along the
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boundary between the North American and Caribbean plates, forming during the Late
Cretaceous to Cenozoic oblique subduction—collision processes [25,26]. They typically occur
as vein-like jadeitite bodies within serpentinized peridotites, often coexisting with high-
pressure metamorphic rocks such as blueschists and eclogites [19]. On this basis, Harlow
et al. [6] first conceptually proposed two tectonic units on the northern and southern sides
of the Motagua Fault Zone, which were later formally named the North Motagua Mélange
(NMM) and South Motagua Mélange (SMM) by Flores et al. [21], further clarifying the
geological structural framework of the region.
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Figure 1. A simplified geological map depicts the distribution of major formations within the Central
Guatemala Suture Zone (GSZ) (modified from [27]). Abbreviations for the main units are SSC (Sierra
de Santa Cruz ophiolite), BVP (Baja Verapaz ophiolite), and JPZ (Juan de Paz ophiolite).

The northern ore bodies contain substantial jadeitite, omphacitite, albitite, garnet-
amphibolite, and minor eclogite. The outermost matrix consists of weathered serpentinite
(with magnesite clumps and quartz veins), within which the jadeitite bodies are surrounded
by a chlorite layer (blackwall) penetrated by actinolite veins. Beneath the chlorite layer lies a
relatively thick albitite zone, which encloses a jadeitite core as the primary ore body [28]. The
jadeite within the jadeitite contains inclusions or veins of albite + omphacite & analcime +
paragonite & nepheline, frequently exhibiting extensive albitization and typically appearing
white to light gray or pale green. Near Saltan in the west, white to light purple jadeite has been
discovered, while medium-green jadeite occurs in the eastern areas [12].

Systematic research on jadeitite south of the Motagua Fault (locally the San Agustin
fault) did not commence until the early 21st century. The southern ore bodies are hosted
in serpentinite as tectonic blocks of jadeitite along with mafic blocks, such as eclogite,
blueschist, lawsonite eclogite, and glaucophane eclogite. The jade resources in this region
are mainly distributed across three major areas: near Carrizal Grande, La Ceiba, and La
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Ensenada. In the Carrizal Grande area, jadeitite is found as blocks in serpentinite or as float
along with blocks of lawsonite eclogite and blueschist. Jadeitite is constituted of massive
jadeite containing quartz, omphacite, phengite, and fluid inclusions, transected by minor
quartz or albite veins. The jadeite produced here ranges from light to medium and dark
green, occasionally exhibiting deep blue—green veins composed of omphacite. The jadeitite
in the La Ceiba area is similar to that of Carrizal Grande, but it occurs in omphacite gneiss
rather than eclogite and does not contain lawsonite. The jadeite is generally medium to
dark green, sometimes with vibrant green hues, but tends to be heavily fractured. Near
La Ensenada, the serpentinite contain fragmented blocks of grayish-white jadeitite (<3 m)
with green, blue, orange, and light purple streaks and spots; much of the rock contains
sufficient pumpellyite and grossular to not be considered jadeitites, sensu stricto [12].

3. Materials and Methods
3.1. Sample Description

The samples used in this study were sourced from the northern region of the Motagua
Fault Zone in Guatemala, including three pieces each of Guatemalan lavender and black
jade (Figure 2). The lavender samples exhibit a pale purple hue in both transmitted and
reflected light, with an opaque to semi-transparent appearance. In contrast, the black
samples show an oily black color in reflected light and a dark green color in transmitted
light. This “hidden” characteristic enhances its allure, and it is commercially known in
the Chinese jewelry market as “Inky Black Omphacite Jade” [29]. In L] samples, white
minerals predominantly exhibit snowflake-like distribution intergrown with host crystals.
In BJ samples, green components display vein-like distribution patterns, with BJ-2 showing
scattered spotty distribution of dark green coloration and BJ-3 demonstrating patchy
distribution patterns.

A

LJ-3
- o
BJ-3
1cm
—

Figure 2. Photographs of Guatemalan jadeite samples: lavender Guatemalan jade rough samples
(A); black Guatemalan jade rough samples (B); six polished slabs showing photos of samples with
different color characteristics (C). LJ: lavender jadeite jade; BJ: inky black omphacite jade.

3.2. Analytical Methods

Gemological tests were conducted at the Gemological Experimental Teaching Center
of the School of Jewelry, China University of Geosciences (Beijing). A gemstone refractome-
ter was used to measure the refractive index (RI) of the samples. This study utilized the
hydrostatic weighing method to determine the specific gravity (SG) of Guatemalan jadeite
samples by measuring their weight differences in air and water and calculating the corre-
sponding relative density values. To minimize measurement errors, samples with compact
structures and uniform color distribution were strictly selected (confirmed by polarizing
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microscopy to exhibit no significant internal fissures). Each sample group underwent
triplicate measurements, and the arithmetic mean was adopted as the result. A Chelsea
filter was used to assist in identifying chromium-bearing gemstones. Fluorescence was
detected by exposing the jadeites to UV radiation with wavelengths of 365 nm (longwave)
and 254 nm (shortwave).

The surface and internal features of the samples were observed under transmitted light
with a magnification ranging from 10 to 40 times, using a GI-MP22 binocular microscope
from Nanjing Baoguang Technology Co., Ltd. in Nanjing, China.

A UV-3600 UV-Vis spectrophotometer from Shimadzu Corporation (Kyoto, Japan)
was utilized to measure the UV-Vis spectrum of samples, employing the reflection method
with a wavelength range of 300-900 nm and a sampling interval of 1 s.

A BRUKER TENSOR 27 Fourier Transform Infrared (FTIR) spectrometer (Bruker Cor-
poration, Billerica, MA, USA) was employed to assess the infrared spectrum of the sample,
analyzing it via the reflectance method. The experimental setup included a resolution of
4 cm~!, 64 scans, a scanning range spanning from 2000 to 400 cm !, and a scanning speed
of 10 kHz.

A Horiba HR Evolution micro laser confocal Raman spectrometer (Villeneuve d’Ascq,
France) was used to acquire the Raman spectra of the samples. The experimental conditions
were set as follows: laser wavelength at 532 nm, laser output power at 100 mW, laser spot
size ranging from 1 to 5 um, and a resolution of 1 cm~!. Each scan lasted for 20 s with three
integrations. The data collection range spanned from 100 to 2000 cm .

The chemical data for major elements were acquired through Electron Probe Micro-
Analysis (EPMA). EPMA was conducted with a JAL JXA-8230 instrument (Shandong
Institute of Geological Sciences, Jinan, China), with a 0.001% detection limit. During the
analysis, an accelerating voltage of 20 kV, an accelerating current of 2 x 1078 A, and a beam
spot diameter of 5 pm were employed.

Trace-element and in situ rare earth element analysis was conducted at the Key Labora-
tory of Paleomagnetism and Paleotectonic Reconstruction, Institute of Geomechanics, Chi-
nese Academy of Geological Sciences (Beijing, China), using a Laser Ablation-Inductively
Coupled Plasma (LA-ICP) system. The mass spectrometer used was a quadrupole ICP-MS
produced by Agilent Technologies, model Agilent 7900 (Santa Clara, CA, USA). The laser
ablation system was a GeoLas HD ArF 193 nm excimer laser manufactured by Coherent,
Santa Clara, CA, USA [30]. The samples NIST 610 and NIST 612 were used as external
standards to test the rare earth element contents.

The CL images were obtained at the Resource Exploration Laboratory, China Univer-
sity of Geosciences (Beijing), using a model MK-CL-5200 cathodoluminescence instrument
(Gatan, Inc., Pleasanton, CA, USA), with stable operating parameters of 13-15 kV voltage,
250 pA current, a vacuum level of 0.003 mBar, and a Nikon Ds-Fi3 imaging system.

4. Results
4.1. Gemological Characteristics

The specific gravity values of the Guatemalan jadeite samples range from 3.273 to
3.347 (Figure 3A), consistent with typical jadeite density ranges but slightly lower than
conventional values reported for Myanmar jadeite (~3.34) [31]. The measurements of
the lavender samples are overall somewhat lower than those of the black samples, but
some data points overlap with each other, indicating a certain degree of crossover in
density characteristics between the two types of samples and a lack of distinct separation.
The refractive indices of the lavender jadeite samples (Figure 3B) were determined to
be 1.65-1.66, while the black omphacite samples exhibited a higher refractive index of
1.67-1.68. Combined with the EMPA data (Table 1), this phenomenon is attributed to the
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isomorphic substitution of Fe in the mineral, which alters optical properties. Additionally,

the higher iron content in black samples (Figure 3C) explains its relatively higher density
(average: 3.332 vs. 3.298).
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Figure 3. (A) Specific gravity plot of the jade samples; (B) refractive indices of the jade samples;

(C) FeO* contents of lavender and black samples. Each data point in the graph represents an inde-
pendent measurement.

Table 1. The major elements values of lavender and black samples in wt.%.

Sample
Number LJ-1-1 LJ-1-2 LJ-2-2 LJ-3-1 LJ-3-2 BJ-2-1 BJ-2-2 BJ-2-3 BJ-2-4  BJ-2-5
5i0, 59.05 59.01 59.26 59.67 58.43 58.59 57.42 56.05 57.11 57.24
TiO, 0.13 bdl bdl 0.26 0.14 0.24 0.20 0.18 0.22 0.29
Al,O3 25.40 25.47 24.84 22.92 26.61 12.85 12.68 10.29 12.62 11.05
Cr,03 bdl bdl bdl bdl bdl 0.59 0.34 0.51 0.48 0.74
FeO* 0.37 0.31 0.56 1.18 0.03 1.94 2.20 2.98 2.28 3.09
MnO bdl 0.03 0.03 0.07 0.12 0.08 bdl 0.08 0.14 0.04
MgO 0.20 0.12 0.73 1.83 0.03 8.08 8.04 9.09 8.28 8.56
CaO 0.28 0.14 1.00 2.43 0.03 11.91 12.21 13.61 12.25 12.40
Na,O 14.43 14.98 14.55 13.75 15.02 8.21 7.98 6.59 7.93 7.66
KO bdl bdl bdl 0.01 bdl 0.01 bdl bdl 0.02 bdl
Total 99.87 100.09 101.02 102.14 100.41 102.50 101.07 99.39 101.33  101.06
Quad 1.609 0.983 4.455 10.604 0.175 45.369 46.371 54.520 46.369  48.260
Jd 98.381 99.007 95.535 89.386 99.815 54.620 53.013 45.470 50.729  48.329
Ae 0.010 0.010 0.010 0.010 0.010 0.011 0.616 0.011 2.902 3.411
Name Jd Jd Jd Jd Jd Omp Omp Omp Omp Omp

Note: bdl, below detection level. The cation numbers are calculated on the basis of six oxygen atoms and four
cations. FeO*: Total iron expressed as FeO. Quad: quadrilateral pyroxene, i.e., Wo (wollastonite, Ca,5i,Og) + En
(enstatite, Mg>SirOg) + Fs (ferrosilite, Fe;5i,0¢).; Jd (Jadeite); Ae (Aegirine); Omp (Omphacite).

4.2. Microstructure

The Guatemalan lavender samples exhibit a dominant blue—purple hue with relatively
uniform color distribution, displaying a translucent to semi-translucent transparency and

vitreous luster. Intact crystalline grains and irregular white cloud-like inclusions of albite

occur as clustered masses (Figure 2). The primary constituent mineral is jadeite, demonstrat-

ing a distinct fibrous interlocking structure. It exhibits a heteroblastic texture, characterized
by grains of unequal sizes, including both coarse and fine crystals (Figure 4A). The coarse
grains appear patchy or elongated and are roughly arranged in an interwoven pattern. In
specific areas, due to fracturing and recrystallization, fine-grained jadeite crystals display
blurred grain boundaries. Bent crystal deformations and fragmented microstructure pro-
vide evidence of dynamic metamorphism. The porphyroblastic microstructure (Figure 4B)
is coarse-grained, disordered in arrangement, and exhibits embayed boundaries.
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Figure 4. (A) LJ-1 exhibits a heterogranoblastic microstructure; (B) L]-2 displays a porphyroblastic
microstructure; (C) BJ-2 is cryptocrystalline; (D) BJ-3 is cryptocrystalline. Microscopic images under
plane light (left) and the corresponding images under crossed polarizers (right).

The black samples display a dark greenish-black coloration in reflected light, appearing
semi-translucent with vitreous luster. It contains strongly metallic-lustrous black inclu-
sions identified as irregularly shaped graphite particles (Figure 2). Primarily composed
of omphacite, this variety exhibits a compact microstructure with cryptocrystalline mi-
crostructure. Polarizing microscope analysis revealed that the black jade matrix has a finer
microstructure, with no coarse-grained blastic structure observed. The common structures
are cryptocrystalline blastic microstructure and fine-grained blastic microstructure, charac-
terized by intensely deformed crystalline aggregates without distinct crystal boundaries.

4.3. Spectroscopy
4.3.1. UV-Vis-NIR Spectra

Figure 5 presents a comparative analysis of the characteristic ultraviolet—visible (UV-
Vis) absorption spectral features between lavender and black samples from Guatemala. The
spectral curve of lavender samples exhibits three primary absorption features: a narrow,
sharp, symmetric absorption peak at 436 nm, accompanied by two weaker broad absorption
bands between 500-700 nm centered at 554 nm and 614 nm.

—BJ-I
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——BIJ-3
669 7620, 85T
439 —
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2 E]
St St
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Figure 5. UV-visible absorption spectra of lavender samples (A) and black samples (B).

In contrast, the black samples show several strong absorption peaks in the ultraviolet
and blue ultraviolet regions. The main absorption peak is located at 438 nm, showing a
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slight positional shift compared to the lavender variety, along with significant changes in
the peak profile. Furthermore, an independent absorption peak is observed in the long-
wavelength region at 670 nm. Additionally, distinct absorption peaks are detected near
798 nm and 857 nm, respectively.

These spectral features correspond to electronic transitions between different energy
levels within the jadeite structure, providing key spectral evidence for elucidating the
coloring mechanism of lavender jadeite. At the same time, these spectral features explain
the unique deep green-black appearance of black omphacite.

4.3.2. FTIR Spectra

The pyroxene group minerals are chain-structured silicates, in which the [SiO4] tetra-
hedra form an infinitely extending single-chain structure along the c-axis by sharing two
apical oxygen atoms. In terms of infrared spectroscopic characteristics, pyroxene group
minerals predominantly exhibit three major absorption regions: the 400-600 cm ™! range
corresponds to the coupling effect between Si-O bending vibrations and metal-oxygen
(M-O) bond stretching vibrations; the 600-800 cm ™! region originates from bending vibra-
tion modes of Si—O-Si bridging oxygen; while the broad spectral band at 800-1100 cm ™!
encompasses superimposed effects of symmetric and asymmetric stretching vibrations
from Ot-Si-Ot and Si-Ob-Si groups [32]. Notably, substitution of Ca?* for Na* in the
crystal structure induces contraction of Si-O-5i chain bond angles, leading to systematic
shifts in characteristic spectral bands. Additionally, the ionic radius disparity between
substituting cations (e.g., Ca?*, Mg?*, Fe?*, Fe®*) and original cations (Na*, A13*) signifi-
cantly influences vibrational frequencies: when the substituting cation has a smaller ionic
radius than the replaced ion, characteristic peaks shift toward lower frequencies; conversely,
substitution with larger cations results in high-frequency displacement phenomena.

All lavender samples exhibited similar infrared reflectance spectra (Figure 6). Within
the 400-600 cm ™! range, the absorption peaks at 473, 530, and 587 cm~! are attributed to
vibrational absorption from M-ligand coordination and vibrations of metal cations and
O?~ ions. In the 600-900 cm ™! range, peaks at 667 and 855 cm ™! arise from bending and
stretching vibrations of SiOy tetrahedra. Characteristic peaks observed at 955, 1047, 1082,
and 1165 cm~! within the 900-1200 cm ! range indicate that these samples are primarily
composed of jadeite [9,13,17].

Q
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Figure 6. FTIR spectra of Guatemalan jade samples.
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In contrast, the group of black samples displays distinct peaks at 524, 565, 963, and
1080 cm ™!, along with an extremely weak peak at 649 cm~!. Compared with the lavender
variety, the infrared spectral peaks of black samples exhibit a shift toward lower wave
numbers. Based on these peak positions, it is interpreted that the dominant mineral
constituent in these samples is likely omphacite [29].

4.3.3. Raman Spectra

The Raman spectrum of lavender samples exhibits seven strongest bands located near
1038, 988, 696, 569, 526, 432, and 371 cm ™! (Figure 7). After comparison with the RRUFF
database, these characteristic peaks were found to match those of jadeite [33]. Among these,
the peaks at 1038 and 988 cm ! are attributed to the symmetric stretching vibrations of Si-O
bonds in the [Si;Og]*~ group. The 696 cm~! band arises from symmetric bending vibrations
of Si-O-Si bridges, while the 371 cm ! peak corresponds to asymmetric bending vibrations
of Si-O-Si linkages. Weaker peaks observed at 569, 526, and 432 cm ™! are characteristic of
jadeite, resulting from ionic M-O stretching vibrations (where M represents metal cations)
and their coupling with Si-O-Si bending vibrations [34,35].

LJ-1 —BIJ-1
——LJ-2 ——BJ-2
LJ-3 ——BIJ-3

340 411 682

=

696

371

Intensity (a.u.)

! 569 988 1038
\ 25261 ) U

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Figure 7. The Raman testing areas (marked with red boxes) and corresponding Raman spectra of six
Guatemalan jade samples. The Raman spectrum of the lavender sample is consistent with jadeite
bands, and the Raman spectrum of the black sample is consistent with omphacite bands.

In contrast, black samples demonstrate distinct Raman shifts primarily at 1020, 682,
514, 411, 376, and 340 cm ! (Figure 7). The most intense peak occurs at 682 cm !, followed
by the 1020 cm~! band. Notably, the 376 cm~! peak displays weaker intensity with an
expanded full width at half maximum. Based on vibrational spectroscopy assignments
for chain silicates [36,37], the 1020 cm~! band corresponds to Si-Ot (terminal oxygen ion)
stretching vibrations. The 678 and 374 cm ! bands are associated with Si-O-Si bending
vibrations, serving as characteristic Raman features of omphacite.
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The lavender jadeite contains a significant amount of cotton-like white inclusions
with relatively large dimensions, while the black omphacite also exhibits small granular
white inclusions (Figure 8). Raman analysis reveals that the light-colored semi-transparent
mineral inclusions exhibit distinct spectroscopic characteristics of albite. Sharp Raman
peaks were detected at shifts of 247, 294, 330, 371, 409, 503, 694, 764, 817, 976, 1035,
and 1100 cm~!, which show excellent consistency with standard albite Raman spectra
(Figure 8A). The sharp peak morphology indicates well-crystallized albite minerals.

L 1 L 1 L L
600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Intensity

; . -
1200 1400 1600 1800

Raman shift (cm™)

Intensity

2913 (CH,)

I

L L
2000 2500 3000 3500

Raman shift (cm™)
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Figure 8. (A) Albite inclusions in LJ-1; (B) graphite inclusions in BJ-3; (C) methane fluid inclusions
observed under a 50x transmitted light objective lens (LJ-2); (D) carbon dioxide fluid inclusions
(LJ-1). Overall microscopic images (left), locally magnified images (middle), and corresponding
Raman spectra (right).
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In black omphacite, pervasive dark metallic-luster minerals were observed, predom-
inantly occurring as clustered or stellate distributions within the matrix. Taking sample
BJ-2 as an example (Figure 8B), point analysis of three typical mineral grains revealed
Raman spectra exhibiting characteristic doublet peaks at 1338 cm~! and 1576 cm™~!: the
former corresponds to the D-band of carbon, reflecting disordered sp? hybridized amor-
phous carbon structures, while the latter represents the G-band, indicative of short-range
ordered graphitized sp?>-bonded carbon [38-40]. Notably, similar carbonaceous spectral
features were consistently identified in the irregular dark minerals within all examined
black samples from this study. Specifically, Raman spectroscopy revealed the presence of
amorphous carbon with relatively low D-band to G-band intensity ratios (ID/IG), indicat-
ing a less defective and more ordered structure. Furthermore, it is noteworthy that graphite
inclusions with identical Raman characteristics were also detected in a lavender-colored
sample, linking this carbonaceous material beyond just black omphacite. These findings
strongly suggest that specific types of carbonaceous inclusions may serve as significant
identifier characteristics for Guatemalan jade, particularly black omphacite. This implies
the potential involvement of organic-rich reducing geological environments during the
formation of the NMM.

Additionally, laser Raman spectroscopy identified numerous fluid inclusions that can
be classified into two types: Type I methane inclusions display characteristic C-H bond
vibrational features in Raman spectra, exhibiting a high-intensity single peak at 2913 cm !
corresponding to symmetric stretching vibration mode (Figure 8C). CHy-bearing fluid
inclusions have been abundantly identified in both lavender jadeite and black omphacite.
Additionally, another type of fluid inclusion has only been discovered in lavender jadeite.
Type II carbon dioxide inclusions manifest the distinctive Fermi resonance doublet peaks
of CO, molecules, showing characteristic peaks at 1275 cm~! and 1377 cm ™! respectively
(Figure 8D). The co-occurrence of these two types of fluid inclusions suggests the jadeite
underwent complex fluid environment evolution during its formation process, providing
crucial evidence for studying its paragenetic conditions [41,42].

4.4. Chemical Composition
4.4.1. Appearance and Chemical Composition

As shown in Figure 9, this study presents the microstructure and mineral composition
of lavender-colored jadeite and black samples from Guatemala. The lavender-colored
sample is primarily composed of jadeite, with veined omphacite interspersed within it
(Figure 9C), consistent with observations under polarized light microscopy. The sample
also contains fine-grained titanite (Figure 9A), zircon (Figure 9B), and isolated albite grains
(Figure 9A,B).

The black sample from Guatemala is mainly composed of omphacite, displaying
a distinct fibrous interlocking texture with both light and dark colored areas. Energy-
dispersive spectroscopy analysis confirms that both are omphacite, but the lighter regions
contain higher concentrations of elements such as Ca and Mg compared to the darker parts.
The omphacite forms columnar or fibrous clusters with no obvious orientation (Figure 9D).
Additionally, minerals such as amorphous carbon (Figure 9E), albite (Figure 9E), and titanite
(Figure 9F) were identified in the black sample.

4.4.2. Mineral Major Element Analysis

Electron probe microanalysis was conducted on lavender jadeite and black omphacite
samples, and the results are shown in Table 1. The theoretical contents of SiO;, Al,O3, and
Na,O in the chemical composition of end-member jadeite are 59.40%, 25.20%, and 15.40%,
respectively. The chemical composition of the lavender samples is comparable to that of
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end-member jadeite, which confirms that the main mineral component of Guatemalan
lavender samples is jadeite. However, the content of each oxide in the lavender samples
deviates slightly from this value—with Na,O showing the most prominent variation. This
indicates that a certain degree of ionic substitution has occurred within its crystal structure.
In contrast, the compositional values of the black samples all exhibit significant deviations
from those of standard jadeite. When combined with analysis results from techniques
such as FTIR spectroscopy and Raman spectroscopy, this verifies that the main mineral

composition of Guatemalan black samples is omphacite.

Figure 9. (A—C) BSE images of lavender jadeite jade. (D-F) BSE images of inky black omphacite jade.
Jd: jadeite; Zrn: Zircon; Ab: Albite; Omp: Omphacite; Gr: Graphite; Ttn: Titanite.

Figure 10 illustrates the differences in the major element composition of jade samples
with different colors and compositions. Within the same color category, omphacitic jade
generally exhibits higher Fe, Mg, and Ca contents, while jadeitic jade is distinguished
by higher Al, Si, and Na contents. Further analysis from the perspective of consistent
composition reveals significant differences in the elemental distribution among jades of
different colors. Lavender jadeite demonstrates the highest chemical purity, with not only
the highest Al Si, and Na contents but also the smallest fluctuation range, reflecting fewer
impurities in its composition. Traditionally, Mn has been considered the key element
responsible for the purple color in jadeite, particularly when Fe content is low, as the
coloring effect of Mn becomes more pronounced. However, data from this study show no
abnormally elevated Mn concentration in lavender jadeite. Moreover, the Fe content in
green jadeite is similar to that in lavender jadeite, suggesting that the cause of the purple
color may not rely solely on Mn. In contrast, black omphacite exhibits significantly higher
Cr content, followed by green omphacite. This result further supports the contribution of
Cr3* as a primary chromophore to the formation of the green hue in jadeite.

4.4.3. Mineral Trace Element Analysis

Trace elements are highly sensitive to geological processes. Their abundances, associa-
tions, and ratios can faithfully record the formation conditions and evolutionary pathways
of rocks [43—-47]. As shown in Figure 11, this study systematically characterized the rare
earth element (REE) distribution patterns of lavender and black omphacite (Table 2) using
the Primitive Upper Mantle (PUM) [48] standardization scheme, and compared them with
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major marine rock reservoirs, including normal mid ocean ridge basalt (N-MORB) repre-
senting depleted mantle melting products [49], and global subduction sediments (GLOSS)
reflecting subduction zone material cycling [50] for geochemical fingerprinting. This pro-
vides important tracing evidence for analyzing the tectonic magmatic activity in different
source areas in Guatemala, such as the Motagua Fault Zone-related deposits, suggesting
that the formation of jadeite deposits may have undergone complex dynamic processes
such as mantle melting, crust mantle interactions, or subduction sediment mixing.
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Figure 10. Box diagram comparing the main elements of jade with different colors. All oxide contents
are presented in wt%. (Please refer to the Supplementary Materials for detailed data sources).

Compared with the PUM, the REEs in Guatemalan jadeite rocks exhibit significant
depletion characteristics, especially in black omphacite. The rare earth element (REE)
distribution pattern of the lavender sample shows relative enrichment in middle rare
earth elements (MREE), with slight positive anomalies of Eu and Gd. The light rare
earth elements (LREE) and heavy rare earth elements (HREE) are both relatively depleted,
forming a distinct convex distribution pattern. The overall REE distribution of the black
sample is lower than that of L], with a more pronounced decrease in HREE, showing a
slight left-leaning trend. Unlike the GLOSS REE distribution pattern—which exhibits strong
LREE enrichment, characterized by a high-left and low-right trend—the REE distribution
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of these samples is more similar to that of N-MORB, suggesting that their formation may
have been influenced by material transport mediated by subduction zone fluids.
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Figure 11. REE plot of Guatemalan lavender and black samples. PUM data are from [48]. N-MORB

data are from [49]; GLOSS data are from [50].

Table 2. The trace element data of lavender and black samples in ppm.

LJ-1-01 LJ-1-02 LJ1-03 1LJ-1-04 LJ-1-05 BJ-1-01 BJ-1-02 BJ-1-03 BJ-1-04 BJ-2-01 BJ-2-02

Li 15.828 18.671 15.307 18.225 17.534 0.722 0.406 0.883 0.540 0.545 0.739
Rb b.d. 0.089 0.101 b.d. b.d. 0.034 0.006 0.005 0.005 b.d. 0.003
Ba 0.562 1.652 3.683 0.923 1.738 1.110 0.322 0.217 0.304 0.242 0.182
Pb b.d. 0.448 0.535 1.294 b.d. 0.013 0.008 b.d. 0.068 0.073 0.035
Sr 0.445 1.408 1.236 1.010 2.728 1.740 1.988 1.628 1.897 0.661 0.641
La 0.512 0.541 0.188 0.088 0.109 0.015 0.034 0.014 0.029 0.015 0.010
Ce 0.934 1.041 0.422 0.082 0.286 0.021 0.045 0.022 0.045 0.023 0.015
Pr 0.191 0.183 0.082 0.025 0.096 0.002 0.005 0.004 0.009 0.003 0.004
Nd 1.181 1.699 0.601 0.094 0.505 0.019 0.053 0.016 0.042 0.041 0.021
Sm 0.520 0.565 0.153 b.d. 0.042 b.d. 0.037 0.012 0.019 0.015 0.016
Eu 0.217 0.409 0.143 0.050 0.145 0.003 0.017 0.009 0.015 0.024 0.008
Gd 0.435 1.632 0.354 0.249 0.370 0.020 0.027 0.017 0.031 0.039 0.022
Y 2.391 2.131 1.165 0.363 0.647 0.132 0.170 0.110 0.181 0.170 0.138
Dy 0.356 0.430 0.202 0.059 0.094 0.027 0.038 0.020 0.032 0.022 0.015
Er 0.006 0.069 0.028 0.020 0.099 0.003 0.013 0.005 0.011 0.006 0.005
Lu 0.013 b.d. b.d. 0.007 b.d. b.d. 0.002 b.d. 0.001 0.001 0.002
Th 0.009 0.013 0.050 0.040 0.033 0.003 0.003 0.001 0.002 0.005 0.005
8] 0.164 0.104 0.063 0.024 0.070 0.004 0.007 0.004 0.007 0.012 0.009
Zr 17.068 17.258 11.882 17.335 17.814 0.586 0.294 0.590 0.511 0.367 0.428
Hf 0.654 0.440 0.179 0.558 0.588 0.031 0.009 0.039 0.018 0.038 0.030
Nb 0.498 0.721 0.301 0.399 0.431 0.011 0.019 0.008 0.006 0.008 0.012
Ta 0.072 b.d. b.d. 0.022 0.009 b.d. b.d. b.d. b.d. 0.001 b.d.

Note: b.d. (below detection limit).

5. Discussion
5.1. Chemical Composition and Coloring Mechanism

Chemical composition analyses reveal distinct compositional trends between Guatemala
and Myanmar jadeite (Figure 12). Guatemalan lavender jadeite exhibits near Jadeite
end-member purity (89.368-99.814%), demonstrating limited solid-solution isomorphic
substitution. Compared to its Myanmar counterparts, it shows elevated Quad versus lower
Aegirine content. In the analysis of black omphacite, the Jadeite endmember decreased
to 25.826-30.094%, while the Quad endmember exhibited a notable increase, ranging
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from 33.245% to 41.347%, fundamentally altering its mineralogical classification to om-
phacite composition.

Q (Wo, En, Fs)

O Lavender jadeite

A Inky Black omphacite

@ Myanmar lavender jadeite
V Guatemala black omphacite

Aegirine-

Omphacite >
augite

20, 20
Jadeite Aegirine \
NaAlSi,0,(Jd) NaFeSi,0,(Ae)

Figure 12. The Q-Jd-Ae ternary diagram of lavender and black samples. Myanmar lavender jadeite
from the literature [51]. Guatemala black omphacite from the literature [52].

The UV-Vis spectroscopic measurements conducted on primary lavender jadeite and
black omphacite reveal distinct differences in their chromogenic mechanisms. For lavender
samples, the 436 nm absorption peak can be attributed to d-electron transitions of Fe>* from
the ground state 6 A level to excited states 4A1g and 4Eg levels [53]. This transition pattern
is commonly observed in iron oxide systems, reflecting the octahedral coordination of Fe3*
in the crystal lattice. The broad absorption band at 554-614 nm can be attributed to the
charge transfer between Mn>* and Fe?-Ti** [54]. Mn* ions contribute to the purple hue,
while the charge transfer between Fe?*-Ti** further adds a blue component. Currently, it is
generally accepted in the academic community that the purple coloration in gemstones is
typically attributed to the presence of Mn®*. Lavender jadeite from Myanmar often exhibits
a distinct absorption peak at around 570 nm due to manganese, resulting in a visually
richer purple appearance [55], whereas lavender jadeite from Guatemala usually displays a
bluish-purple hue.

In comparison, the black sample exhibits characteristic absorption peaks at 438 nm,
670 nm, and 857 nm. Among these, the 438 nm peak is similarly associated with the
electron transition of Fe**, confirming the high iron content in black omphacite. The broad
absorption features at 670 nm and 857 nm suggest more complex mechanisms: the 670 nm
absorption band may correspond to the *A;—*T, transition of Cr>*, where Cr>* substitutes
for AI** ions in omphacite through isomorphic substitution; while the 857 nm characteristic
peak likely originates from the d-d electron transition of Fe?* [56]. According to previous
studies on the origin of green color, as little as 0.3 wt% Cr can produce a vivid green hue,
whereas higher Cr content leads to a darkening of the green [17]. Integrating the UV-Vis
spectroscopy and EMPA results, it is concluded that the black omphacite is primarily
attributed to the presence of Cr.

5.2. Origin Identification

Identifying the origin of jadeite between Guatemala and Myanmar has become in-
creasingly important from both mineral resource and metamorphic geology perspectives.
In recent years, the rise of high-quality jadeite from Guatemala has posed a challenge to
the market position of jadeite from Myanmar. The difficulty of distinguishing jadeite from
the two regions has shifted from traditional appearance observation to in-depth analysis of
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mineralogy and geochemistry. In addition to the comparison of chemical composition and
coloring mechanisms in the previous text, the analysis of trace element further reveals the
differences in geochemical fingerprints of jadeite between the two regions.

A comparative study of the trace element geochemical characteristics between the two
sources reveals that the Guatemalan samples exhibit a relatively consistent trend (Figure 13),
typically showing more pronounced enrichment trends in LILE and HFSE compared to the
heavy rare earth elements (HREE). This not only elucidates the general pattern of elemental
differences during the formation of jadeite but also provides key geochemical discriminants
for tracing the provenance of differentjade varieties. In contrast to the Guatemalan lavender-
colored samples, the trace element abundances in black—green jadeite are generally lower.
This phenomenon is partly controlled by pyroxene crystal chemistry, specifically the lack of
suitable REE sites in low-calcium jadeite, unlike in omphacite. Detectable amounts of large
ion lithophile elements (LILE) and high field strength elements (HFSE) are still present,
with elements such as Ba, Sr, Nb, and Zr showing mild enrichment.

—9— BJ

—@o— LJ

Myanmar jadeite

Li Rb Ba Pb Sr La Ce Pr Nd Sm Eu Gd Y Dy Er Lu Th U Zr Hf Nb Ta

Figure 13. Primitive upper mantle normalized trace element spider diagram of different samples from
Guatemala and Myanmar, where the lavender line represents lavender jadeite (L]), the green line
represents black omphacite (BJ), and the gray background represents data for Myanmar from [52].

There are significant differences in trace element composition between Guatemalan
jadeite and Myanmar jadeite. Overall, the elemental abundance of Guatemalan jadeite is
slightly higher than that of Myanmar jadeite, which is particularly evident in elements
such as LREE. Both types of jadeite exhibit notable enrichment of Sr and Zr. Guatemalan
jadeite shows exceptionally high Y values, resulting in lower Gd/Y ratios and higher Y/Dy
ratios. In contrast, Myanmar jadeite displays relatively flat Gd /Y ratios close to 1 and lower
Y/Dy ratios. These regional differences may be attributed to variations in ore-forming fluid
activities and wall rock compositions between the two regions.

5.3. The Genesis of Guatemalan Jadeitites

Since Coleman [57] first proposed that jadeitite forms through the metasomatic in-
teraction of Na- and Al-rich fluids with ultramafic rocks under high-pressure and low-
temperature conditions, significant progress has been made in the study of its genesis.
Subsequent scholars have since developed the genetic mechanisms of jadeitite into two
main types: P-type, where jadeitite is formed by direct precipitation from aqueous fluids
derived from subduction zone dehydration in the mantle wedge; and R-type, which posits
that jadeitite results from the metasomatic alteration of rocks such as oceanic plagiogranite,
limestone, or metamorphic rocks by fluids rich in Na, Al, Si, and other elements [1,18].
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However, some aspects of the genesis of Guatemalan jadeitites remain debated. Fu
et al. posited, based on zircon ages and 56180 isotope characteristics, that the zircons in the
SMM jadeitite of Guatemala were inherited from the protolith [58]. However, subsequent
studies involving systematic geochemical analyses of zircons in Guatemalan jadeitites
refuted this inference [21]. Currently, in most reviews on jadeitite, the origin of Guatemalan
jadeitite remains marked as uncertain [58].

Under the cathodoluminescence microscope (Figure 14), the fluorescence color of
Guatemalan lavender jadeites is consistent, indicating that jadeite was formed in the same
generation. The structure of jadeite is a fine-grained crystalline structure, which was formed
in a relatively stable environment. Black omphacite does not exhibit visible luminescence
under the microscope due to its high Cr3* content. As the concentration of Cr3* increases,
the red fluorescence intensifies until it is quenched [59]. As shown in Figure 14, sample
LJ exhibits purplish-red to bluish-white luminescence with relatively high intensity. The
purplish-red luminescent zones are subsequently formed, along grain boundaries, while
the blue luminescent zones represent prior-grown jadeite with varied grain size. These
zones predominantly exhibit a rhomboid-like geometry, though only a minority of them
remain well-preserved, primarily due to post-formational geological processes such as
metasomatism and structural deformation. The red fluorescence is mainly associated
with the increased abundance of Cr3*, Mn?*, Fe?*, Fe3*, and Ni?* solid solutions away
from jadeite composition. The blue fluorescence is related to the abundance of AI** and
Ti** elements [60].

Figure 14. (A-C) The CL image (20x) of Guatemala lavender jadeite shows obvious luminescent
structures.

Furthermore, fluid inclusions in jadeite provide important constraints on the compo-
sition of metamorphic fluids present during its formation. CHy-rich fluid inclusions are
found in Guatemalan lavender and black samples (Figure 8C), with CO, inclusions also
identified in lavender jadeite (Figure 8D). Harlow [61] and Johnson [62] reported aqueous
fluid inclusions containing up to 8.7 wt% equivalent NaCl in jadeite. They proposed that
these fluids may have originated from seawater and were trapped within the minerals
during subduction processes. The entrapment of CH, fluid inclusions occurred during
the formation of Guatemalan jadeitite. CHy is generally considered a common fluid in hy-
drothermal systems of oceanic crust, formed either through reactions involving magmatic
CO; or during serpentinization of mafic phases involving CO;-rich fluids [63]. Based on
these characteristics, it is concluded that Guatemalan jadeitite belongs to the P-type formed
by direct crystallization from fluids.
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6. Conclusions

This study systematically elucidates some mineralogical, geochemical, and genetic
characteristics of Guatemalan lavender and black jade. Lavender samples, dominated
by jadeite, appear to derive their color from the synergistic effects of Mn3* and Fe?*-Ti**
intervalence charge transfer (554-614 nm) rather than from Mn. In contrast, black samples,
primarily composed of omphacite, exhibit a dark hue attributed to Cr®* (670 nm) and
Fe?*-Fe3* intervalence charge transfer (857 nm). Chemically, lavender jadeite has composi-
tions close to end-member jadeite composition, whereas black omphacite is enriched in FeO,
Cry03, and TiO;. Trace element analyses reveal generally low abundances in Guatemalan
jade. Black jade exhibits depletion of both LREE and HREE compared to the primitive upper
mantle, forming a distinctive “hump-shaped” REE pattern, while lavender jades display a
similar shape but are relatively enriched, closer to N-MORB REE distributions. Compared
to Myanmar jadeite, Guatemalan samples are characterized by Y. The identification of
graphite inclusions and methane—carbon dioxide fluid inclusions underscores formation
in an organic-rich reducing environment. Evidence from cathodoluminescence zoning
and abundant fluid inclusions supports a direct crystallization genesis from high-pressure
fluids (P-type) in subduction zones. This research provides critical benchmarks for the
origin discrimination and genetic classification of Guatemalan lavender and black jadeite.
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